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Interaction of Convulsive Ligands with 
Benzodiazepine Receptors 

Abstract. The y-aminobutyric acid (GABAi-benzodiazepine receptor complex, 
which is composed of distinct proteins embedded in the neuronal plasma membrane, 
is important for several effects of benzodiazepines, including protection afforded 
against convulsions. During structural modiJication of ethyl p-carboline-3-carboxyl- 
ate an agent was discovered which has high afinity for brain benzodiazepine 
receptors but which is a potent convulsant. Also in contrast to benzodiazepines, this 
type of benzodiazepine receptor ligand favors benzodiazepine receptors in the non- 
GABA-stimulated conformation, which may explain the convulsive properties. 

Specific binding sites for benzodiaze- 
pines have been demonstrated in the 
central nervous system of higher verte- 
brates, including man (I). Evidence sug- 
gests that these binding sites are recep- 
tors for the benzodiazepine type of mi- 
nor tranquilizers (2). 

It was initially thought that only phar- 
macologically active benzodiazepines, 
and a few benzodiazepine-like agents, 
interacted with high affinity with these 
receptors (2). However, agents such as 
ethyl P-carboline-3-carboxylate (P-CCE) 
(3) and Ro 15-1788 (4) have been discov- 
ered which have a high affinity for ben- 
zodiazepine receptors but which lack the 
anticonvulsant and anticonflict effects of 
benzodiazepines (4-6). These agents can 

block or reverse benzodiazepines from 
eliciting their usual effects ( 4 4 ,  indicat- 
ing that their interaction with benzodi- 
azepine receptors is functional and nov- 
el. In testing structural modifications of 
P-CCE we observed that methyl 6,7- 
dimethoxy - 4 -ethyl - P - carboline - 3 -car- 
boxylate (DMCM) (Fig. 1) is a potent 
convulsant in mice and rats. Our findings 
suggest that DMCM produces convul- 
sions by interacting with benzodiazepine 
receptors in a particular way. It appears 
that, by affecting the y-aminobutyric 
acid (GABA)-benzodiazepine receptor 
complex (7), DMCM may reduce 
GABA-mediated neurotransmission. 

To determine the nature of its convui- 
sive properties we administered DMCM 

Fig. 1. Dose-related induction of clonic convulsions in male mice by 
DMCM (A), p-CCM (0) given intraperitoneally, and pentylenetetra- 
zol (0) given subcutaneously. Relation to benzodiazepine receptor 
occupancy in vivo (filled symbols) as measured by inhibition of 
specific binding of [3H]flunitrazepam mainly according to Chang and 
Snyder (20). DMCM and p-CCM were administered 15 minutes before 
decapitation, and pentylenetetrazol was administered 30 minutes 
before. Since binding of [3H]flunitrazepam to receptors could not be 
determined in convulsing animals, we pretreated some animals (+) 
with phenobarbital (200 mglkg orally, 45 minutes before decapitation). 
This dose of phenobarbital sodium did not by itself affect specific 
[3H]flunitrazepam binding (data not shown). Vertical bars denote 
standard error of the mean (S.E.M.) values which extended outside 
the symbol. 
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(1 to 300 mglkg intraperitoneally) to  mice 
(Fig. 1) or rats (5 to 10 mglkg intraperi- 
toneally). Clonic-tonic convulsions fol- 
lowed within 3 to 5 minutes. The convul- 
sions were similar in quality to those 
produced by pentylenetetrazol; a short 
period of clonic fore- and hindlimb con- 
vulsions was followed by tonic extensor 
spasms. At DMCM doses above 15 mgl 
kg, all mice died within 10 to 15 minutes 
from respiratory depression. Less fre- 
quent and briefer convulsions were in- 
duced by methyl p-carboline-3-carbox- 
ylate (P-CCM) at 5 to 100 mglkg intra- 
peritoneally. The convulsive effects of 
DMCM and P-CCM occurred at doses at 
which these agents are bound to benzo- 
diazepine receptors in living mice (Fig. 
1). Similar effects were observed in rats 
(data not shown). As expected, convul- 
sions induced by DMCM (15 mglkg intra- 
peritoneally) in mice were inhibited by 
benzodiazepines and barbiturates [mean 
effective dose (EDSO) for lorazepam, 0.5 
mglkg intraperitoneally; for diazepam, 9 
mglkg intraperitoneally; and for pheno- 
barbital, 20 mglkg orally]. The ability of 
Ro 15-1788 (EDSO, 7 mglkg orally) and P- 
CCE (EDSO, 70 mglkg, intraperitoneally, 
administered 35 minutes before DMCM) 
to inhibit convulsions induced by 
DMCM was surprising. Ro 15-1788 has 
been described as a pure benzodiazepine 
antagonist (4), but, to  our knowledge, it 
has not been shown to antagonize con- 
vulsive agents. P-CCE not only fails to  
antagonize convulsions induced by pen- 
tylenetetrazol, picrotoxitl, bicuculline, 
and strychnine, but actually has some 
proconvulsaht activity-that is, it en- 
hances the effect of several convulsive 
treatments (5). Both P-CCE and Ro 15- 
1788 can occupy benzodiazepine recep- 

