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RUSSELL, R. D. AND J. S. STRIPLING. Monoaminergic and local anesthetic components of cocaine’s effects on
kindled seizure expression. PHARMACOL BIOCHEM BEHAYV 22(3)427-434, 1985.—Male Long-Evans rats were kindled
via daily electrical stimulation of the left prepyriform cortex. The animals were then used in two experiments which
examined the pharmacological basis of cocaine’s effects on three mutually exclusive components of the kindled seizure,
which were the following: (a) latency to clonus, (b) clonus duration, and (c) duration of AD outlasting clonus. The first
experiment compared the effects produced by cocaine HCI (20 mg/kg, IP), lidocaine HCI (20 mg/kg, IP), and amphetamine
sulfate (2.5 mg/kg, IP). The results indicated that both cocaine and lidocaine reduced the duration of kindled AD, latency to
clonus, and duration of AD persisting beyond clonus, thus suggesting that these cocaine effects are mediated by local
anesthetic mechanisms. Only cocaine reduced clonus duration, which suggests that this cocaine effect is not produced by a
local anesthetic action. The second experiment examined the effects of cocaine following the administration of three dose
levels of the monoamine antagonists haloperidol, prazosin, yohimbine, propranolol, or metergoline (selected for their
ability to block dopamine, alpha-1-norepinephrine, alpha-2-norepinephrine, beta-norepinephrine, and serotonin receptors,
respectively). The results of this experiment found no support for a monoaminergic contribution to cocaine’s effect on
clonus latency or AD after clonus. However, results for prazosin, which reduced clonus duration and exhibited an additive
effect with cocaine on this variable, suggest that cocaine’s norepinephrine action (especially on the alpha-norepinephrine
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systems) may modulate clonus duration.
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SUFFICIENTLY intense electrical stimulation of a limbic
brain site can readily trigger a seizure afterdischarge (AD)
which does not propagate far from the site of stimulation.
““Kindling’" refers to a gradual intensification of the AD (in-
creasing amplitude, duration, and propagation) and the even-
tual emergence of a behavioral clonic convulsion which ac-
companies the AD as a result of repeated elicitation of ADs
[11,24]. The clonic convulsion is produced when the AD
propagates far enough to activate those areas of the brain
which drive the behavioral convulsion. For some limbic
sites, and perhaps all, kindling develops further so that mul-
tiple episodes of clonus with rearing and falling, wild run-
ning, and mild tonic limb extension accompany the AD [23].
Eventually, after hundreds of ADs elicited over the course of
months, behavioral convulsions occur spontaneously [23].
This fact suggests that the kindled seizure may not reach full
maturity, if in fact it ever does, until convulsions occur spon-
taneously. However, AD and behavioral convulsion dura-
tions are relatively stable for several hundred stimulations
prior to the time that spontaneous convulsions emerge [23].
Consequently, the term ‘‘limbic kindled”’ will be used to

refer to a limbic AD that has developed so that a clonic
convulsion is triggered reliably, even though it may not be
fully developed.

The limbic kindled seizure has been used for screening
potential anticonvulsant drugs {e.g., [1, 3, 4]). The precise
control which the kindled-seizure model provides over time
of occurrence and anatomical origin of the seizure makes the
model attractive for the study of acute drug effects on sei-
zure mechanisms. In addition, the kindled seizure allows
simultaneous study of separate seizure parameters such as
seizure propagation and persistence of seizure activity.

Paradoxically, cocaine produces both proconvulsant and
anticonvulsant effects on the limbic kindled AD. The anti-
convulsant effects include a reduction of the AD duration
kindled from a variety of rat [34] and cat [16, 18, 19] limbic
sites. Cocaine reduces the AD duration recorded at the site
of stimulation or in secondary sites [18]. Cocaine also in-
creases the kindled AD threshold for high-frequency electri-
cal stimulation of limbic or cortical sites [19, 35, 36]. Co-
caine’s facilitative effects on kindled seizure expression in-
clude a decrease in AD threshold for low stimulation fre-
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quencies (16, 18, 35], an acceleration of the propagation of
seizure activity from the site of stimulation to distant sites
[17], and a reduction of clonus latency, which has been de-
scribed as the behavioral manifestation of cocaine’s facilita-
tion of seizure propagation [34].

