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Abstract

Meprobamate is a schedule Il anxiolytic and the primary metabolite of the muscle relaxant
carisoprodol. Meprobamate modulates GABA (y-aminobutyric acid type A) receptors, and has
barbiturate-like activity. To gain insight into its actions, we have conducted a series of studies
using recombinant GABA receptors. In axpzy GABAp receptors (where x = 1-6 and z = 1-3),
the ability to enhance GABA-mediated current was evident for all a subunit isoforms, with the
largest effect observed in a5-expressing receptors. Direct gating was present with all o subunits,
although attenuated in a3-expressing receptors. Allosteric and direct effects were comparable in
alPly2 and a1B2y2 receptors, whereas allosteric effects were enhanced in a132 compared to
alP2y2 receptors. In “extrasynaptic” (o138 and a4p30) receptors, meprobamate enhanced ECyq
and saturating GABA currents, and directly activated these receptors. The barbiturate antagonist
bemegride attenuated direct effects of meprobamate. Whereas pentobarbital directly gated
homomeric B3 receptors, meprobamate did not, and instead blocked the spontaneously open
current present in these receptors. In wild type homomeric p1 receptors, pentobarbital and
meprobamate were ineffective in direct gating; a mutation known to confer sensitivity to
pentobarbital did not confer sensitivity to meprobamate. Our results provide insight into the
actions of meprobamate and parent therapeutic agents such as carisoprodol. Whereas in general
actions of meprobamate were comparable to those of carisoprodol, differential effects of
meprobamate at some receptor subtypes suggest potential advantages of meprobamate may be
exploited. A re-assessment of previously synthesized meprobamate-related carbamate molecules
for myorelaxant and other therapeutic indications is warranted.
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1. Introduction

Meprobamate, a propanediol carbamate, was the first drug to be used as an anxiolytic agent,
and was also prescribed as an anticonvulsant and sedative/hypnotic (Hendley et al., 1954).
By the late 1950s, meprobamate was the most widely prescribed drug in the United States
and in many other countries. It retained this position until diazepam the benzodiazepine
diazepam was introduced into clinical use in late 1960 (Berger, 1964; Greenblatt and
Shader, 1974). Within two years of introduction of meprobamate, cases of its abuse and
withdrawal after long term use were reported (Ewing and Fullilove, 1957), and it was
relatively soon thereafter listed as a controlled substance.

While meprobamate itself is no longer widely used, drugs metabolized to meprobamate are
widely available, and misuse of these drugs is associated with serious side effects. One such
drug is the centrally acting skeletal muscle relaxant carisoprodol, which remains highly
prescribed for low back pain (Sullivan, 2015; Toth and Urtis, 2004). Use of carisoprodol is
associated with abuse and dependence, and related dangers such as psychomotor impairment
(Elder, 1991; Rust et al., 1993; Zacny et al., 2011, 2012). Dependence and severe
withdrawal may lead to seizures and death (Adams et al., 1975; Littrell et al., 1993; Reeves
and Parker, 2003; Rust et al., 1993). Although carisoprodol has its own independent effects
(Gonzalez et al., 2009b), many of its therapeutic and abuse-dependent effects are likely due
to its metabolite meprobamate, which differs from carisoprodol by the absence of an
isopropyl group (Fig. 1). Indeed, the half-life of meprobamate far exceeds that of
carisoprodol ('t ¥ for carisoprodol of 1-2 h (Olsen et al., 1994) and t ¥ for meprobamate
between 6.4 h and 16.6 h (Hollister and Levy, 1964; Maddock and Bloomer, 1967)).

Meprobamate has been shown to have barbiturate-like activity at neuronal GABAp
receptors (Rho et al., 1997), the predominant inhibitory neurotransmitter receptor in the
central nervous system and the target of many therapeutics. Carisoprodol has similarly been
suggested to have barbiturate-like actions (Gonzalez et al., 2009a). A detailed understanding
of meprobamate’s interaction with GABA receptors is lacking, however. For instance, the
extent to which its interaction with GABA, receptors may be subunit-dependent is
unknown. As the extensive array of GABA receptor configurations that exist throughout
the CNS contribute to specific physiological and pharmacological responses of GABA and
modulatory agents (Olsen and Sieghart, 2008), an understanding of meprobamate’s subunit-
dependent actions could prove enlightening regarding therapeutic and adverse effects of
both it and parent therapeutics that are metabolized to meprobamate, such as carisoprodol.
We have thus assessed the potential subunit-dependent interaction of meprobamate at these
receptors and have further explored potential commonality and differences of action with
barbiturates.

