
our experiments lOP511ii GABA failed to 
produce significant changes in the con- 
tractility of isolated cat colon but did 
enhance the contraction induced by 
transmural stimulation (1-msec pulses, 
30 V, 0.1 Hz) and abolished by tetrodo- 
toxin. Thus, GABA may affect the motil- 
ity of the mammalian intestine by stimu- 
lating nerves rather than smooth muscle. 
These findings suggest that GABA plays 
a physiological role in the mammalian 
intestine. 
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Alpha-Substituted y-Butyrolactones: New Class of 
Anticonvulsant Drugs 

Abstract. Alkyl-Substituted y-butyrolactones were synthesized and tested for their 
convulsant and anticonvulsant actions in mice and guinea pigs. The alpha-substitut- 
ed compounds, a ,  a-dimethyl-, and a-ethyl-a-methyl-y-butyrolactone were anticon- 
vulsant compounds with a spectrum of activity s~milar  t o  that of  ethosuximide. In 
contrast, beta-substituted compounds were convulsant agents similar t o  picrotox- 
inin. The alpha-substituted y-butyrolactones represent a new class o f  anticonvulsant 
drugs with experimental and clinical potential. 

y-Butyrolactone (GBL) and its corre- mans (1). Like petit ma1 absences, sei- 
sponding hydroxy acid, y-hydroxybutyr- zures produced by GBL or GHB are 
ate (GHB) (Fig. 1) produce nonconvul- selectively blocked by ethosuximide and 
sive seizures in experimental animals trimethadione. These two antiepileptic 
that resemble petit ma1 absences in hu- drugs are chemically and structurally 

y-Butyrolactone (GEL) 

CH2-CH3 

0 ::% 0 dCH3 CH3 

a-Ethyl-a-methyl  GBL P-Ethyl-0-methyl GBL Y-Ethy l -Y-methy l  GEL 
( (I-EMGBL) (6-EMGBL) ( Y-EMGBL) 

a,a-Dimethyl GBL 0.U-Dimethyl GEL 
(a-DMGBL) ( 0-DMGBL) 

a,a,P,P-Tetramethyl GEL 
( a , P - T  MGEL) 

Fig. 1. Chemical structures of some alkyl-substituted GBL's. 

similar to  GBL in that all are five-mem- 
bered heterocyclic rings; however, etho- 
suximide and trimethadione have small 
alkyl side chains. This observation led us 
to hypothesize that alkyl substitution of 
GBL may produce a compound with 
anticonvulsant properties. We synthe- 
sized several alkyl-substituted GBL's 
(Fig. 1) and examined their convulsant 
and anticonvulsant properties. 

After the drugs were synthesized (2), 
we tested each drug in mice for behavior- 
al and toxic effects (3) and in paralyzed 
and ventilated guinea pigs for effects on 
the electroencephalogram (EEG) (4). 
The effects of some agents on electrical 
activity were also examined on incubat- 
ed slices of guinea pig hippocampus (5). 
Several drugs with anticonvulsant poten- 
tial were further tested for their ability to  
block seizures produced by maximal 
electroshock, by pentylenetetrazole, and 
by picrotoxin (6). 

Addition of small alkyl groups to the 
beta position of GBL produced agents 
with convulsant activity. All of these 
beta-substituted compounds produced 
generalized convulsive seizures and 
changes in EEG activity very much like 
that produced by pentylenetetrazole, but 
much different from the nonconvulsive 
seizures produced by unsubstituted 
GBL. This suggests that beta-substituted 
GBL's have a different site o r  mecha- 
nism of action (or both) from that of 
GBL itself. 