It has been difficult to explain the various antagonistic
and facilitative effects that cocaine produces on the kindled
seizure using a single mechanism. Cocaine is known to have
two prominent pharmacological actions, those being
monoamine reuptake blockade [28,29] and local anesthesia
[9,27]. Cocaine’s paradoxical reduction of AD duration and
clonus latency have been suggested to be manifestations of
cocaine’s monoaminergic and local anesthetic actions, re-
spectively [34]). The following two studies examine the
pharmacological basis of cocaine’s effects on the seizure
kindled from the left prepyriform cortex (PPC). The studies
also examine the possibility that cocaine’s paradoxical ef-
fects result from its separate pharmacological actions. Ex-
periment 1 compares the effects produced by cocaine with
those produced by lidocaine and amphetamine. Experiment
2 examines various monoaminergic receptor antagonists for
their ability to produce effects on the kindled PPC seizure or
to block cocaine’s effects.

EXPERIMENT 1

METHOD
Subjects

The subjects were male Long-Evans rats (Blue Spruce
Farms) which weighed 315-390 g at the time of surgery. Rats
were housed individually in clear plastic cages containing
nonaromatic bedding (Aspen Bed). The rats were given free
access to Purina Rat Chow and tap water. The rat colony
room was maintained on a 12 hr/12 hr light-dark cycle and all
data were collected during the light period.

Surgery

The rats were anesthetized with sodium pentobarbital
(42.5 mg/kg, IP) and chloral hydrate (100 mg/kg, IP), with
atropine sulfate (4 mg/kg, IP) administered to inhibit conges-
tion. The basic surgical procedure has been described [33].
Briefly, a monopolar electrode (200 um enamel-insulated
stainless steel) was implanted into the left PPC (2.4 mm
anterior and 2.8 mm lateral to bregma, 7.8 mm ventral to
dura with a 14° lateral angle). Stainless steel screws inserted
over the anterior and posterior right cortex served as stimu-
lation and recording references, respectively. Postoperative
recovery of 11 to 23 days was allowed before kindling began.

Apparatus

The rat and its home cage were placed into a clear acrylic
chamber which was contained within a Faraday cage and a
larger plywood chamber. The stimulation/recording cable
was coupled to a slip-ring commutator (BRS/LVE) and the
assembly was mounted on a counterbalanced arm, giving the
rat full freedom of movement. Convulsive behavior was
monitored with closed-circuit television and recorded on
video tape. Electrographic seizures were recorded with a
Beckman R611 polygraph. Constant current stimulation was
provided by a Grass PSIU6 stimulus isolation unit and a
Grass S48 square wave stimulator. A logic-controlled relay
disconnected the rat’s leads from the polygraph during the
stimulation train.
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Procedure

For kindling and post-kindling drug tests, the PPC was
stimulated with a 2 sec train of cathodal square-wave current
pulses (0.2 msec pulse width) delivered at 50 pps. Pre-
kindling AD thresholds were determined via an ascending
stairstep procedure (beginning at 10 uA with 10 wA steps
every 60 sec until an AD was elicited) on the first day.
Animals which had an AD threshold greater than 200 pA
were not kindled. During kindling, the rats were used to
study the effect of stimulation intensity on the development
of kindling (Russell and Stripling, manuscript in prepara-
tion). Stimulation intensity during kindling varied from the
pre-kindling AD threshold value to 200% of the threshold.
Animals were kindled by daily stimulation to a criterion of
five consecutive ADs with forelimb clonus. Post-kindling AD
thresholds were then determined using a procedure identical
to that used for assessing pre-kindling thresholds. Three
days later an AD was elicited in each animal via stimulation
at a current intensity of 200% of the post-kindling AD
threshold or 100 A minimum. Drug testing began three days
later.

Drug tests were conducted at three day intervals with no
stimulation delivered between successive tests. The drugs
tested were physiological saline, 2.5 mg/kg d-amphetamine
sulfate (Sigma), 20 mg/kg cocaine HCI (Merck), and 20 mg/kg
lidocaine HCI (Astra). All injections were intraperitoneal.
Each animal was tested once in each drug condition. The
order of drug administration was counterbalanced across
animals.

For each drug test, the animal was given the appropriate
injection and then an AD was elicited either 15 min (for
saline, cocaine, and lidocaine tests) or 30 min (for am-
phetamine tests) following the drug injection. ADs were
triggered by stimulating the animal with a current intensity
twice that of the individual's post-kindling AD threshold or
100 pwA minimum (Mean stimulation current=S.E.M.=
122+5 wA). On 12 occasions (7 cocaine and 5 lidocaine tests)
the stimulation did not elicit an AD greater than 10 sec ac-
companied by forelimb clonus, and the current was increased
10 A and redelivered at 60 sec intervals until an AD greater
than 10 sec was elicited.