2. Materials and Methods

2.1 Cell Culture and Transfection

Human embryonic kidney 293 (HEK?293) cells, stably or transiently expressing varying
GABA receptor subunits, were used in the present study. For transient expression, cells
were transfected with human GABAp al-a6; human f1-2; and human y2s (short isoform)
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cDNA in a 1:1:5 ratio (2 pg total cDNA) using PolyJet™ in vitro transfection reagent
(SignaGen Laboratories, Jamesville, MD). The y2s subunit will be referred to as y2 from
here forward. For studies assessing meprobamate effects in a model of extrasynaptic
receptors (rat a1p36 and a4f38 subunits), a total of 3 ug of cDNA in a transfection ratio of
2:1:0.25 for a:f:8 plasmids was used (Wagoner and Czajkowski, 2010). For studies on wild
type B3 homomeric receptors, wild type p1 subunits, and barbiturate-sensitive p1 (W328M)
subunits (generated previously in our lab, Gonzalez et al, 2009b), 2 ug of cDNA was
transfected. The rat GABAA a4 subunit cDNA was purchased from Genescript (Piscataway,
New Jersey). Human GABA al subunit cDNA was generously provided by Neil Harrison
(Columbia University Medical Center, New York). The wild-type human GABA p1l subunit
was generously provided by David Weiss (University of Texas Health Science Center at San
Antonio). HEK293 cells stably expressing human a232y2 receptors 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, and maintained at 37°C in a humidified
incubator with an atmosphere of 5% CO». In all cases, cells were used for recording 2472
hr after transfection.

2.2 Electrophysiology

Whole-cell patch clamp electrophysiology was used to assess GABA-, meprobamate—, or
pentobarbital-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 4-6M(. 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 and superfused continuously with an external solution consisting of 125
mM NaCl, 20 mM HEPES, 3 mM CacCly, 5.5 mM KCI, 0.8 mM MgCls, and 10 mM
glucose, pH 7.3. Agonist-induced CI~ 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.

2.3 Chemicals and solutions

Meprobamate, carisoprodol, pentobarbital, diazepam, THIP (4,5,6,7-
tetrahydroisoxazolo(5,4-c)pyridin-3-ol), salts and buffers were purchased from Sigma
Aldrich (St. Louis, MO). GABA was obtained from Acros Organics (New Jersey, US).
Bemegride was obtained from Pfaltz & Bauer, Inc. (Waterbury, CT). Stock solutions of
meprobamate, pentobarbital and carisoprodol were made using dimethylsulfoxide (DMSO).
Drugs were diluted in normal saline, so that the final DMSO concentration (vol/vol) of the
test solutions was <0.3%. GABA, diazepam and bemegride stock solutions were prepared
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using de-ionized H,0. All stock solutions were stored at =20 °C. On experimental days,
drug-containing solutions were prepared from stock by serial dilution into external solution.

2.4 Experimental Protocol

GABA (with or without modulatory ligand), meprobamate, carisoprodol or pentobarbital
were prepared in external solution on the day of use and applied via a 16-barrel rapid
perfusion system in which all barrels (200 um outer diameter quartz tubes; ALA Scientific,
Folsom, CA) emptied via a common tip positioned adjacent to the cell under study. Flow
through each barrel was pressure fed and regulated by solenoid or pinch valves operated by
a programmable microprocessor-based controller. Only one valve was open at a time, and
the buffer solution was applied continuously between drug applications via gravity or
positive pressure. As per the manufacturer specifications, solution flow rate as configured in
the present studies is approximately 3 pl/second, and exchange rate is approximately 5 msec.
For some experiments, ligands were applied via gravity flow using a Y-tube placed adjacent
to the cell.

