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Anticonvulsants Specific for Petit Mal Antagonize

Epileptogenic Effect of Leucine Enkephalin

Abstract. The anticonvulsants ethosuximide, sodium valproate, and trimethadione
that are specific for petit mal epilepsy abolished in rats the electrical seizure activity
and behavioral abnormalities produced by leucine enkephalin, whereas phenobarbital
and phenytoin had no effect. The dose-response curve for naloxone against seizire
activity induced by leucine enkephalin was the same as that in y-hydroxybutyrate-
induced petit mal. These data indicate that the epileptic properties of leucine en-
kephalin are petit mal-like and raise the possibility of involvement of enkephalinergic

systems in petit mal epilepsy.

Leucine enkephalin is a pentapeptide
that occurs naturally in brain and is pre-
sumed to be one of the natural ligands for
opiate receptor in brain (/). In 1977 Urca
and colleagues (2) reported that methi-
onine enkephalin, a natural ligand for the
opiate receptor differing in its structure
from leucine enkephalin only in the NH,-
terminal amino acid, produced epilepti-
form activity when introduced into the
lateral ventricle of rats. Since then simi-
lar activity has been demonstrated for
leucine enkephalin (3) and for B-endor-
phin (4), a larger opiate peptide. This
paroxysmal activity can be aborted by
the specific opiate antagonist naloxone,
but not by other anticonvulsants used in
generalized convulsive seizures (¢). Con-
versely, naloxone has been ineffective in
a number of generalized and partial sei-
zure models in animals as well as com-
plex partial seizure disorders in humans
(); however, we demonstrated that nal-
oxone was effective in aborting petit mal
seizures induced in animals by 7y-hy-
droxybutyrate (6, 7). We now report
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experiments on the efficacy of several
anticonvulsants against 'seizure activity
induced by leucine enkephalin in the rat.
We found that the paroxysmal abnormali-
ties produced by the leucine enkephalin
were selectively aborted by anticonvul-
sants specific for petit mal. Furthermore,
dose-response studies with naloxone
showed that doses in excess of 4 mg/kg
were required to block this action of leu-
cine enkephalin.

We implanted epidural electrodes in
male Sprague-Dawley rats (200 to 300 g)
under pentobarbital anesthesia to record
the electrocorticogram (ECoG). An in-
dwelling cannula was also implanted ste-
reotactically in the lateral ventricle. The
ECoG was quantitated by an automated
frequency analysis system based on the
zero crossing method (8). Recordings
were made with the animals moving free-
ly in clear plexiglass chambers. Cannula
position was confirmed histologically af-
ter completion of the experiments.

Animals were rested for 7 days after
surgery. Then 100 ug of leucine en-
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kephalin in 15 ul of lactated Ringer solu-
tion was injected intraventricularly while
the ECoG was continuously monitored.
Animals that showed a characteristic
electrical response to the enkephalin
were then assigned to either an anti-
convulsant or a control group, and drug
experiments were begun 7 days after the
initial enkephalin injection.

The anticonvulsants used were eth-
osuximide, trimethadione, sodium val-
proate, diazepam, clonazepam, pheno-
barbital, and phenytoin. The dosages of
each drug and the time elapsed from in-
jection of the anticonvulsant drug to en-
kephalin administration are shown in Ta-
ble 1. Control and drug-treated animals
were paired for all experiments with the
control receiving the vehicle of the drug.
All drugs except leucine enkephalin were
administered intraperitoneally. Once the
anticonvulsant or vehicle was adminis-
tered and the response to leucine en-
kephalin determined, the animal groups
were interchanged, and the experiment
was repeated after a 7-day rest period.
We performed single and multiple dose
anticonvulsant drug studies. For the
multiple dose experiments, the anti-
convulsant drugs or their vehicles were
administered once daily for 7 days and
the response to leucine enkephalin was
determined; the animals were then rest-
ed for 1 week, control and drug-treated
groups were interchanged, and the ex-
periment was repeated. In addition to the
anticonvulsant drug experiments out-
lined above, a dose-response curve was
ascertained for naloxone against leucine
enkephalin-induced seizure activity,
with doses of naloxone ranging from 0.1
to 10 mg/kg. .

Leucine enkephalin produced a con-
sistent dramatic paroxysmal electrical
response within the first 60 seconds of
administration with changes lasting up to
6 minutes (Fig. 1). The animals were im-
mobile during all these paroxysms and
showed occasional myoclonic jerks. The
enkephalin-induced paroxysms recorded
on the ECoG were reflected in the fre-
quency analysis system by an increase in
the 3- to 6-Hz band.