Data Analysis

Forty-three animals met the kindling criterion and began
Experiment 1. Data were discarded for four animals: one
animal lost its electrode assembly, one animal died of a
lidocaine induced convulsion, one animal died of a cocaine
induced convulsion, and one animal did not exhibit an AD
greater than 10 sec for one of the drug tests. All of the re-
maining 39 animals had a long AD with strong forelimb
clonus (the minimum forelimb clonus duration observed was
18 sec) for each drug test. The data were analyzed with
onc-way ANOVAs for repeated measures followed by spe-
cific comparisons using the Newman-Keuls’ test.

Drug effects on the AD and behavioral convulsion were
analyzed separately by dividing the AD, recorded from the
PPC, into three separate and mutually exclusive compo-
nents: (a) the latency to the behavioral convulsion (opera-
tionally defined as forelimb clonus), which represents the
speed of seizure propagation from the PPC to the areas of the
brain involved in generating the behavioral convulsion; (b)
the duration of the behavioral convulsion, which represents
the duration of seizure activity propagated to and sustained
in those areas of the brain generating the behavioral convul-
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TABLE 1

EXPERIMENT 1: EFFECTS OF DRUG TREATMENT ON THE DURATION (SEC) OF THE PREPYRIFORM CORTEX
KINDLED AD AND ITS VARIOUS COMPONENTS

AD Clonus Clonus AD Duration
Drug Duration Latency Duration After Clonus
Saline 86.0 + 5.4 57 +0.5 58.1 = 3.0 22.2 + 4.1
Amphetamine (2.5 mg/kg) 81.3 = 5.8 6.7 + 0.6* 52.5 £2.7 22.0 = 3.9
Lidocaine (20 mg/kg) 69.2 + 3.8*% 3.4 + 0.5*%% 59.7 £ 1.9 6.2 + 2.6%%
Cocaine (20 mg/kg) 52.1 = 2.6*1% 1.0 + 0.4%1% 47.2 + 2.0%F 4,0 + 1.1*%

Note: Values are means = S.E.M. (N=39). Specific comparisons between drug groups used the Newman-Keuls’

test (p<0.05).
*Significantly different from saline.
+Significantly different from lidocaine.
1Significantly different from amphetamine.

sion; and (c) the duration of AD outlasting the primary
episode of forelimb clonus, a proposed measure of local sei-
Zure persistence.

RESULTS

Movement arrest, chewing, or head nodding were ob-
served during the early period of the AD (i.e., before
forelimb clonus). The most prominent behavioral feature of
the AD was bilateral and synchronous forelimb clonus,
which was observed during every AD. Some, but not all,
animals exhibited one or more rearing and falling episodes
occurring during forelimb clonus. Unilateral clonus of the
ipsilateral or contralateral forelimb usually occurred near the
end of forelimb clonus. The AD after clonus was expressed
predominantly by stillness or spasmodic walking. Wild run-
ning or tonic limb extension were never observed during the
AD.

Drug effects are presented in Table 1. There was a signifi-
cant drug effect on AD duration, F(3,114)=15.44, p<0.01.
Both cocaine and lidocaine significantly reduced the dura-
tion of the AD, with cocaine being significantly more effec-
tive than lidocaine. A similar pattern of results was observed
for forelimb clonus latency; a significant drug effect was
found, F(3,114)=57.21, p<0.01, with cocaine and lidocaine
significantly reducing the latency to forelimb clonus (cocaine
was significantly more effective than lidocaine). In addition,
amphetamine produced a small but significant increase in
latency to forelimb clonus. The duration of forelimb clonus
was affected by drug treatment, F(3,114)=6.73, p<0.01, but
only cocaine significantly reduced this component. A signifi-
cant effect on the duration of AD after forelimb clonus was
observed, F(3,114)=13.37, p<0.01. Both cocaine and
lidocaine significantly reduced this component.

EXPERIMENT 2

METHOD
Procedure

Testing of animals in Experiment 2 began three days fol-
lowing completion of Experiment 1. The subjects were the 40
rats that completed Experiment 1. The electrical stimulation
settings were the same as those used in Experiment 1.