The modulatory effects of meprobamate on GABA-gated currents were assessed using an
EC,q gating concentration of GABA as the control. This gating concentration was selected
to ensure there was a sufficient range to observe the full allosteric potential of meprobamate.
To ensure the gating concentration was approximately an ECyq, control responses were
compared to the maximal GABA-gated current for each individual cell. On a cell by cell
basis, control GABA currents were deemed acceptable for assessment of allosteric
modulatory effects of meprobamate if they were within a 15-25 % range of maximal current
for that particular cell. Control responses were established by observing two consecutive
agonist-activated currents that varied in amplitude by no more than + 10%. In our analyses
of the modulatory effects of meprobamate, peak current amplitude was defined as the
maximum current elicited by meprobamate. For studies investigating meprobamate-
mediated currents, meprobamate was dissolved in external solution and applied in the
manner described above. In all studies assessing direct gating effects of meprobamate, the
magnitude of the response was expressed relative to the maximal effect of GABA
(designated 100%). In studies on B3 homomeric receptors, the magnitude of
meprobamatemediated block of spontaneously open channels was measured relative to the
maximal blocking effect of picrotoxin (designated 100%). For afpy configurations, GABA-
gated control currents were recorded in the presence of diazepam to confirm incorporation
of the y2 subunit. Presence of the & subunit in a1p36 and a4p38 receptors was confirmed by
loss of inhibition to 1 uM Zn2*,

2.5 Data Analysis

To ensure equipotent concentrations were used for gating, GABA concentration-response
data were collected for all synaptic and extrasynaptic GABA, receptors tested, (Table 1).
From these data, ECo and saturating GABA concentrations were calculated for each
configuration and used in subsequent investigations of the allosteric and direct effects of
meprobamate, respectively. For studies assessing allosteric actions of meprobamate, a
correction was applied to subtract underlying direct gating effects, which were present at
higher meprobamate concentrations. All data are presented as mean + S.E.M. For
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experiments in which three or more datasets were statistically analyzed, one-way analysis of
variance was conducted, followed by a Tukey-Kramer post hoc test as indicated. For those
experiments in which two datasets were analyzed, Student’s t-tests (paired or unpaired) were
conducted. In all cases, statistical significance was designated at a P value of 0.05 or less.

3.1 a subunit isoform influence on direct and allosteric actions of meprobamate

Direct effects of meprobamate were assessed in axp2y2 GABAA receptors, where X =
subunit 1-6. We initiated direct gating studies using concentrations of meprobamate as low
as 100 pM; as direct gating effects were not generally observed below 1 mM, we report here
direct gating effects of 1, 3 and 10 mM meprobamate. Meprobamate directly gated each of
the configurations tested at high concentrations, evoking inward currents in the absence of
GABA (Fig. 2). The relatively low apparent affinity of meprobamate combined with limits
on its solubility precluded definitive calculation of maximal meprobamate-gated current. At
10 mM, meprobamate-gated current was of similar magnitude in al-, a2-, a4-, a5- and
abp2y2s GABA receptors (20-36% of maximal GABA current), and significantly less
(7%) in a3-expressing receptors (Fig. 2).

We also assessed a subunit isoform effects on allosteric modulatory actions of
meprobamate. Meprobamate positively modulated the effects of GABA EC,q concentration
in all configurations tested (Fig. 3). 3 mM meprobamate on average roughly doubled the
amplitude of the GABA ECyq current for most a subunit isoforms. We observed a
somewhat enhanced effect in receptors expressing the a5 subunit, as 3 mM meprobamate
elicited a potentiating effect of more than 3-fold (Fig. 3).

3.2 B subunit isoform influence on direct and allosteric actions of meprobamate

To assess whether the 3 subunit isoform affected the actions of meprobamate, we assessed
both direct and allosteric effects of it in a1f2y2 and a1p1y2 receptors. We observed no
significant difference in the magnitude of current elicited by meprobamate alone in these
receptors, as 10 mM meprobamate elicited currents roughly 1/3 the amplitude of peak
GABA current in both a1p2y2 and a1p1y2 receptors (Fig. 2C).

With regard to B subunit effects on allosteric actions of meprobamate, we found receptors
expressing either B1 or 2 subunits (in combination with al and y2) showed similar
allosteric modulation by meprobamate. In both receptors, 3 MM meprobamate effectively
doubled the amplitude of GABAgated current (Fig. 3C).

3.3 ¥ subunit isoform influence on direct and allosteric actions of meprobamate

Presence of a y subunit is critical for the allosteric actions of benzodiazepines (Pritchett et
al., 1989), but not for direct or allosteric effects of other ligands such as barbiturates (Horne
et al., 1993) or neurosteroids (Hosie et al., 2006). To assess the extent to which the y subunit
impacts actions of meprobamate, we tested effects of it in receptors lacking the y2 subunit.
In comparison to a1p2y2 receptor, direct gating in a1p2 receptor was generally comparable.
There was a statistically smaller direct gating response at 1 mM meprobamate in a1p2
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receptor compared to a1p2y2 receptor, but this difference was modest and not present at
other concentrations tested (Fig. 2D).