In the single dose studies (Table 1)
ethosuximide and sodium valproate
completely prevented the electrical and
behavioral responses to the enkephalin
in all animals. Trimethadione was com-
pletely effective in abolishing responses
in three animals and lessened the dura-
tion and voltage of the discharge in
three. Diazepam was completely ef-
fective in three animals and ineffective in
three animals. Phenobarbital and pheny-
toin had no effect on the activity; how-
ever, clonazepam changed the pattern of
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Table 1. Effect of anticonvulsants on leucine enkephalin-induced seizure activity. Data show
the time elapsed between anticonvulsant and enkephalin administration. The number of ex-
periments in single and multiple dose studies in which leucine enkephalin seizures were abol-

ished or attenuated are listed.

Number of experiments

Drug Dose Time Single dose Multiple doses
(mg/kg)  (min)
To- Abol-  Atten- To- Abol-  Atten-
tal ished uated tal ished  uated
Ethosuximide 300 60 6 6 6 6
Trimethadione 300 45 6 3 3 6 6
Sodium valproate 300 60 6 6 6 6
Clonazepam 1 30 8 0 0 6 0 0
Phenobarbital 40 60 8 0 0 6 0 0
Diazepam 10 15 6 3 0 6 0 0
Phenytoin 40 60 6 0 0 6 0 0

the paroxysms such that single, high-
voltage spikes occurred at a frequency of
1 Hz for 8 to 10 minutes after leucine en-
kephalin administration. The animal was
immobile and unresponsive during these
paroxysms.

In the drug experiments with multiple
doses (Table 1), ethosuximide, sodium
valproate, and trimethadione completely
prevented the leucine enkephalin-in-
duced activity in all animals; clonazepam
showed the same effect as in the single
dose experiments; and phenobarbital,
phenytoin, and diazepam were inef-
fective. The dose-response experiments
with naloxone demonstrated that this
drug blocked the electrical and behavior-
al responses to enkephalin at doses
greater than 4 mg/kg, whereas doses of
0.1 to 3 mg/kg had no effect.

Ethosuximide, trimethadione, and so-
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dium valproate are the anticonvulsants
most specific for petit mal now used in
this form of epilepsy (9). Phenobarbital,
diazepam, and clonazepam are less spe-
cific in their clinical effects, and pheny-
toin is ineffective against petit mal sei-
zures (/0). The antagonism of ethosuxi-
mide, trimethadione, and sodium val-
proate to the leucine enkephalin-in-
duced seizure activity suggests a specific
sensitivity of this activity to drugs direct-
ed against petit mal seizures.

Rats treated with leucine enkephalin
are similar in some ways to those that have
received y-hydroxybutyric acid (GHB), a
substance which induces petit mal-like
seizure activity in animals (//). An in-
crease in activity of the 3- to 6-Hz fre-
quency band of the ECoG is observed
with both compounds (12); the ECoG
and behavioral effects of both are ef-
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fectively treated with anticonvulsant
drugs specific for petit mal (/3) and with
naloxone (6); the dose-response curve
for naloxone against the electrical parox-
ysms induced by both compounds is the
same (6); and the behavior of the animals
treated with either substance is charac-
terized by stupor, immobility, and myo-
clonic jerks. A major difference between
the animals treated with leucine en-
kephalin or with GHB is that the electri-
cal paroxysms and behavioral abnormal-
ities induced by GHB last much longer
and dre continuous (8, 11, /2) whereas
the leucine enkephalin-induced changes
are short-lived and characterized by two
paroxysmal bursts followed by single
spiking. The paroxysms produced by
both compounds are only partially simi-
lar in appearance to the specific electro-
encephalogram changes seen in human
petit mal epilepsy (7).

The relatively high dose of naloxone
required to block the epileptic effect of
leucine enkephalin suggests that this
property of the enkephalins differs in its
site of action from the analgesic effect
produced by these compounds. There is
anatomic evidence for such separate
sites of action (/4). Pharmacologic evi-
dence for disparate sites of action of the
opiates has been developed by Martin
and colleagues (/5) who postulated the
presence of three types of receptors in
brain. These receptors have been named
for the drugs that gave rise to the dis-
tinction: u (morphine), k (ethylketocy-
clazocine), and o (SKF 10,047). There
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Fig. 1. Electrocorticogram (ECoG) changes produced by 100 ug of leucine enkephalin injected intraventricularly. The insets show a faster time
trace. RF and RP are right frontal and parietal leads; LF and LP are left frontal and parietal leads. The animal was immobile during this paroxysmal
electrical activity. The first change in the ECoG occurred within 1 minute of administration and was a paroxysm of high-voltage spikes at a
frequency of 7 to 9 Hz lasting 30 to 40 seconds. This tapered off to 2- to 3-Hz slow-wave activity which was followed by 20 to 25 seconds of low-
voltage fast activity. A few seconds of 1-Hz high-voltage slow-wave activity then built up to 25 to 30 seconds of a second paroxysm of spike and
slow-wave activity followed by 15 to 20 seconds of low-voltage fast activity. Finally, a prolonged period of high-voltage single spikes occurred at