The neurotransmitter antagonists tested were haloperidol
(McNeil), propranolol HCI (Sigma), yohimbine HCI (Sigma),

prazosin HCl (Pfizer), and metergoline (Farmitalia Carlo
Erba): these drugs were selected for their ability to block
dopaminergic, beta-noradrenergic, alpha-2-noradrenergic,
alpha-1-noradrenergic, and serotonergic receptors, respec-
tively. Each of the antagonists was prepared in four dose
levels from salts except haloperidol, which was diluted with
physiological saline to obtain lower doses from a commer-
cially available solution (Haldol; S mg/ml). The control was
an injection of the appropriate vehicle. The vehicle for halo-
peridol, yohimbine, and propranolol was physiological
saline. The metergoline vehicle was a solution of 0.7% as-
corbic acid in sterile water. A suspension vehicle composed
of 2% gum acacia in sterile water was used for prazosin. The
doses for the antagonists were the following: 0.04, 0.2, and
1.0 mg/kg for yohimbine and metergoline; 0.1, 0.5, and 2.5
mg/kg for haloperidol; and 0.2, 1.0, and 5.0 mg/kg for pro-
pranolol and prazosin.

The administration procedure for each drug test was an
injection (IP) of the appropriate dose of the appropriate
antagonist followed by an injection of either 15 mg/kg co-
caine HCI or physiological saline. All antagonist injections
preceded the cocaine (COC) or saline (SAL) injection by 15
minutes except for metergoline, which preceded the second
injection by 45 minutes. Electrical stimulation at the same
current intensity used in Experiment 1 was administered 15
minutes following the COC or SAL injection. If no AD was
elicited the current was increased 50 uA (followed by an
increase of 100 and 200 pA if necessary) and redelivered 60
seconds later.

The 40 rats were assigned, via block randomization as
they completed Experiment 1, for testing with one of the 5
antagonist drugs. This resulted in eight animals per
antagonist group. After the rats completed testing on their
first antagonist (block 1), they were tested with a second
antagonist (block 2). The eight subjects for a specific
antagonist in block 2 were two subjects from each of the
other four antagonist drugs tested in block 1. Testing each of
the animals on two antagonists resulted in 16 animals per
antagonist group.

Drug tests were conducted at three day intervals. Each
dose of an antagonist or the vehicle injection was tested with
both COC and SAL before testing of the next dose. COC and
SAL test days were alternated, thus giving six days separat-
ing successive COC injections. Each subject received a total
of 16 tests (3 antagonist doses and 1 vehicle control x 2
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TABLE 2

EXPERIMENT 2: EFFECT OF PRAZOSIN AND COCAINE ON THE DURATION (SEC) OF THE PREPYRIFORM
CORTEX KINDLED AD AND ITS COMPONENTS

Prazosin dose (mg/kg)

Dependent
Variable vehicle 0.2 1.0 5.0
AD duration
Saline 9.8 + 7.1 933 + 58 94.4 + 7.5 85.0 £ 7.6
Cocaine (20 mg/kg) 93.5 + 13.2 77.5+ 73 62.9 + 7.2*% 49.3 + 6.6*%
Forelimb clonus latency
Saline 55+ 0.8 59+13 5.7+0.9 7.0+ 1.3
Cocaine (20 mg/kg) 0.8+ 0.6 1.9 = 0.8 0.4 = 0.6 0.5+0.5
Forelimb clonus duration
Saline 51.3+ 4.0 49.1 + 3.0 43.4 + 3.1 39.4 + 3.4%
Cocaine (20 mg/kg) 50.7 = 4.1 35.2 = 1.4% 36.2 + 1.7% 31.0 = 1.7%
AD following clonus
Saline 341+ 6.6 38.3 = 6.4 453 + 7.4 373+ 7.0
Cocaine (20 mg/kg) 42.1 = 10.9 40.5 = 6.7 26.3 + 6.7 17.8 + 5.6%

Note: The values represent means + S.E.M. (N=15). Main effects were produced by cocaine on forelimb
clonus latency and by prazosin on forelimb clonus duration. Statistically significant prazosin X cocaine interac-
tions were found for all analyses except forelimb clonus latency. The statistical tests (p <0.05) indicated below in
parentheses were used for specific comparisons between means when the ANOVA indicated an interaction.

*Significantly different from saline with same dose of prazosin (Tukey’s).

+Significantly different from vehicle + saline (Newman-Keuls’).

iSignificantly different from vehicle + cocaine (Newman-Keuls’).