y-Butyrolactones with small alkyl 
groups substituted in the alpha position 
were active anticonvulsant agents. Both 
the a,u-dimethyl-GBL (a-DMGBL) and 
the a-ethyl-a-methyl-GBL (a-EMGBL) 
prevented seizures in mice induced by 
pentylenetetrazole, picrotoxin, and the 
convulsant beta-substituted GBL's. 
These seizures are all characterized by 
myoclonic twitches, generalized clonic 
seizures, and tonic extensor seizures 
that usually result in death. The alpha- 
substituted GBL's prolonged the time to 
the occurrence of the twitches and clonic 
seizures and, a t  sufficiently high doses, 
completely prevented the clonic sei- 
zures. The tonic seizures were totally 
prevented at  doses lower than those re- 
quired to protect against clonic seizures. 
For example, the median effective dose 
(ED50) (6) of a-EMGBL for the preven- 
tion of pentylenetetrazole induced clonic 
seizures was 1.8 mmolelkg (1.5 to 2.0), 
and the EDSo for tonic seizures was 1.2 
mmolelkg (1.0 to 1.4). The EDSo of a- 
DMGBL for pentylenetetrazole-induced 
tonic seizures was 3 , l  mmolelkg (2.4 to 
4.1). Neither a-EMGBL nor a-DMGBL 
had any protective effect against maxi- 
mal electroshock seizures. Similar ef- 
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fects were observed in paralyzed and 
ventilated guinea pigs. Epileptiform dis- 
charges in the E E G  of these animals 
were produced by the convulsant P-eth- 
yl-P-methyl-GBL (P-EMGBL). These 
discharges were prevented by prior 
treatment with a-EMGBL or  a- 
DMGBL. If given during the epilepti- 
form discharge, which normally lasted 
over 30 minutes, the alpha-substituted 
GBL's immediately halted the irregular 
activity. 

Since the hydroxy acid, GHB, and not 
the lactone, GBL, is the active form of 
these two drugs-which are intercon- 
vertible in vivo (7)-we compared the 
hydroxy acid (a-EMGHB) and lactone 
(a-EMGBL) forms of the alpha-substi- 
tuted compound. Direct comparison in 
intact animals is complicated by the in- 
terconversion of the two forms. We 
therefore examined the action of these 
two compounds on incubated hippocam- 
pal slices. Epileptiform discharges were 
induced by continuous perfusion with 
the convulsant P-EMGBL. The lactone, 
a-EMGBL, completely reversed the epi- 
leptiform activity, whereas the hydroxy 
acid, a-EMGHB, had no effect. Given 
alone, neither of the alpha-substituted 
forms had a significant effect on the 
electrical activity of the slice. In addi- 
tion, the hydroxy acid form of P- 
EMGBL was inactive in this system. 
Thus, the lactone appears to be the ac- 
tive form of the alkyl-substituted GBL's. 

The toxic effects of a-EMGBL were 
determined in mice by behavioral obser- 
vation and by the rotorod test (3). The a- 
EMGBL produced no observable behav- 
ioral effect in doses up to 1.6 mmoleikg. 
Doses of 1.6 to 2.7 mmoleikg produced 
slight ataxia and drowsiness that were 
apparent soon after injection and lasted 
for 10 to 15 minutes. With doses greater 
than 3 mmoleikg, marked sedation was 
evident. This also was the point a t  which 
about half the animals showed neurotox- 
icity by the rotorod test, the median 
toxic dose (TD50) (3) being 3.1 mmoleikg 
(2.6 to 3.7). The anticonvulsant effects of 
a-EMGBL against pentylenetetrazole- 
induced seizures were present a t  one- 
half to one-third the toxic dose (Table 1). 
However the ratio of the TD50 to the 
ED5() of a-DMGBL was very close to  
1 .o. 

Antiepileptic drugs encompass a wide 
range of chemical types, but in general 
can be grouped into two major classes. 
One group, which is best represented by 
ethosuximide, is effective in the treat- 
ment of petit ma1 epilepsy, but not in the 
treatment of generalized tonic-clonic 
convulsions. Experimentally, ethosuxi- 
mide is capable of preventing pentylene- 

Table 1. Comparison of the anticonvulsant effects of ethosuximide, phenytoin, and a-EMGBL. 
Data were obtained as described in (3) and (6) unless otherwise noted. Numbers in parentheses 
show the 95 percent confidence intervals. Phenytoin prevents the tonic seizure induced by 
pentylenetetrazole, but exacerbates the clonic seizures and protects no animals from pentylene- 
tetrazole-induced toxicity. 