The v2 subunit had a more prominent effect on allosteric modulation by meprobamate. Its
presence significantly attenuated the ability of meprobamate to allosterically an ECyq
concentration of GABA at all concentrations of MEP above 100 uM. At 1 and 3 mM MEP,
the magnitude of enhancement in a1p2 receptors was more than twice that observed in
alp2y2 receptors (Fig 3D).

3.4 Effects of meprobamate on §-subunit containing “extrasynaptic” receptors

GABA and ligands that regulate its receptors may act at synaptic or extrasynaptic sites. To
assess the influence of meprobamate extrasynaptically, we studied its effect in recombinant
a4p38 and a 138 receptors, models of extrasynaptic GABAA receptors. As reported by
others (Brown et al., 2002), sensitivity of a4p35 receptors to GABA was high, with an ECsg
of 0.04 £ 0.02 uM. As shown in Figure 4, meprobamate directly gated a4f338 receptors with
an efficacy comparable to that of GABA itself. This direct gating effect was concentration-
dependent, and saturated at 3 mM meprobamate. We found very similar effects for the
ability of meprobamate to directly gate a1B36 receptors. Sensitivity to the direct gating
effects in extrasynaptic receptors was comparable to that observed in synaptic receptors.
Current gated by meprobamate rapidly decayed following activation, and we noted a
prominent rebound effect following termination of ligand application (Fig 4A, arrow).
GABA is not a full agonist in § expressing receptors (Brown et al., 2002); we observed the
same effect, as the agonist THIP elicited a current 151 + 12% of that elicited by saturating
GABA.

We also assessed the extent to which meprobamate might allosterically potentiate
extrasynaptic GABAA receptors. As illustrated in Fig. 5, meprobamate enhanced GABA-
gated (ECyq) current, with a threshold effect at 100 uM, and a maximal effect observed at 1
mM. The sensitivity and magnitude of the potentiating effect is comparable to that observed
in synaptic receptors.

Pentobarbital and carisoprodol, the parent molecule to meprobamate, have been reported to
enhance maximal GABA-gated current in 3-subunit containing receptor (Feng et al., 2004;
Kumar et al., 2015). We thus assessed for this capability with meprobamate. Co-application
of 1 mM meprobamate with 1 mM GABA (ECgs.) to a4B33 receptors resulted in a current
183 + 17% of that seen with maximal GABA alone. As anticipated, 100 uM pentobarbital,
which was used as a positive control, showed enhancement of maximal GABA-gated current
(to 223 = 38% of maximal GABA, Fig. 6B). No enhancement was observed in a133y or
a1p3 subunit containing receptors with meprobamate or pentobarbital (Fig. 6B).

3.5 Further assessment of the barbiturate-like effects of meprobamate

Based on a mechanistic assessment of its effects in GABA, receptors recorded from
cultured rat hippocampal neurons, others have concluded meprobamate has “barbiturate-
like” activity (Rho et al., 1997). Our results are broadly consistent with that suggestion. We
thus conducted additional studies to test further commonality of action between
meprobamate and pentobarbital.
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Bemegride is known to antagonize pentobarbital stimulus effect in animal models
(Schechter, 1984) and phenobarbital direct gating effects in mouse spinal neurons (Mistry
and Cottrell, 1990). We thus assessed the influence of bemegride on the direct gating effects
of meprobamate. As shown in Figure 7, meprobamate-mediated direct gating current was
significantly and reversibly attenuated by bemegride. The ability of bemegride to antagonize
meprobamate-activate current was greater when tested against a lower concentration of
meprobamate, demonstrating a concentration-dependent effect.

p1 homomeric GABA receptors are anion-selective cys loop ligand-gated channels, with a
pharmacology distinct from that of heteromeric GABA receptors (Amin and Weiss, 1994).
They are found in very high concentration in retina and other visual areas (Boue-Grabot et
al., 1998; Enz et al., 1995). Barbiturates cannot directly activate wild type p1 homomeric
GABA receptors, but can when tryptophan at position 328 is mutated to methionine
(W328M) (Amin, 1999). We assessed whether meprobamate can gate wild type or W328M
pl homomeric GABA receptors. In wild type homomeric pl receptors, both pentobarbital
and meprobamate were ineffective in direct gating (Fig. 7A, 7B). As originally reported
(Amin, 1999), we observed that the W328M mutation in the p1 subunit conferred sensitivity
to direct gating effects of pentobarbital. In contrast, the W328M mutation did not confer on
meprobamate the ability to directly gate the channel (Fig. 7A, 7B).