a rate of one paroxysm per 5 seconds.
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is some biochemical evidence for such
opiate receptor heterogeneity (/6), al-
though the presence of x receptors in
rat brain has recently been questioned
(17). The w receptor is thought to be re-
sponsible for the analgesic actions of the
opiates and requires the lowest doses of
naloxone for reversal. Hence the dose-
response curve of naloxone against leu-
cine enkephalin-induced seizures would
indicate that some receptor other than
the u receptor is responsible for the epi-
leptogenic action of this substance. The
enkephalin-induced electrical seizures
and behavioral abnormalities that are
overcome by anticonvulsants specific for
petit mal indicate possible involvement
of enkephalinergic systems in petit mal
epilepsy.
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Perception of Numbers by Human Infants

Abstract. Infants are capable of discriminating, representing, and remembering
particular small numbers of items. A perceptual enumeration process called sub-
itizing, presentin 2-year-olds, probably underlies this capacity. This finding indicates
that some number capacity is present before the onset of verbal counting, and it
suggests that verbal counting may have precursors present during infancy.

One view of cognitive developmental
psychology is that the earliest phases of
development must be characterized in
terms of capacities as well as incapaci-
ties in order to understand the courses
(both normal and abnormal) of later de-
velopment (/). Much of the theoretical
and empirical research on numerical de-
velopment has, in the last decade, fo-
cused on very young children; we now
know that 2- to 4-year-olds understand
some basic number concepts (2). The
presence of numerical abilities in very
young children led to the question of the
precursors of these abilities, which in
turn led us to investigate whether infants
have any basic numerical abilities. Our
research was motivated by the belief that
the ability to represent the numerical val-
ue of a set of items may be necessary for
the development of an understanding of
number. Two-year-olds use a rapid per-
ceptual process (called subitizing) to dis-
tinguish among arrays containing fewer
than four items (3). In this report, we
present evidence that 22-week-old in-
fants can also discriminate exact num-
bers of items. This raises the possibility
that the young child’s verbal counting
abilities grow in part from the infant’s
numerical ability.

The focus of our study was to demon-
strate skills for perceiving and represent-
ing specific small numbers of items. This
focus differs from that of experiments
demonstrating the ability of infants to
discriminate stimulus arrays that greatly
differ in number (such as 2 versus 8 ver-
sus 32 versus 128 items) (¢). These dis-
criminations treat numbers of items that
massively exceed the range of those
adults and children can subitize, since
the adult subitizing range is one to four
or five items (5). The bases of discrimina-
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tions among large values are not known
and may vary with different types of ar-
rays (for example, dot size, the spatial
distance separating adjacent dots, or sur-
face area of the total array). The ability
underlying these discriminations might
be the same as that which allows adults
to estimate the more numerous of two ar-
rays differing substantially in number;
however, such skills are clearly different
from subitizing, and they cannot provide
the same kind of information for later
number development as the perception
and representation of exact small numer-
ical values.

Our experimental method used dura-
tion of first fixation in a standard habit-
uation- dishabituation-of-looking proce-
dure (6). The subjects were 72 normal,
full-term infants with a mean age of 22
weeks (range, 16 to 30 weeks). The in-
fants were first habituated to arrays con-
taining a particular number of dots and
were then presented a posthabituation
(PH) array containing a different number
of dots (Fig. 1). The small-number condi-
tions (2 — 3 and 3 — 2) were chosen be-
cause 2-year-olds can perceive and store
the number of items of 2- and 3-dot ar-
rays (3); both 2 -3 and 3 — 2 were
used because infants might prefer com-
plexity. The large-number conditions
(4 — 6 and 6 — 4) were chosen as con-
trols because 2-year-olds can not per-
ceive (that is, subitize) arrays containing
four or more dots (3). Since 4:6 main-
tains the same ratio as 2:3, large-number
conditions to some extent control for dis-
crimination based on physical cues such
as differences in total contour.

We analyzed the data several ways,
and each analysis revealed the same pat-
tern of results: dishabituation occurred
when the number of items was small but
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