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Abstract

The benzodiazepine receptor inverse agonist 6,7-dimethoxy4-
ethyl-3-carbomethoxy-i-carboline (DMCM) (1.5-15 mg/kg)
was administered to mice 5 min after a lethal (LD94) injection
of pentobarbital. DMCM(1.5-5 mg/kg) increased short-term
(1 h) survival in a dose-dependent fashion, with an optimum
survival rate more than five times greater than mice receiving
pentobarbital alone. Statistically significant increases in long-
term (24 h) survival were also observed after both 5 and 10 mg/
kg of DMCM(34 and 33%, respectively) compared with animals
receiving pentobarbital alone (6%). Two doses of DMCM(5 and
2.5 mg/kg, respectively) administered 55 min apart produced an
even greater increase (58%) in 24-h survival rates. Doses of
DMCMthat increased 1- and 24-h survival were not lethal when
administered alone, and were below the dose that produced con-
vulsions in 50% (CD50) of the animals. The protective effects of
DMCMwere blocked by pretreatment with the benzodiazepine
receptor antagonist ethyl-8-fluoro-5,6-dihydro-5-methyl-6-oxo-
4H-imidazoll,5ajll,4]benzodiazodiazepine-3-arboxylate (Ro 15-
1788), which suggests the effects of DMCMare mediated
through the benzodiazepine receptor. These findings suggest that
DMCMor another benzodiazepine receptor ligand with full in-
verse agonist qualities could prove effective as an antidote for
barbiturate intoxication in man.

Introduction

Ingestion of 2-6 g of a short-acting barbiturate (e.g., pentobar-
bital) is fatal in 0.5-12% of cases (1, 2), with an annual mortality
rate in the United States and United Kingdom of 1,600 (3).
Thus, barbiturate poisoning, whether intentional or accidental,
remains a significant clinical problem. Current management of
severe barbiturate intoxication consists of supportive measures
(maintenance of respiration and cardiovascular tone) coupled
with procedures to increase drug elimination (peritoneal dialysis,
hemodialysis, and hemoperfusion) (3). In the past, barbiturate
poisoning had been treated with agents such as picrotoxin and
pentylenetetrazole. However, the use of these compounds was
discontinued (4) due to their toxicity and equivocal efficacy.
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Barbiturates are thought to produce their pharmacological
effects at gamma-aminobutyric acid (GABA)'-gated chloride
channels in the central nervous system (5-8). Barbiturates have
been shown to enhance selectively the actions of GABAat con-
centrations corresponding to anticonvulsant, anxiolytic, and
hypnotic doses, while at higher concentrations (corresponding
to anesthetic/respiratory depressant doses) barbiturates depress
neuronal excitability by directly increasing chloride conductance
(6, 7). Biochemical studies suggest that barbiturates exert these
effects at specific recognition sites located at or near GABA-
gated chloride channels. These so called "barbiturate receptors"
(9) are allosterically linked to both GABAAand benzodiazepine
receptors (9-16), and this family of allosterically linked recog-
nition sites, the "supramolecular complex" (17), is presumed to
mediate the pharmacological actions of many agents that alter
neuronal excitability at GABA-gated chloride channels.

Recent advances in our understanding of the relationships
between components of this "supramolecular complex" have
led to the prediction (18) that benzodiazepine receptor ligands
with full "inverse agonist" properties (14, 19, 20) would antag-
onize those pharmacologic actions of barbiturates that are me-
diated through the supramolecular complex. Wehave tested this
hypothesis by examining the effects of 6,7-dimethoxy-4-ethyl-
3-carbomethoxy-p3-carboline (DMCM) (a high affinity benzo-
diazepine receptor ligand with full inverse agonist properties)
(19) in mice treated with a lethal dose of pentobarbital. Wenow
report that DMCMsignificantly increases both the 1- and 24-h
survival rates in these animals, and that this effect is mediated
through a specific action at the benzodiazepine receptor com-
ponent of the supramolecular complex. Since DMCMproduces
a significant reduction in the lethal effect of pentobarbital at
doses that exhibit marginal toxicity, this compound or a related
benzodiazepine receptor ligand with full inverse agonist prop-
erties may be potentially useful as an antidote against barbiturate
poisoning in man.