Homomeric 33 receptors do not appear to form natively, but they can form a functional
receptor in vitro, and thus are a useful tool for studying drug action (Chen et al., 2012;
Davies et al., 1997). Homomeric B3 receptors are spontaneously open, and they can be
directly activated by barbiturates (Davies et al., 1997). We evaluated whether meprobamate
had direct gating effects in these receptors. Meprobamate, in contrast to pentobarbital, could
not directly gate homomeric 33 receptors. Instead, meprobamate, blocked the spontaneously
open current present in homomeric B3 receptors (Fig. 7A, 7B). This effect was
concentration-dependent, and approached the efficacy of the GABA receptor antagonist
picrotoxin in blocking the spontaneously open channel (Fig. 7B).

4. Discussion

This is the first study to assess subunit-dependent effects of meprobamate at its major target,
GABA receptors. Drugs metabolized to meprobamate, such as carisoprodol, have remained
widely utilized. Carisoprodol was actually synthesized as an alternative to meprobamate,
and early studies suggested it had a profile that was preferable to meprobamate (Berger et
al., 1960). Early metabolism studies in dogs indicated the primary metabolite of carisoprodol
was hydroxyl-carisoprodol (Douglas et al., 1962). Toxicology studies some years later
demonstrated that in humans, carisoprodol was in fact metabolized primarily to
meprobamate, which has a half-life that is several-fold longer than that of carisoprodol
(Bramness et al., 2004; Olsen et al., 1994). Whereas the recent scheduling of carisoprodol
will likely result in a reduction in its use (Bramness et al., 2012), it remains a key
therapeutic for treatment of acute low back pain (Witenko et al., 2014). Even with its recent
scheduling, a quick internet search reveals a number of pharmacies noting the ready
availability of carisoprodol without a prescription. Thus the potential for continuing abuse of
carisoprodol remains. Considering a significant proportion of its effect are likely attributable
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to its metabolite meprobamate, the focus of the present study was thus to gain greater insight
into meprobamate modulation of its major therapeutic target, the GABA, receptor.

Our assessment of meprobamate’s ability to directly gate and allosterically modulate the
GABA receptor is comparable to that reported in neurons (Rho et al., 1997), in that both
effects are of relatively low potency. Rho et al. (1997) further categorized its actions as
“barbiturate-like”, and carisoprodol also displays barbiturate-like effects both in vivo and in
vitro (Gonzalez et al., 2009b). We conducted a number of experiments to better understand
the extent to which effects of meprobamate mimic those of the barbiturate pentobarbital.
The results demonstrate some commonality of effect between the two ligands, but in general
do not support a common site of action for meprobamate and barbiturates. The barbiturate
antagonist bemegride reversibly and significantly inhibited meprobamate-mediated direct
gating current in a concentration-dependent manner, consistent with a competitive nature of
inhibition. However, in homomeric p1 receptors, a mutation (W328M) that conferred
sensitivity to pentobarbital (Amin, 1999) did not confer sensitivity to meprobamate. In
addition, whereas pentobarbital could directly gate homomeric 33 receptors, this effect was
not observed with meprobamate. Thus, whereas a number of in vivo and in vitro actions of
meprobamate are in fact similar to those observed with pentobarbital, the comparison cannot
be extended to indicate a common binding domain for these ligands. In this regard,
meprobamate is comparable to carisoprodol (Gonzalez et al., 2009b). Recent photoaffinity
labeling studies have provided considerable evidence that barbiturates bind to inter-subunit
interfaces in GABA, (Chiara et al., 2013) and nicotinic (Hamouda et al., 2014) receptors.
With regard to GABA receptors, a photoreactive barbiturate binds to a number of residues
at both the a—p and y— interfaces in the transmembrane domain (Chiara et al., 2013). Our
current results suggest it unlikely that meprobamate would interact with those residues.