DMCM 

- 
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tors, and the selective protection afford- 
ed by both agents against convulsions 
produced by DMCM suggests that ben- 
zodiazepine receptors are involved. The 
specificity of the interaction of DMCM 
with benzodiazepine receptors in vitro is 
supported by the observation that 
DMCM does not interact with a wide 
range of brain neurotransmitter recep- 
tors. For  instance, no effect of DMCM 
( 1 0 - ~ m  was observed on high-affinity 
binding sites for various 3H-labeled li- 
gands: lysergic acid diethylamide, spiro- 
peridol, muscimol, WB 4101, naloxone, 
quinuclidinyl benzilate, and a-amino-3- 
hydroxy-5-methyl-4-isoxarole-propionic 
acid (AMPA) (data not shown). These 
3H-labeled ligands are presumed to re- 
flect binding to serotonin, dopamine, 
GABA, noradrenaline, opiate, musca- 
rine, and glutamate receptors, respec- 
tively. 

To elucidate this seemingly specific 
mechanism of action of DMCM on ben- 
zodiazepine receptors, we considered 
the possibility that a particular class of 
benzodiazepine receptors was involved 
in the convulsive effects. There appear 
to be at  least two types of receptor 
proteins or conformational classes of 
benzodiazepine receptors (8). The class- 
es are designated BZ, and BZ2 as charac- 
terized by their high and low affinity, 
respectively, for certain p-carboline es- 
ters (9). We used the ability of ligands to  
inhibit [3H]flunitrazepam binding in cer- 
ebellum compared to that in hippocam- 
pus as a measure of BZIIBZ2 selectivity 
(9). DMCM was slightly more potent in 
hippocampus [mean i standard error of 
the mean (S.E.M.) inhibitory concentra- 
tion (IC50), 6.6 i 1.3 nM, three experi- 
ments] than in cerebellum (ICso, 10.9 k 

0.3 nM, three experiments), suggesting 
weak BZ2 selectivity; p-CCM, a BZ1 
selective ligand, is four times more po- 
tent in cerebellum (10). Thus there is no 
clear relation between BZIIBZ2 selectiv- 
ity and pharmacological efficacy. 

Another possible explanation for the 
effects of DMCM is that the ability of 
GABA and GABA agonists to  enhance 
or  reduce the affinity of ligands for ben- 
zodiazepine receptors reflects the phar- 
macological efficacy of the receptor li- 
gands (11). These affinity changes, in 
turn, may reflect the ability of the ligands 
to enhance or  reduce GABA-mediated 
chloride channel conductance. We there- 
fore investigated the effect of GABA- 
receptor stimulation on the affinity for 
benzodiazepine receptors of DMCM and 
of other receptor ligands (Table 1). The 
ligands can be roughly divided into three 
overlapping groups according to whether 
muscimol enhances (GABA ratio > I), 

leaves unaffected (GABA ratio - I), or 
reduces (GABA ratio < 1) the affinity. 
Apparently the GABA ratio can be used 
to predict the pharmacological profile of 
benzodiazepine receptor ligands, since 
group 1 represents ligands with benzodi- 
azepine-like pharmacology, group 2, li- 
gands with little or no efficacy on benzo- 
diazepine receptors, and group 3, ligands 
with effects opposite to those of benzo- 
diazepines. It  is not known whether the 
agents in group 3 represent convulsive or 
anxiogenic agents. For example, P-CCE 
and its methyl amide (FG 7142) are not 
convulsive when given alone to mice and 