ED,, (mmoleikg) 
Anticonvulsant 

Pentylenetetrazole Maximal electroshock 
TD50 

(mmolelkg) 
-- 

a-EMGBL 1.2 > 3.2 
(1.0 to 1.4) 

Ethosuximide 0.9 > 3.2 
(0.8 to 1.1) 

Phenytoin 0.038* 
(0.032 to 0.041) 

*Data from (IO), obtained by the methods described in (3) and (6). 

tetrazole-induced seizures, but not maxi- 
mal electroshock seizures. The other 
group, represented by phenytoin, pre- 
vents generalized tonic-clonic convul- 
sions and maximal electroshock sei- 
zures, but not petit ma1 absences o r  
pentylenetetrazole-induced seizures. A 
comparison of the effects of a-EMGBL, 
ethosuximide, and pentylenetetrazole 
shows that a-EMGBL is much more 
similar to ethosuximide, which it resem- 
bles structurally, than to pentylenetetra- 
zole. 

There are, however, finer points with- 
in the structure-activity relations of the 
alkyl-substituted GBL's than a simple 
comparison between ethosuximide and 
a-EMGBL would reveal. For  example, 
the beta-substituted GBL's are convul- 
sant, but are antagonized by GBL's with 
identical substituents a t  the alpha posi- 
tion. We also studied compounds substi- 
tuted at  both the alpha and the beta 
positions [see Fig. 1 and (2)]. These 
compounds are not only convulsant, but 
are more potent that the corresponding 
GBL's substituted only at  the beta posi- 
tion. Thus, it is not simply the presence 
of alkyl groups at  the alpha position that 
confers anticonvulsant activity, but also 
the concurrent absence of alkyl groups at  
the beta position. 

Structure-activity studies also suggest 
that the p-alkyl G B L  convulsants work 
at  the same site as  picrotoxinin, the 
active component of picrotoxin. Picro- 
toxinin is another convulsant compound 
with a P-alkyl-substituted G B L  moiety 
that is essential for its convulsant activi- 
ty (8). The site of action of this convul- 
sant is generally accepted to be  the chlo- 
ride channel associated with the y-ami- 
nobutyric acid (GABA) receptor since 
picrotoxinin selectively blocks GABA- 
induced increases in chloride flux (9). 
The alpha-substituted GBL's could be 
acting at  the site normally occupied by 
picrotoxinin and possibly the other con- 
vulsant beta-substituted GBL's. This 
would prevent the convulsant agent from 

acting and would therefore be  manifest- 
ed as anticonvulsant activity. 

y-Butyrolactones with either dimethyl 
or ethyl, methyl substitution on the alpha 
position represent a new class of anti- 
convulsant agents. These compounds 
should be useful for studying mecha- 
nisms of certain types of seizures and 
their therapy. Alpha-substituted GBL's  
may also have potential as  clinically 
effective antiepileptic drugs. 
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Functional Restoration of the Traumatically Injured 
Spinal Cord in Cats by Clonidine 

Abstract. The long-term, chronic, paralysis resulting from spinal cord injury in the 
cat has been reversed by the use of an a2-adrenergic receptor agonist, clonidine. 
Administration of this drug resulted in "normalization" of sensory-motor and 
autonomic dysfunctions. Preliminary studies of the use of clonidine in humans with 
traumatically injured spinal cord indicate that autonomic dysreflexia can be con- 
trolled and spasticity minimized. The data suggest that biochemical and pharmaco- 
logic manipulation of receptors may ameliorate paralysis following traumatic injury 
to the spinal cord as well as to the brain and brainstem. 

In the mammalian spinal cord, most 
monoaminergic neuronal pathways are 
descending (1, 2). A traumatic injury, 
which causes the cessation of action 
potentials, eventual hemorrhagic necro- 
sis of the central gray matter, and exten- 
sive structural degeneration of long 
tracts of the white matter within 24 to  36 
hours after injury, disrupts the neuroen- 
docrine negative feedback (3), receptor 
activation (I), and end-product feedback 
inhibition on the molecular level (4). 