It has become increasingly clear in recent years that many therapeutic and adverse actions of
GABAergic drugs associate predominantly with particular subunits of the GABA receptor
(Crestani et al., 2002; Crestani et al., 2001; Licata and Rowlett, 2008; Low et al., 2000;
Rudolph and Mohler, 2014; Tan et al., 2010; van Rijnsoever et al., 2004). Of particular
relevance to the current study is the fact that a2- and a3 expressing receptors are involved in
both anxiolytic (Crestani et al., 2001; Licata and Rowlett, 2008; Low et al., 2000) and
muscle-relaxing (Crestani et al., 2001; Griebel et al., 2003) effects of GABAergic ligands,
while abuse potential associates with the a1 subunit (Licata and Rowlett, 2008; Tan et al.,
2010). Our recent report (Kumar et al., 2015) shed some light on the subunit-dependent
effects of carisoprodol itself and how they may relate to its therapeutic and advserse effects.
To fully understand actions of carisoprodol, it is necessary to also understand potential
subunit-dependent effects of the primary and comparatively long-lived metabolite,
meprobamate. At the maximal concentration assessed, meprobamate-gated current was of
similar magnitude in al-, a2-, a4-, ab- and a6p2y2s GABAARS, and significantly less in
a3-expressing receptors. The parent drug carisoprodol has a similar profile, with roughly
three-fold higher potency. With regard to allosteric modulation, carisoprodol displayed
considerably greater efficacy in al-expressing receptors (Kumar et al., 2015), whereas
meprobamate displayed generally similar effects regardless of a subunit, with some
enhanced efficacy in a5-expressing receptors.
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The lack of effect of § subunit isoform on direct gating or allosteric effects of meprobamate
contrasts with carisoprodol, in which direct gating was most efficacious in f1-expressing
receptors, and allosteric modulation was greatest in 2-expressing receptors (Kumar et al.,
2015). In addition, whereas the y subunit did not have an effect on direct gating or allosteric
modulation of carisoprodol (Kumar et al., 2015), its presence quite markedly attenuated the
modulatory capacity of meprobamate. This effect may not be therapeutically significant as
few native receptors express only a and 8 subunits, but it may prove useful in identifying
critical domains for effects of meprobamate.

Ligands that influence the actions of GABA may also act at extrasynaptic GABAa
receptors, which include a4p38 and a1B33 subtypes; these receptors have been implicated in
diseases such as schizophrenia, depression and epilepsy (Brickley and Mody, 2012).
Meprobamate directly gated these receptors with an efficacy comparable to that of GABA,
which is a partial agonist in these receptors (Bianchi and Macdonald, 2003). We also
observed that GABA'’s efficacy was about 2/3 that of the full agonist THIP in & subunit-
expressing receptors. Barbiturates (Feng et al., 2004), neurosteroids (Wohlfarth et al., 2002)
and the parent drug carisoprodol (Kumar et al., 2015) all have the ability to enhance the
actions of a saturating concentration of GABA in extrasynaptic receptors. We observed a
similar effect of meprobamate in the present investigation. Whereas a portion of the peak
GABA current enhancement could be attributable to some direct action of meprobamate, the
majority of the enhancement may relate to shifting of GABA from a low efficacy to high
efficacy ligand (Bianchi and Macdonald, 2003).

In considering where on the receptor meprobamate acts, key questions include: 1) is the
site(s) where meprobamate acts the same as that for carisoprodol?; and 2) does meprobamate
acts at distinct sites for gating and allosteric effects? When initiating these studies, we
hypothesized that the two ligands act at the same site for both effects. As noted,
experimental evidence has shown that both carisoprodol and meprobamate allosterically
modulate, directly gate and inhibit the GABA, receptor. Both ligands also display similar
actions at 8-expressing receptors. Specifically with regard to question 1 above, we consider
here both direct and allosteric effects. Results for direct gating studies demonstrate the
subunit-dependent profile for the two ligands are quite similar, and the main difference
between the two ligands is potency. These data are consistent with a single overlapping site
of action. The isopropyl group of carisoprodol may enhance hydrophobic interactions that
result in its enhanced potency. In considering allosteric modulatory effects of the two
ligands, the subunit-dependent profile showed significantly more variability than that
observed for direct gating effects. The influence of o 3 and y subunits was different for
meprobamate compared to carisoprodol. Although a definitive conclusion is not warranted,
the data are consistent with only modestly overlapping or possibly distinct sites for allosteric
effects of meprobamate, compared to carisoprodol. Further studies are required to more
definitively address this issue.

In considering whether the direct and allosteric effects of meprobamate are mediated via one
or two sites, the possibility of two sites is likely. With regard to carisoprodol, separate sites
for direct gating and allosteric modulatory effects have been proposed (Kumar and Dillon,
2015). As with carisoprodol, the subunit-dependent profiles for direct and allosteric effects
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of meprobamate are distinct. Additional evidence suggestive of distinct sites comes from
recent mutagenesis studies. We have reported in abstract form (Kumar et al., 2013) the fact
that amino acid mutations in transmembrane domain IV of the a subunit impact direct
gating of carisoprodol, but have no significant effect on its allosteric actions. Unpublished
results of effects of these mutations on the actions of meprobamate suggest a similar effect.
Whether the amino acid residues in question form part of the binding site for these ligands
or are critical for transduction is not known. Nevertheless, the fact that the mutations had
effects only on direct gating is consistent with the conclusion that distinct sites exist for
direct and allosteric modulatory effects for both meprobamate and carisoprodol.