COC-SAL conditions X 2 antagonists). In order to dissociate
time- or experience-related changes from possible antagonist
dose effects, the dose order was counterbalanced across
animals.

Three days after completion of testing in block 2, animals
were given a saline injection and an AD was triggered to
check the stability of the kindled seizure. Electrode place-
ment was verified histologically using the Prussian Blue
technique. Histology revealed that all electrode placements
were in or near the area of the left PPC. No animals were
excluded from the experiment due to electrode placement.

Data Analysis

The preplanned statistics were two-way ANOVAs (2x4;
COC-SAL x antagonist dose) with repeated measures on
both factors. Main effects for antagonist dose in the absence
of an interaction with COC were analyzed with specific
comparisons using the Newman-Keuls’ test conducted on
the data collapsed across both SAL and COC conditions.
Significant interactions were analyzed with Tukey’s test for
unconfounded means to compare values with SAL to those
with COC for each of the three doses of the antagonist and
the vehicle injection, thus producing four specific compari-
sons per interaction. In cases with significant interactions,
the effect of the antagonist alone was analyzed by using a
one way ANOVA for repeated measures on the SAL data
only and specific comparisons using the Newman-Keuls’
test.

A total of 20 analyses were performed (5 antagonist
groups X 4 dependent variables). In three analyses, data
were subjected to a logarithmic transform because of
pronounced nonhomogeneity of variance. One block of data

was excluded from analysis for 6 animals because an AD
greater than 10 sec accompanied by forelimb clonus was not
observed for each drug test. One block of data for two
animals was not analyzed because a convulsion was elicited
by a cocaine injection. One animal died before completion of
testing. These losses resulted in analyses conducted on data
for 16, 15, 14, 13, and 14 subjects for the prazosin, yohim-
bine, propranolol, haloperidol, and metergoline groups, re-
spectively.

RESULTS

None of the receptor antagonists blocked cocaine’s effect
on any of the dependent variables. In addition, none of the
receptor antagonists significantly affected clonus latency and
only two antagonists, prazosin and haloperidol, were effec-
tive on any of the other components. Overall, cocaine was
reliably effective in reducing the forelimb clonus latency and
forelimb clonus duration (i.e., these variables were signifi-
cantly reduced by cocaine for every antagonist group).

Prazosin clearly interacted with COC on three of the de-
pendent variables (see Table 2). COC and prazosin interacted
in reducing the AD duration, F(3,42)=4.65, p<0.01, the
forelimb clonus duration, F(3,42)=3.82, p<0.05, and the du-
ration of AD after forelimb clonus, F(3,42)=3.00, p<0.05.
COC significantly reduced the AD duration only when
animals were given 1.0 or 5.0 mg/kg prazosin. COC signifi-
cantly reduced clonus duration only when animals were
given 0.2 mg/kg prazosin. COC did not significantly affect
AD after clonus at any dose of prazosin; however, prazosin
produced a dose-dependent reduction of AD after clonus but
only with COC, F(3,42)=4.25, p<0.05. Prazosin adminis-
tered in conjunction with SAL significantly affected only
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FIG. 1. Experiment 2. The effect of cocaine on various components
of the kindled prepyriform cortex seizure across the series of 8
cocaine-saline comparison tests (16 injections). Difference scores
are the mean duration (sec) for the antagonist + SAL condition
minus the mean duration for the corresponding antagonist + COC
condition. The data are for 32 animals which had ADs > 10 sec with
forelimb clonus for every drug test.

clonus duration, F(3,42)=4.38, p<0.01, with the high dose
producing a reduction.

Haloperidol was the only other antagonist which had a
significant effect on the kindled seizure. Haloperidol reduced
the AD duration, F(3,36)=5.11, p<0.01, and the AD after
clonus, F(3,36)=3.61, p<0.05. Newman Keuls’ tests re-
vealed that only the highest dose of haloperidol produced
significant reductions of these variables.