Methods

Treatment protocols. Adult, male National Institutes of Health (NIH)
mice (20-25 g) (Veterinary Resources Branch, NIH, Bethesda, MD) were
used in all experiments. Sodium pentobarbital was administered at a
dose ( 135 mg/kg) which was lethal to > 90% (LD94) of mice within 24
h. The lethal effects of pentobarbital were determined in mice that received
no subsequent injections. Sodium pentobarbital was dissolved in 10%
ethanol-20% propylene glycol-70% distilled water. Mice were injected

1. Abbreviations used in this paper: DMCM,6,7-dimethoxy-4-ethyl-3-
carbomethoxy-3-carboline; GAI3A, gamma-aminobutyric acid; Ro 15-
1788, ethyl-8-fluoro-5,6-dihydro-5-methyl-6-oxo-4H-imidazo-
[1 ,5a][ l,4]benzodiazodiazepine-3-carboxylate.
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with 1.5-15 mg/kg of DMCMdissolved in 20% diluted emulphor-80%
saline (diluted emulphor is 50% Emulphor [a polyoxyethylenated veg-
etable oil]-50% ethanol wt/wt) 5 min after pentobarbital (135 mg/kg)
administration. In some experiments, mice received an additional in-
jection of DMCMor vehicle 60 min after pentobarbital. In studies to
determine the toxic (convulsant and lethal) effects of DMCM,mice re-
ceived two injections of drug 55 min apart. In experiments attempting
to reverse the effects of DMCM,mice were injected with pentobarbital
(135 mg/kg) and 2.5 min later received ethyl-8-fluoro-5,6-dihydro-5-
methyl-6-oxo-4H-imidazo[1,5a][1,4]benzodiazodiazepine-3-carboxylate
(Ro 15-1788) (5 mg/kg, dissolved in 20%diluted emulphor-80% saline)
or vehicle. DMCM(5 mg/kg) was administered 2.5 min later. The effects
of drug treatments were assessed independently by two investigators.
Cessation of respiration and the absence of a palpable heartbeat were
used to evaluate the lethal actions of pentobarbital. All drugs were ad-
ministered intraperitoneally in a volume of 0.1 ml. Multiple injections
were administered alternatively to the left and right sides.

Statistics. The dose-effect curve of DMCMon 1-h survival was eval-
uated using Armitage's procedure (21), with Fisher's exact test (22) applied
to animals receiving 10 and 15 mg/kg of drug. The 24-h survival was
evaluated by first randomly apportioning the 1-h survivors to several
treatment groups and then noting survival within each group at 24 h.
This subsampling of 1-h survivors generated the 24-h survival rate (r)
for a given treatment group. The 24-h survival rate (r) = xy/(nm), where
n is the total number of animals; x the number of 1-h survivors; mthe
number of 1-h survivors selected for a group; and y the number of 24-
h survivors in that group. The standard error of ris derived as the square
root of (p p2/n)[(l - P2)/f + P2(1 - pi)], where pi (estimated as x/n) is
the probability of surviving 1 h, P2 (estimated by y/m) is the probability
of surviving 24 h having survived 1 h, and f is the proportion of 1-h
survivors assigned to the group. The Bonferroni adjustment (23) was
applied to the P values obtained. The 24-h survival rates for different
treatment groups were compared under the assumption that their sta-
tistical distributions were approximately normal. This procedure was
used to avoid overestimating the 24-h survival rates, which should account
for the overall mortality (i.e., the survival rate at both 1 and 24 h).

Materials. DMCMwas purchased from Research Biochemical,
Wayland, MA. Sodium pentobarbital was purchased from Sigma Chem-
ical Co., St. Louis, MO. Ro 15-1788 was donated by Hoffman-LaRoche,
Inc., Nutley, NJ. Emulphor was the gift of GAFCorp. NewYork, NY.

Results

Pentobarbital lethality: effects of DMCMadministration. Ad-
ministration of 135 mg/kg sodium pentobarbital was lethal to
87%of the mice within 1 h (Fig. 1). Within 5 min after injection,
mice were unresponsive to tail pressure and had lost the righting
reflex. These animals also showed signs of profound respiratory
distress characterized by infrequent and irregular breathing.
DMCM(1.5-5 mg/kg) produced a dose-dependent increase in
survival at 60 min (P < 0.001) with an optimum survival rate
of 68% (Fig. 1). Significant increases in 1-h survival were also
observed in mice treated with 10 or 15 mg/kg of DMCM(P
< 0.001 and P < 0.002), but these values were not significantly
different from that with the 5-mg/kg dose of DMCM(Fig. 1).