Our results provide additional insight regarding the therapeutic and abuse-facilitating effects
of carisoprodol. Both carisoprodol and meprobamate display direct gating and allosteric
modulatory effects on GABA receptors across the spectrum of a expressing receptors,
which supports physical dependence and abuse potential (Licata and Rowlett, 2008). Both
ligands effectively modulate a2-, a3- and a5- expressing receptors, which provides an
effective muscle relaxant profile (Crestani et al., 2001; Griebel et al., 2003. Drawing further
from an understanding of benzodiazepines, the considerably higher efficacy (and potency)
of carisoprodol for allosteric enhancement of al-expressing receptors would seem to be a
key contributor for its abuse and addictive potential (Licata and Rowlett, 2008; Tan et al.,
2010). In addition, in a study of impaired and unimpaired drivers, blood concentration of
carisoprodol, but not meprobamate, correlated with driver impairment (Bramness et al.,
2004). The authors concluded that carisoprodol itself has impairing effects. As sedative
effects are strongly associated with activity at al- expressing receptors, our finding that
meprobamate has considerably reduced effects at these receptors, compared to carisoprodol,
provides a molecular basis in support of the conclusion of Bramness et al. (2004).
Meprobamate itself has important limitations as a therapeutic; hence its classification as a
scheduled drug decades ago. However, as meprobamate strongly modulates a5-expressing
receptors (consistent with muscle relaxant effects), and has comparatively inefficient ability
to modulate a1- expressing receptors (associated with dependence and abuse potential), a re-
evaluation of meprobamate for possible modification is warranted.

During the time period both meprobamate and carisoprodol were being widely prescribed,
an extensive series of derivatives of them was generated (Ludwig et al., 1969). Many of
these displayed enhanced potency for muscle relaxation (as measured via paralyzing effects
that leads to loss of righting reflex) compared to both carisoprodol and meprobamate, as
well as an enhanced safety margin. It appears none of these molecules made it to market.
Whether they failed for safety or other reasons, or whether the decision to abandon this
series of compounds was made in light of the subsequent scheduling of meprobamate is not
known. Considering the availability of improved assays and our current understanding of
molecular pharmacology associated with therapeutic effects, it might prove worthwhile to
re-assess a number of these meprobamate-related carbamate molecules for myorelaxant and
other indications.
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CARISOPRODOL MEPROBAMATE

Figure 1. Structure of meprobamate and a prominent parent molecule, carisoprodol
The molecules differ by an isopropyl present on one of carisoprodol’s carbamy! nitrogens;

the isopropyl is removed by CYP2C19 to form meprobamate.

Eur J Pharmacol. Author manuscript; available in PMC 2017 March 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Kumar and Dillon

)

CEP MMy
ML N
SALA|uW

w1p2y2

CEP M)
ML NG
CASA M

w3p2y2

ML mM]
GASAM]

alfly2

M mM]
GALA M)

alf2

- - -

1000 -

"::F"‘I.

-
[

100 - -
BIpa

LI0ps

10w

m

"

URRENT aMPUTUDE
% OF MAXMAL OASA CURRENT)

O

CURRENT AMPLTUDE
OFMALMALGADACIURAINT)

-

GO CURSENT)

CUBRENT AmiLiTucE

" OF MO O

Eur J Pharmacol. Author manuscript; available in PMC 2017 March 15.

W -

[
L

P
A

A
L

P
1

Page 15

3
MEFROBAMATE (mh)

B =
s

e

x
J

s
1

.
L

"
L

-
1

1

MEP‘QOBAMATE l"'Ml

i =180
alfl

o

il

(Y

HIEPQOBAMATE (=)

Figure 2. Assessment of subunit-dependent effects of meprobamate on direct activation of
GABAA receptors

A, Representative traces demonstrating direct activation by meprobamate in al1f2y2,
a3p2y2, alply2 and alP2 receptors. B, C and D, summary data of meprobamate mediated
direct-gating effects associated with varying a 3 and y subunits, respectively. Direct
activation capability was diminished in a3p2y2 compared to the other configurations,
whereas varying the § subunit or deleting the y2 subunit had negligible effects. Each data
point represents the mean + S.E.M. of a minimum of 4 cells. *, P < 0.05; **, P < 0.01.
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Figure 3. Assessment of subunit-dependent effects of allosteric modulatory effects of
meprobamate on GABAA receptors