In contrast to the results of Experiment 1, COC’s reduc-
tion of the AD duration and AD after clonus was unreliable
(i.e., COC reduced AD duration for only 3 of the 5 antagonist
groups and reduced AD after clonus for only one antagonist
group). Data for all antagonist groups were combined and
analyzed for 32 animals which had ADs greater than 10 sec
for every drug test. The counterbalancing for antagonist dose
allowed an interpretable analysis of the data using a two-way
ANOVA for repeated measures (SAL + antagonist vs. COC
+ antagonist with eight repeated measures, four in block 1
and four in block 2). The analyses revealed that COC in-
teracted with the series of eight SAL-COC comparisons for
AD duration, F(7,217)=2.81, p<0.01, and AD after clonus,
F(7,217)=2.97, p<0.01. Neither AD duration nor AD after
clonus significantly changed over the course of the experi-
ment for animals when tested with SAL. However, both AD
duration and AD after clonus increased for the COC tests
across the injection series, F(7,217)=3.98 and 6.38, ps<0.01
for AD duration and AD after clonus, respectively. In con-
trast, COC’s effect on clonus latency and clonus duration
remained stable from the beginning to the end of Experiment
2. Figure 1 illustrates the weakened COC effect on AD dura-
tion and AD after clonus and the stability of COC’s effect on
the other two variables. :
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The progressive weakening of COC’s reduction of AD
duration and reversal of its effects on AD after clonus re-
duces the likelihood of demonstrating an antagonism of
COC’s effect by a receptor antagonist, especially for the data
collected in block 2. For this reason, the data were also
analyzed using only the data collected in block 1 (first
antagonist tested). These analyses, which had a maximum of
eight subjects per anagonist group, also failed to demon-
strate any consistent antagonism of any of COC’s effects.

The progressive diminution of COC’s reduction of the AD
duration can be characterized as tolerance. However,
tolerance development cannot explain the apparent reversal
of COC'’s effect on the AD after clonus which accompanied
the loss of COC’s effect on AD duration. A possible expla-
nation is that the seizure changed (i.e., kindled further) over
the course of the experiments so that the seizure became
resistant to COC’s suppressive effect during the later stages.
Four data points for the various control tests over the course
spanned by the experiments (Experiment 1 SAL, Experi-
ment 2/block 1 vehicle + SAL, Experiment 2/block 2 vehicle
+ SAL, and post-Experiment 2 stability test) were analyzed
to determine if a change had occurred in the non-drugged
seizure. ANOVAs did not reveal any significant change in
the AD or any of its components (see Table 3). But, because
many animals (especially in Experiment 1) did not demon-
strate a persistent local seizure (i.e., an AD outlasting the
primary episode of clonus), the data for AD after clonus
were dichotomized (scored as either present or absent) and
analyzed with the nonparametric Cochran’s Q test [30]. The
test indicated that the probability of elicitation of a persistent
local seizure increased over the course of the experiments,
0(3)=20.25, p<0.001. In addition, the behavioral expression
of the AD after clonus appears to have changed. During
Experiment 2, but not in Experiment 1, some animals began
exhibiting bizarre behaviors (e.g., rapid running, sudden and
wild jumping, and climbing or biting the cage wall) during the
persistent local seizure component of the AD and the im-
mediate (i.e., less than 60 sec) post-ictal period. Also, during
the post-ictal period many animals began exhibiting brief
bursts (1-5 sec) of clonus, which were sometimes but not
always triggered by approaching the animal to remove it
from the chamber. However, tonic extension was never ob-
served during the AD or post-ictal period.

DISCUSSION

Cocaine’s reduction of the duration of the limbic kindled
AD is well documented [16, 18, 19, 34], but it has not been
established which of cocaine’s neuropharmacological ac-
tions (local anesthesia or monoamine reuptake blockade) is
responsible for this effect. Data relating to monoaminergic
mediation of this effect are not consistent. Monoaminergic
mediation of cocaine’s reduction of limbic AD duration is
supported by other research showing alterations in AD du-
ration produced by other drugs which modify monoaminer-
gic transmission [10, 12, 14, 20, 31]. However, other data are
inconsistent with monoaminergic mediation of AD duration.
For example, amphetamine has had no effect on limbic kin-
dled (Experiment 1) or cortical kindled AD [6]. Also, none of
the receptor antagonists in Experiment 2 blocked cocaine’s
effect on AD duration. Massive depletion of norepinephrine,
which facilitates the development of kindling [22], has no
effect on limbic AD duration after kindling has developed
[37]. In addition, data relating to local anesthetic mediation
of cocaine’s reduction of limbic kindled AD are not entirely
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TABLE 3
DATA FOR CONTROL CONDITIONS ACROSS EXPERIMENTS 1 AND 2 (N=32)