After the transection of the spinal 

cord, axoplasmic transport continues to  
the lesion site, resulting in the accumula- 
tion of serotonin (5-hydroxytryptamine), 
and norepinephrine above the lesion in 
the spinal cord (1, 2, 5) and brainstem (5) 
and a loss of the biogenic amines from 
the distal portion of the spinal cord (2, 5). 
In contrast to  monoaminergic descend- 
ing pathways, substance P (SP)-contain- 
ing fibers in the spinal cord represent 
ascending spinal tracts; S P  accumulates 
below the lesion level (6). Therefore, 
after chordotomy, the axons of descend- 

Fig. 1. In this cat the exposed dura was 
impacted by a 20-g weight dropped from a 
height of 25 cm (a 500 g-cm force). Tracings of 
three consecutive SEP's are shown superim- G 
posed at (A) just before, (B) 10 minutes after, 
(C) 20 minutes after, and (D) 30 days after 
impaction of the spinal cord and just before 
treatment. Note that SEP's are essentially 
absent 20 minutes after im~action and remain 
so for about 1 month. (E) After the first 
infusion of clonidine (5 pglml in 15 ml of E 
saline) and administration of angiotensin I1 
(0.1 mgikg), SEP's were still absent. On days 
2 and 3 of treatment, the animal received a D 
0.1-mg tablet of clonidine twice daily. On day - 
4 of Treatment, the cat received -a 0.1-mg 
clonidine tablet in the morning and then an 
infusion of clonidine and angiotensin I1 as on 
dav 1. (F) Although SEP's had returned on , ~, - 
day 4 during and after infusion, the consecu- 
tive determinations did not become constant 
until (G) 2 hours later. On day 5 of treatment 
the cat moved its tail and felt pinching by 
withdrawal of the hind legs. After the return 
of SEP's, the animals received 0.05-mg cloni- A 
dine tablets four times daily. Within 4 to 8 
weeks this and other cats paralyzed and treat- 
ed in the same way started to walk; all tactile, 
thermal, pressure, and pain sensations, as 
well as motor coordinations, seem to have 
returned. 35 msec 
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ing and ascending neurons from the cells 
of origin to the site of the lesion remain 
biologically and functionally viable. 
Spasticity and episodic hypertensive cri- 
ses (autonomic dysreflexia) are caused 
by noxious stimuli arising from afferent 
somatic and visceral inputs. These stim- 
uli are conducted by the spinal cord 
below the level of the lesion (3). 

After a traumatic injury to  the spinal 
cord, alterations of the membrane phos- 
pholipids will affect the configuration 
and hence the activity of the major phos- 
pholipid-dependent enzymes (7), as well 
as transmitter-receptor coupling (8) and 
the bindings of endogenous opiate recep- 
tors (9). 

At my laboratory we have investigated 
membrane pathology in the traumatically 
injured spinal cords of cats, using phys- 
iological, biochemical (3, 5 ) ,  immuno- 
cytochemical (6), and light microscopic, 
scanning, and transmission electron mi- 
croscopic (7) techniques. We have also 
examined the pathology from the stand- 
point of lipid-free radical damage to neu- 
ronal membranes (7). It was reasoned 
that if functional restoration were to  oc- 
cur in the central nervous system (CNS), 
it was essential to reestablish the fluid- 
dynamic state of the cell membranes. As 
already mentioned, a significant part of 
the architecture of descending (1, 2, 5) 
and ascending (6) pathways remains in- 
tact. We postulated that a specific ago- 
nist might provide the appropriate signal 
or stimulus to  its own membrane recep- 
tors on the descending or  ascending 
tracts and serve as  a guide for nerve 
tracts to  grow along their genetically 
regulated paths. 

The adrenergic system is a major de- 
scending pathway. The bulbospinal pro- 
jections of the noradrenergic system, 
and those of the serotonergic and dopa- 
minergic systems, project to  the same or  
different regions of the spinal cord 
(2, 10). Therefore, the a2-adrenergic 
agonist, clonidine, was chosen for our 
studies because it might also affect sero- 
tonin- and dopamine-containing neurons 
through the intimate interconnections of 
their circuitry in the spinal cord (10) and 
because clonidine has a high degree of 
selectivity for the a2-adrenergic recep- 
tors in the CNS (11). 

We used Allen's model of spinal cord 
trauma. This model is widely accepted as  
being the closest representative of the 
traumatic injury incurred by humans 
(12). Intramuscular ketamine or  intrave- 
nous pentobarbital (30 mgikg) was used 
to anesthetize 47 mongrel cats. Arterial 
blood pressure was continuously moni- 
tored in animals for at least 2 hours. 
After recording the stable initial arterial 
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