Mice that received DMCM(2.5-10 mg/kg) 5 min after pen-
tobarbital were subsequently divided into three groups: the first
group was administered a second injection of DMCMvehicle,
while the second and third groups, which had initially received
the optimum dose of DMCM(5 mg/kg), were administered a
second injection of either 2.5 or 5 mg/kg of DMCM1 h after
pentobarbital. The mice were then returned to their home cages
for evaluation of 24-h survival. The 24-h survival rate in mice
treated only with pentobarbital was 6% (Fig. 2). DMCM(2.5
mg/kg), followed 1 h later by vehicle, did not improve overall
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Figure 1. Effects of DMCMon pentobarbital (PB) lethality: 1-h sur-
vival. Mice were injected with PB (135 mg/kg). 5 min later they were
injected with DMCM(1.5-15 mg/kg) and the number of animals alive
at 60 min was determined as described in Methods. Animals receiving
PB alone did not receive an additional injection at 5 min. The num-
ber of animals used to determine percent survival in each group was:
PB, 94; PB + DMCM,1.5 mg/kg, 20; PB + DMCM,2.5 mg/kg, 54;
PB + DMCM,5 mg/kg, 50; PB + DMCM,10 mg/kg, 55; and PB
+ DMCM,15 mg/kg, 20. The proportion of animals surviving after
DMCMincreased in a linear fashion (P < 0.001) (21) between 1.5 and
5 mg/kg. Statistically significant increases survival were also observed
at 10 (P < 0.001) and 15 (P < 0.002) mg/kg of DMCM.

survival at 24 h (Fig. 2). However, pentobarbital-treated mice
that received 5 or 10 mg/kg of DMCMand an injection of vehicle
55 min later had significantly higher 24-h survival rates (34%,
P < 0.006, and 33%, P < 0.008, respectively) than mice treated
with pentobarbital alone (Fig. 2). Injection of 5 mg/kg of DMCM
followed by 2.5 mg/kg 55 min later resulted in a further im-
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Figure 2. Effects of DMCMon pentobarbital (PB) lethality: 24-h sur-
vival. Mice that survived for I h after receiving a combination of PB
and DMCM(see Fig. 1) were injected with vehicle or DMCMas indi-
cated. Animals receiving PB alone did not receive additional injec-
tions. The efficacy of the different treatment protocols was evaluated
as described in Methods using Bonferroni's adjustment for the P val-
ues. Thus, in order to maintain alpha at < 0.05, comparisons are sig-
nificant if P < 0.05/5 = 0.01. PB vs. PB + DMCM(2.5 mg/kg) + ve-
hicle (V) = 0.034; vs. PB + DMCM(5 mg/kg) + V = 0.006; vs. PB
+ DMCM(10 mg/kg) + V = 0.008; vs. PB + DMCM(5 mg/kg)
+ DMCM(2.5 mg/kg) < 0.001; vs. PB + DMCM(5 mg/kg)
+ DMCM(5 mg/kg) = 0.004.
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provement of 24-h survival rates (58.3%, P < 0.001). The 24-h
survival rate of mice that received a second 5 mg/kg injection
of DMCMwas significantly higher than animals that did not
receive DMCM(36.6%, P < 0.004) (Fig. 2).

In another series of experiments, the protective effect of
DMCM(5 mg/kg) in pentobarbital-treated mice was examined
in the presence of the benzodiazepine receptor antagonist, Ro
15-1788 (24). Ro 15-1788 (5 mg/kg) completely abolished the
protective effects of DMCM(from 65 to 0% survival at 1 h)
when administered 2.5 min before DMCM(Fig. 3).

Toxicity of DMCM.The toxic (convulsant and lethal) effects
of DMCMwere examined in a dose range that reduced the lethal
effect of pentobarbital. At a dose of 2.5 mg/kg DMCMdid not
elicit convulsions, nor were any deaths noted during the 1-h
observation period. A second injection of 2.5 mg/kg of DMCM
55 min after the initial dose did not result in either convulsions
or deaths (Fig. 4). Administration of 5 and 1O mg/kg of DMCM
produced convulsions in 6 and 94%of the animals, respectively.
The 50% convulsion dose (CD50) of DMCMwas estimated to
be 7.5 mg/kg (Fig. 4 legend). The latency to convulsions in these
animals was < 15 min (data not shown). A second injection of
5 or 10 mg/kg of DMCMdid not produce a significant further
increase the incidence of convulsions (Fig. 4). Deaths were ob-
served only at the 10-mg/kg dose, with a 15% mortality noted
after one injection, and an overall mortality of 20% in mice
receiving a second injection of 10 mg/kg DMCM(data not
shown).

Discussion

An effective, safe antidote for severe barbiturate intoxication
would be an important therapeutic adjunct in emergency med-
icine. Recent studies on benzodiazepine/GABA receptor chloride
ionophore complex suggested that a benzodiazepine receptor
ligand with full inverse agonist properties would antagonize the
lethal effects of barbiturates ( 18). Weexamined this hypothesis
in experimental animals by administering the inverse agonist
DMCMto mice that received a lethal dose (135 mg/kg) of pen-
tobarbital (approximately LD94). In an attempt to mimic con-
ditions which could be encountered in a clinical situation,
DMCMwas administered to animals that were comatose and
unresponsive to external stimuli. Under these conditions, dose-
dependent increases in both 1- and 24-h survival were observed
after a single injection of DMCM;the maximum survival rate
was more than five times that observed in animals receiving
pentobarbital alone (Figs. 1 and 2). The overall survival at 24 h
was further increased by administration of a divided dose of
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Figure 3. Antagonism of the protective
effects of DMCMby Ro 15-1788.
Mice were injected with pentobarbital
(PB) (135 mg/kg). Ro 15-1788 (5 mg/
kg) or vehicle (0.1 ml of 20% diluted
Emulphor/80% saline) was injected
2.5 min later. DMCM(5 mg/kg) was
injected 2.5 min after the Ro 15-1788.
20 animals were used in each group.
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second injection 55 min later. 20 animals were used in each group.
Deaths were observed only after the highest dose of DMCM;the mor-
tality was 15 and 20% after one and two injections of DMCM,respec-
tively.