Table 1. Effect of GABA receptor stimulation 
on the affinity of ligands for benzodiazepine 
receptors in rat cerebellum. A GABA ratio of 
2 means that GABA (or muscimol) enhances 
the affinity of the ligand for benzodiazepine 
receptors about twofold. Determinations 
were made as follows: specific binding of 
[3H]diazepam (0.4 nM, 79 Cilmmole, Amer- 
sham) was determined in an unfrozen, five 
times washed (tris-citrate, 100 mM, p H  7.1), 
rat cerebellar membrane preparation. Sam- 
ples were incubated at O°C for 20 minutes in a 
physiological buffer which was used for the 
final resuspension of membranes (NaC1, 122 
mM; KC1, 4.8 mM; CaC12, 0.97 mM; 
MgS04.  7H20 ,  1.2 mM; and NaH2P04, 16 
mM; all final concentrations, p H  7.4). Four to 
six concentrations of the agents in duplicate 
were added to samples to determine the ICsn 
value in the presence and absence of a supra- 
maximal concentration of muscimol (10-5M), 
always in parallel experiments. A low concen- 
tration of [3H]diazepam (about 1/10 of the 
dissociation constant value) was used to en- 
sure that the experimentally determined ICSn 
values were close to the inhibition constant 
value. Values shown for the GABA ratio are 
means -+ S.E.M. of the ratio of ICSn without 
muscimol to ICSo with muscimol added, as 
determined in independent experiments (N. 
Abbreviations: PrCC, propyl ester of P-CCE; 
CL 218872, 3-methyl -6 - [3 - (trifluoromethyl) 
phenyl] - 1,2,4 -triazolo[4,3-blp yridazine; and 
Ro 15-1788, ethyl 8-fluro-5,6-dihydro-5-meth- 
y1-6-oxo-4H-imidazo[1,5-a][1,4]benzodiaze- 
pine-3-carboxylate. 

Ligand GABA 
ratio N 

Group 1 
Flunitrazepam 2.45 2 0.2 4 
Estazolam 2.43 2 
Oxazepam 2.35 2 
Diazepam 2.30 C 0.3 4 
Chlordiazepoxide 2.23 i 0.1 3 
Clonazepam 2.12 i 0.2 3 
CL 218872 1.98 i 0.1 4 
Lorazepam 1.75 2 
Lormetazepam 1.71 2 
Zopiclone 1.53 2 0.1 3 

Group 2 
RO 15-1788 1.22 2 0.1 3 
PrCC 1.11 2 

Group 3 
P-CCE 0.86 i 0.1 4 
FG 7142 0.87 2 0.1 4 
P-CCM 0.61 2 
DMCM 0.46 i 0.1 3 

rats. However, both agents can reverse 
anticonflict effects of phenobarbital, sug- 
gesting that they may be anxiogenic. 
Furthermore, in human volunteers F G  
7142 is reported to  produce intense fits of 
anxiety (12). 

To  illustrate how benzodiazepine re- 
ceptor ligands might affect GABA-medi- 
ated transmission, suppose that there are 
two conformations of the receptors 
which are in equilibrium. Opening of 
neuronal chloride channels by GABA is 
dependent on the benzodiazepine recep- 
tor being in a particular activated confor- 
mation (open chloride channel form). 
Benzodiazepines with high affinity for 
the activated form might shift the equi- 
librium and stabilize this conformation, 
which would increase the probability 
that a chloride channel would be opened 
by GABA receptor occupation (13). Ben- 
zodiazepines alone rarely cause chloride 
channel opening (13). However, DMCM, 
which may have high affinity for the 
closed chloride channel conformation 
(Table 1, GABA ratio < I ) ,  would tend 
to lock the receptors in a conformation 
that reduces the probability of opening 
chloride channels, and would thus re- 
duce GABA-mediated neurotransmis- 
sion. This possibility is supported by the 
observation that DMCM reduces elec- 
trophysiological effects of GABA in cul- 
tures of spinal neurons (14). True com- 
petitive benzodiazepine receptor antago- 
nists would not favor either conforma- 
tion and would not affect GABA-mediated 
transmission. These.  antagonists, how- 
ever, would obstruct other benzodiaze- 
pine receptor ligands and thereby antag- 
onize agents that act through these re- 
ceptors. 

DMCM is convulsant through its ac- 
tion on the benzodiazepine recognition 
site in the GABA-benzodiazepine recep- 
tor complex. Ro 5-3663, which is chemi- 
cally related to  benzodiazepines but has 
a negligible affinity for benzodiazepine 
receptors, is convulsant probably through 
an interaction with chloride channels 
which is similar, but not identical, to that 
of the convulsant barbiturates and picro- 
toxin (15). The mechanism of action of 
pentylenetetrazol is probably also relat- 
ed to chloride channels (16) and not to  an 
interaction with the recognition sites of 
benzodiazepine receptors (Fig. I). Bicu- 
culline produces convulsions by a com- 
petitive interaction at  the GABA recep- 
tor recognition site; strychnine antago- 
nizes glycine in the spinal cord (17). 
Some harmal alkaloids of p-carboline 
structure produce tremor or weak con- 
vulsions, but their interaction with ben- 
zodiazepine receptors in living animals 
has not been demonstrated (18). 
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Our results show that benzodiazepine 
receptor ligands may interact with the 
receptors in different ways, producing a 
spectrum of pharmacological effects. 
Some barbiturates may represent a simi- 
lar continuum of receptor ligands inter- 
acting with their target in different ways 
(19). 
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Flexor Reflex Control of the External Sphincter of the 