Time of testing

Expt. 2 Expt. 2

Dependent Variable Expt. 1 Antagonist I Antagonist 2 Post-Expt. 2
AD duration (sec) 85.4 £ 6.2 95.8 = 4.0 97.0 + 4.5 93.5 + 3.4

Clonus latency (sec) 5.4 +0.6 54 + 0.6 5.8+ 0.7 6.6 1.1

Clonus duration (sec) 56.4 + 3.4 59.7 £ 2.9 589 + 23 55.4 = 1.8

AD after clonus (sec) 23.6 = 4.6 30.1 = 4.6 324+ 4.4 31.6 = 3.3

Percentage of ADs 63.0% 85.0% 97.0% 97.0%

outlasting clonus

Note: None of the duration measures changed significantly over the course of the experiments. However,
the probability of elicitation of a persistent local seizure (AD after clonus greater than zero) increased

significantly over the time spanned by the data points.

consistent. Previous studies, with smaller sample sizes than
Experiment 1, have not reported limbic AD reduction with
lidocaine [34] or procaine [25] although several have re-
ported that these local anesthetics reduce the duration of
cortical kindled AD [6,26]. Lidocaine reduced the duration
of AD in Experiment 1. Taken as a whole, these data do not
provide a clear indication of the pharmacological basis of
cocaine’s reduction of the duration of limbic kindled AD.

To achieve a better understanding of cocaine’s effect on
the limbic kindled seizure and the pharmacological basis of
its effects, we have divided the AD into three mutually ex-
clusive components which represent the following concep-
tually distinct events: (a) the latency to forelimb clonus,
which is a measure of the speed of seizure propagation from
the area of stimulation (PPC) to those neural systems which
drive clonus; (b) the duration of the primary episode of
forelimb clonus, which is a measure of seizure duration in
those systems which drive clonus; and (c) the duration of AD
outlasting the primary episode of forelimb clonus, which is a
measure of the persistence of the local (i.e., at the site of
stimulation) electrographic seizure. Analyzing separately
cocaine’s effects on the different components of the AD
suggests that cocaine’s effect on the AD is due to several
distinct effects based partly on separate pharmacological ac-
tions. Cocaine’s local anesthetic action appears to be
strongly implicated in its reduction of clonus latency and AD
after clonus, whereas cocaine’s monoaminergic action may
be involved in its reduction of clonus duration.

A prominent effect produced by cocaine is its accelera-
tion of the propagation of seizure activity from the site of
origin to distant sites {17]. This effect is expressed behav-
iorally in decreased clonus latency [34], which measures the
time for the seizure to propagate to the systems which
produce clonus. Cocaine’s reduction of clonus latency ap-
pears to be highly reliable (e.g., it was found for all
antagonist groups in Experiment 2). Lidocaine produced a
similar reduction of clonus latency ([34]; Experiment 1)
whereas amphetamine produced a small increase in clonus
latency (Experiment 1). These data, supported by the lack of
effect of the monoamine antagonists on either clonus latency
or cocaine’s reduction of clonus latency (Experiment 2),
support strongly a local anesthetic mediation of this variable.

In Experiment 1, both cocaine and lidocaine, but not am-
phetamine, produced a large reduction of local seizure per-

sistence, suggesting that this effect is of local anesthetic ori-
gin. Although the high dose of haloperidol also reduced local
seizure persistence (Experiment 2), it did not interact with
cocaine and therefore is not supportive of monoaminergic
mediation of cocaine’s effect on this component.

Cocaine’s reduction of clonus duration does not appear to
be mediated by local anesthetic mechanisms. The observa-
tion that lidocaine had no effect on clonus duration, but had
strong effects comparable to cocaine on the other two com-
ponents of the AD, suggests that cocaine’s reduction of
clonus is pharmacologically different from its effect on the
other two components. Although it is possible that a differ-
ent dose of lidocaine might have produced a reduction of
clonus, several observations suggest that cocaine and
lidocaine produce equipotent central local anesthetic effects.
The two drugs are equipotent in producing olfactory spindles
[32], increasing cortical kindled AD threshold, reducing the
duration of the focal component of cortical kindled AD ({361,
Stripling and Russell, submitted for publication), and reduc-
ing AD after clonus in Experiment 1. In addition, the doses
of cocaine and lidocaine used in Experiment 1 were both
near the convulsive threshold (1 convulsion was produced by
each drug), and consequently significantly higher doses of
lidocaine could not have been used. Thus, the available evi-
dence suggests that lidocaine acts selectively to reduce
clonus latency and AD after clonus without a significant ef-
fect on clonus duration.