A, Representative traces demonstrating direct allosteric potentiation by meprobamate of
GABA-gated (ECyq) currents in al1p2y2, a3p2y2, alply2 and alp2 receptors. B, C and D,
summary data of allosteric effects of meprobamate associated with varying a f and vy
subunits, respectively. Allosteric potentiation was present in all a3y receptors, but greatest
in those expressing the a5 subunit; absence of the y subunit also resulted in enhanced
potentiation. Note for this and other figures assessing allosteric modulation, underlying
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direct gating effects were subtracted out for calculation of summary data. Each data point
represents the mean + S.E.M. of a minimum of 4 cells. *, P < 0.05; ***, P < 0.001.
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Figure 4. Assessment of direct gating effects of meprobamate in extrasynaptic GABAAp receptors
A, representative traces demonstrating meprobamate direct gating action on a4f38 and

alp38 GABAA, receptors, in comparison to a saturating concentration of GABA. The
maximal efficacy of meprobamate was comparable to that of GABA. B, Summary data
illustrating the efficacy of meprobamate compared to GABA in al1f2, a1p2y2, a1p38 and
a4f38 GABA, receptor. Data for alp2 and alf2y2 receptors are replotted from Figure 1 for
comparison. Efficacy of the full agonist THIP was also assessed; it was significantly more
efficacious than either GABA or meprobamate on 5-containing GABA receptors. Each bar
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represents the mean + S.E.M. of a minimum of 3 cells for 8-containing receptors, and mean
+ S.E.M. of a minimum of 4 for all others. *, P < 0.05; **, P < 0.01.
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Figure 5. Assessment of allosteric effects of meprobamate in extrasynaptic receptors
A, representative traces demonstrating the potentiation by meprobamate of GABA-gated

(ECyp) currents in a4p36 GABA receptors. B, Bar graph summarizing the concentration-
response profile for the allosteric modulatory effects of meprobamate on extrasynaptic
a4f38 GABA, receptors. Each bar represents the mean = S.E.M. of a minimum of 3 cells.
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Figure 6. Potentiation of maximal GABA by meprobamate in extrasynaptic receptors

A, Illustrative traces showing that in both a4338 and a1p338 extrasynaptic GABAa
receptors, 1 mM meprobamate significantly enhanced the magnitude of a saturating
concentration of GABA alone, whereas this potentiation was not observed in o133 or
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alP2y2 receptors. B, Summary data illustrating potentiation of maximal GABA current by
both pentobarbital and meprobamate in 8-subunit expressing receptors, compared to those

not expressing the & subunit. Data are expressed relative to the peak current amplitude

elicited by saturating concentration of GABA. Each bar represents the mean £ S.E.M. of a
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minimum of 3 cells for §-containing receptors, and mean + S.E.M. of a minimum of 4 for all
others. **, P < 0.01.
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Figure 7. Assessment of “barbiturate-like” actions of meprobamate
A, top, Representative traces demonstrating meprobamate-activated currents are reversibly

reduced in the presence of the barbiturate antagonist bemegride in stably expressed human
alP2y2 receptors. A, middle, Neither pentobarbital nor meprobamate could directly gate
wild type homomeric pl receptors; the W328M mutation conferred sensitivity to
pentobarbital, but not meprobamate. A, bottom, Pentobarbital directly gated homomeric p3
receptors, whereas meprobamate blocked the spontaneously open current present in these
channels. B, Summary results for experiments presented in panel A. Each data point
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represents the mean + S.E.M. of a minimum of 4 cells for all data sets. *, P < 0.05; ** P <
0.01; ***, P < 0.001; #, P < 0.05 compared to the 3 MM MEP effect, illustrating a
concentration-dependent effect of bemegride.
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GABA sensitivity of the GABA, receptor subunit configurations studied. ECsq values for each receptor are
expressed as mean = S.E.M.

Receptor ECso (UM) n
Configuration

alp2 16.4+239 5
alp2y2 286+275 8
a2p2y2 328+181 5
a3p2y2 348+209 8
adp2y2 50+016 5
a5B2y2 08+023 4
abB2y2 17+024 4
alply2 15.7+015 7
a4f38 0.04+0.02 4
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