ceptive stimuli that evoked strong con- 
tractions in ipsilateral flexor muscles 
also elicited brisk contractions of the 
EUS. If one paw was pricked with a 
needle, for example, there was a sudden 
withdrawal of that limb due to contrac- 
tions of flexor muscles in the hip, thigh, 
and leg. The same stimulus caused the 
EUS and anal sphincter to contract. 
Non-nociceptive stimuli-such as mod- 
erate heat, cold, pressure, and touch- 
applied to the skin of the thighs, legs, 
and feet evoked similar but less vigorous 
contractions in flexor muscles of the 
ipsilateral limb and also caused contrac- 
tions of the urethral and anal sphincters. 
Electrical stimulation of these regions 
elicited almost simultaoeous contrac- 
tions of ipsilateral flexor muscles and 
both sphincters. 

The distribution of reflex responses is 
one of the most important criteria in 
classifying them. Single-shock stimula- 
tion of cutaneous nerves (sural or super- 
ficial peroneal) in cats with high spinal 
lesions usually results in reflex contrac- 
tions of flexor muscles in the ipsilateral 
hind limb. No contractions occur in ipsi- 
lateral extensor muscles, and responses 
evoked in these muscles by appropriate- 
ly timed stimuli are generally inhibited 
during flexor reflexes. Contralaterally, 
the extensor muscles are excited and the 
flexors are inhibited. 

Figure 1A shows three simultaneously 
recorded responses to stimulation of the 
left common peroneal nerve (a mixed 
cutaneous and muscle nerve). Trace a 
illustrates the absence of any reflex re- 

Urethra in Paraplegia sponse in the ipsilateral gastrocnemius 
nerve (extensor); trace b illustrates a 

Abstract. In paraplegics and quadriplegics a profound paralysis of skeletal typical polysynaptic flexor discharge re- 
muscles occurs below the level of the spinal lesion. Unexplained in this state is the corded from the ipsilateral biceps fe- 
development of an overactive external urethral sphincter, which interferes with moris nerve (flexor); and trace c is the 
emptying of the bladder and may lead to infection of the wrinary tract. Studies of cats response recorded from the nerve to the 
show that the discharge o f  rnotoneurons causing this contraction has all the EUS. The reflex in the nerve to the EUS 
characteristics of a flexor reflex. 

In paraplegia and quadriplegia of an 
upper motoneuron type, overactivity of 
the external urethral sphincter (EUS) 
develops, preventing the passage of 
urine. The discharge of the motoneurons 
responsible for this overactivity has been 
poorly understood. It has long been 
known that certain natural or experimen- 
tal stimuli below the level of the spinal 
lesion affect the activity of the EUS. The 
reflex pattern of these effects and their 
functional significance in controlling the 
EUS, however, have never been ade- 
quately analyzed. In experiments on rats 
and cats, we noted that stimulation of 
cutaneous nerves in the hind limb elicits 
responses in ipsilateral nerves to the 
EUS similar to the discharges in flexor 
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muscle nerves. Lloyd (I)  classified the 
latter as flexor reflexes. 

We report that these hitherto unclassi- 
fied responses of the EUS and the effer- 
ent discharges in its nerves meet the 
accepted criteria for flexor reflexes in 
limb muscles. Local anesthesia of the 
skin and subcutaneous tissues of the 
hind limbs abolishes these flexor reflexes 
and the tonic efferent activity in the 
nerves to the EUS, suggesting that sen- 
sory inputs from these areas are essential 
elements in the overactivity of the EUS. 

In experiments on cats whose spinal 
cords were transected at the obex ( 2 ) ,  
the same types of stimuli that elicited 
flexor reflexes in limb muscles evoked 
contractions in sphincter muscles. Noci- 
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is part of a widespread response in a 
group of other pelvic floor and limb 
flexor muscles. These examples illus- 
trate some of the similarities in the distri- 
bution of reflex responses in the nerves 
to flexor muscles and to the urethral and 
anal sphincters (3). 

Another criterion in the classification 
of flexor reflexes is that they can be 
inhibited by (i) prior stimulation of 
nerves to direct antagonists or of some 
other extensor nerves and by (ii) elicita- 
tion of other types of ipsilateral extensor 
reflexes (4). Trace a in Fig. 1B illustrates 
the response of the nerve to the EUS to 
stimulation of the common peroneal 
nerve. Most of this large reflex was 
inhibited by delivering a single shock to 
the gastrocnemius nerve 10 msec before 
the test shock (trace b in Fig. 1B). The 
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