Cocaine’s reduction of clonus duration may result from
its monoaminergic, and more specifically, its alpha-
noradrenergic actions. For example, several laboratories
have reported that drugs which affect noradrenergic trans-
mission produce effects on clonus duration [2, 4, 8, 20, 31].
In addition, amphetamine produced a trend toward shorten-
ing the duration of clonus in Experiment 1. In Experiment 2
prazosin, classified as an alpha-1 receptor antagonist {15],
reduced clonus duration when administered alone but had no
effect on clonus latency or AD after clonus. This selective
effect of prazosin on clonus duration suggests that the
alpha-noradrenergic system may modulate clonus duration.
This interpretation is consistent with the dose dependent re-
duction of AD duration [12] and clonus duration [2] with the
alpha-2 receptor agonists xylazine and clonidine, respec-
tively. The results from Experiments 1 and 2 and those re-
ported by others suggest that noradrenergic transmission af-
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fects the duration of clonus. However, it should be pointed
out that other research finds no support for noradrenergic
involvement in limbic kindled AD or behavioral convulsion
duration [37].

The only antagonist which influenced the effect of co-
caine on clonus duration or any other component of the AD
was prazosin. Prazosin’s reduction of clonus duration
summed with cocaine’s effect. However, prazosin’s interac-
tion with cocaine was not selective to the clonus duration
component (i.e., it interacted on AD duration and AD after
clonus). These interactions suggest that monoaminergic
transmission may modulate cocaine’s effects. However, a
pharmacokinetic source for this modulation cannot be ruled
out. For example, prazosin, as a result of blocking post-
synaptic alpha-adrenoceptors, produces vasodilatation and
antagonism of norepinephrine produced vasoconstriction
[5]. Cocaine, as a result of its effects on norepinephrine
transmission, produces vasoconstriction which slows its
own absorption [27]. Thus prazosin may have increased co-
caine’s absorption from the site of injection, and hence its
availability to the brain. This model accounts for prazosin’s
potentiation of cocaine’s effects mediated either by
monoaminergic or local anesthetic actions, whereas the in-
teractions can not be explained simply by prazosin blocking
cocaine’s monoaminergic actions.

Paradoxically, cocaine produces seizure antagonistic
(e.g., decreased AD duration) and seizure facilitative (e.g.,
facilitation of seizure propagation) effects at a single dose
and within a single seizure episode. Stripling and Hendricks
[34] suggested that the conflicting nature of these effects
might be attributable to separate pharmacological mech-
anisms. Although this explanation can account for cocaine’s
simultaneous facilitation of seizure propagation (local anes-
thetic) and reduction of clonus duration (monoaminergic), it
can not explain completely the paradoxical nature of co-
caine’s effects. For example, cocaine’s facilitation of seizure
propagation (a seizure facilitative effect) and its reduction of
seizure persistence (a seizure antagonistic effect) appear to
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be mediated by the same pharmacological action (local
anesthesia). In discussing the paradoxical nature of co-
caine’s effects, Lesse and Collins [17] suggested that co-
caine’s reduction of AD duration may be causally related to
excitatory effects of cocaine which facilitate the propagation
of seizure activity. However, if these paradoxical effects are
causally related then the effects must be caused by the same
pharmacological action. The results from the present exper-
iments provide evidence that cocaine’s (and lidocaine’s) re-
duction of AD duration is produced by the same phar-
macological action as its facilitation of seizure propagation
and reduction of local seizure persistence. Thus, a proposed
causal relationship between cocaine’s facilitation of seizure
termination and seizure propagation [17] is strengthened.

Kindling development is associated with neurochemical
deficits for various neurotransmitters {13]. It has been
theorized that kindling or enhanced seizure excitability re-
sults from a reduction in the efficacy of a seizure-inhibiting
neurotransmitter system (e.g., [7,21]). If a seizure can
propagate to activate some seizure-inhibiting neurotransmit-
ter system, then cocaine’s facilitation of seizure propagation
may cause its facilitation of seizure termination. In addition,
if the deterioration of a seizure-inhibiting neurotransmitter
system is produced by repetitive seizure propagation, then
this process could be augmented by triggering the seizures in
the presence of a drug which facilitates seizure propagation
(i.e., cocaine). This could explain the progressive reversal of
cocaine’s effect on local seizure persistence as depicted in
Fig. 1.
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