DMCM(Fig. 2), which suggests that an alternative means of
drug delivery (e.g., infusion or multiple dosing) might prove
even more effective in reducing mortality. Nonetheless, the dif-
ferent pharmacokinetic (1) and pharmacodynamic (5, 25, 26)
properties of the various barbiturates requires further testing of
DMCMbefore optimum doses and routes of administration can
be assigned.

Electrophysiological and biochemical studies suggest that
barbiturates, as well as compounds such as pentylenetetrazole
and picrotoxin (that have been used as barbiturate antidoes) (4)
bind to closely associated recognition sites on the GABA-gated
chloride channel (6, 7, 13, 27-29). However, the doses of pen-
tylenetetrazole and picrotoxin or related "cage" convulsants (30)
that reduce barbiturate lethality also produce a high incidence
of convulsions and deaths at the same doses when administered
alone. In these concentrations, compounds such as picrotoxin
and pentylenetetrazole presumably inhibit the binding of bar-
biturates to their recognition sites, "closing" GABA-gated chlo-
ride channels. By contrast, DMCMhas been shown to reduce
GABA-gated chloride conductance through occupation of ben-
zodiazepine receptors (31). The observation that pretreatment
of animals with the benzodiazepine receptor antagonist Ro 15-
1788 can antagonize the effects of DMCMin reducing pento-
barbital lethality supports this hypothesis (Fig. 3). Since DMCM
does not bind to the same recognition sites as barbiturates, it is
unlikely that DMCMcan affect chloride currents at channels
exposed to high (anesthetic/lethal) concentrations of pentobar-
bital that have a direct effect on chloride currents (6, 7). However,
since DMCMreduces GABA-gated chloride currents (31), it
will affect those channels exposed to concentrations of pento-
barbital sufficient to augment GABA-gated chloride currents (6,
7). Thus, DMCMmay "normalize" chloride currents at the latter
population of channels (18), thereby reducing lethality. While
this hypothesis has not been fully tested, recent reports on the
effects of partial inverse agonists such as 3-hydroxymethyl-(3-
carboline (32, 33) and CGS8216 (34) on other pharmacologic
properties of pentobarbital support this hypothesis.

DMCMis more efficacious and less toxic than other putative
barbiturate antidotes such as picrotoxin (see reference 30). A
single injection of a nonlethal (CD6) dose of DMCM(5 mg/kg)
increased 1- and 24-h survival rates approximately fivefold (Figs.
1 and 2), while administration of a second dose of DMCM(2.5
mg/kg) 55 min later increased 24-h survival more than ninefold
compared with pentobarbital alone (Fig. 2). Nonetheless, DMCM
is a convulsant, and lethal at sufficiently high doses (reference
35, and Fig. 4 legend). While the effects of DMCMhave not
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been evaluated in man, this compound is likely to have a phar-
macologic profile similar to that observed in rodents which could
potentially limit its usefulness as an antidote. However, Ro 15-
1788 (which by itself does not antagonize the effects of barbi-
turates [reference 24 and Fig. 3]) completely blocks the effects
of DMCM(Fig. 3). Thus, it is likely that Ro 15-1788, which has
already been shown to be an effective benzodiazepine antagonist
in man (36, 37), could be used to reverse any adverse effects of
DMCMwithout further compromising a barbiturate-intoxicated
patient. DMCMmay also be effective in cases where a combi-
nation of barbiturates and benzodiazepines has been ingested,
since 13-carbolines with inverse agonist properties can also an-
tagonize the pharmacologic actions of benzodiazepines (33,
38, 39).

Recent evidence suggests that ethanol may produce its in-
toxicating and sedative actions by perturbing membrane fluidity
at the supramolecular complex (40). A novel imidazobenzodi-
azepine, Ro 15-4513 (41, 42), has been shown to antagonize the
pharmacologic actions of ethanol (41, 42), but does not appear
to antagonize the pharmacologic effects of barbiturates (42).
Thus, a combination of Ro 15-4513 (or a related compound)
and DMCMcould be potentially useful as an antidote in cases
where a combination of ethanol and barbiturates are ingested.
This hypothesis is currently under investigation.
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