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Abbreviations: GBR 12909: 1-[2-[bis(4-fluorophenyl)methoxy] ethyl]-4-[3-phenyl-propyl]piperazine; 7-OH-

DPAT: (+)-7-hydroxy-dipropylaminotetralin; L741,626: 3[[4-(4-chlorophenyl)-4hydroxypipeidin-1-

yl]methyl-1H-indole ((+)-PD 128,907: R-(+)-trans-3,4a,10b-tetrahydro-4-propyl-2H,5H-

[1]benzopyrano[4,3-b]-1,4-oxazin-9-ol; PD 58491: (3-{4[1-(4-{2[4-(3-diethyamino-propoxy)-phenyl]-

benzoimidazol-l-yl}-butyl)-1H-benzoimidazol-2-yl]-phenoxy}-propyl)-diethyl-amine, SCH 39166: (-)-

trans-6,7,7a,8,9,13b-hexahydro-3-chloro-2-hydroxy-N-methyl-5H-benzo[d]naptho-{2-1-b}azepine.  
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Abstract.  Cocaine abuse is a public health concern with seizures and death being one consequence of 

overdose. In the present study, dopamine D3/D2 receptor agonists dose-dependently and completely 

prevented the convulsant and lethal effects of cocaine.  The D3-preferring agonists, (+)-PD 128,907 (R-

(+)-trans-3,4a,10b-tetrahydro-4-propyl-2H,5H-[1]benzopyrano[4,3-b]-1,4-oxazin-9-ol), (+)-7-hydroxy-

dipropylaminotetralin (7-OH-DPAT), and the mixed D3/D2 agonists quinpirole and quinelorane were all 

effective against cocaine toxicity in mice. The anticonvulsant effects of these compounds occurred at 

doses below those that produced motor impairment as assessed in the inverted screen test.  Protection 

against the convulsant effects of the selective dopamine uptake inhibitor, GBR 12909, was also conferred 

by (+)-PD 128,907.  The possible selectivity of the effects of (+)-PD 128,907 (3mg/kg) for these 

dopaminergic compounds was demonstrated by its general lack of protective efficacy against a host of 

convulsants acting through other neural mechanisms (pentylenetetrazol, (+)-bicuculline, and picrotoxin, 4-

aminopyridine, and t-butylbiclyclophosphoorothionate, N-methyl-D-aspartate and kainate, pilocarpine, 

nicotine, strychnine, and aminophylline, threshold electric shock, and 6Hz electrical stimulation).  Direct 

and correlational evidence suggests that these effects were mediated by D3 receptors.  Protection was 

stereospecific and reversible by an antagonist of D3 receptors (PD 58491) but not D2 receptors (L-

741,626).  Anticonvulsant potencies were positively associated with potencies in a functional assay of D3 

but not D2 receptor function.   Taken together, these findings suggest that the prevention of cocaine 

convulsions and lethality by (+)-PD-128,907 may be due to D3 receptor mediated events.   

 

 

 Dependence upon cocaine and other psychomotor stimulants is associated with medical problems 

and death (Colliver, 1992; Derlet and Albertson, 1989; Benowitz, 1993; SAMHSA, 1997).  It has been 

estimated that cocaine abuse accounts for about 25% of all emergency medical department drug-related 
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episodes (SAMHSA, 1997).  Up to twelve percent of patients presenting to emergency departments with 

cocaine intoxication require anticonvulsant therapy (Derlet and Albertson, 1989; Dhuna et al., 1991).  

Although anticonvulsant therapies are generally effective in controlling cocaine-related seizures, some 

seizures and status epilepticus from cocaine can also be resistant to standard therapies (e.g., 

benzodiazepines and barbiturates) and can be fatal (Dhuna, 1991).  Rodent models have confirmed the 

existence of anticonvulsant-resistant cocaine seizures (Witkin and Torella, 1991; Gasior et al., 1997; 

Witkin et al., 1999.  Although the mechanisms responsible for these seizures have begun to be delineated, 

a full understanding of these processes has yet to be described. 

 Difficulties in understanding the mechanisms underlying cocaine dependence and toxicity derives 

from the multiplicity of toxic effects and the diversity of the physiological actions of cocaine with which 

these effects may be associated.  Although the precise regulatory role of dopamine D3 receptors remains 

debated, investigations over the past several years have suggested a potentially pivotal role for this 

mesolimbic receptor in the actions of cocaine.  Both anatomical and pharmacological evidence have 

implicated D3 receptors in the subjective and reinforcing effects of cocaine (Acri et al., 1995; Caine and 

Koob, 1993; Caine et al., 1997; Spealman, 1996; Levant et al., 1997; Pilla et al., 1999).   The possibility 

that D3 receptors are involved in the toxic effects of cocaine is suggested from observations of 

upregulation in densities of D3 receptors in striatum and substantia nigra of cocaine overdose victims 

(Staley and Mash, 1996) and more directly from our preliminary observations that the dopamine D3/D2 

agonist, (+)-PD-128,907 produced dose-dependent and complete protection against the convulsant effects 

of cocaine in mice under conditions where a host of clinically-used anticonvulsant agents (Witkin and 

Tortella, 1991; Witkin et al., 1999; Gasior et al., 1999) were relatively ineffective.  The present sequence 

of experiments was designed to examine the potential contribution of D3 receptors to the anticonvulsant 

effects of (+)-PD 128,907 and to explore whether (+)-PD 128,907 had anticonvulsant effects against other 
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convulsant agents.  In the present report, effects of a series of structurally-distinct dopamineD3/D2 agonists 

against cocaine convulsions are described.  The lethal effects of cocaine were also evaluated.  Additional 

direct and correlative pharmacological evidence is presented that ultimately points to a role for D3 

receptors in the mediation of this anticonvulsant activity.   
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Methods 

 Animals.  The following mice were used: experimentally-naive, male Swiss Webster mice weighing 

between 28 and 37g (Taconic Farms, Germantown, NY), adult male NSA™ (CF1 mice) (Harlan, Indianapolis, 

IN) weighing between 20 and 30 g, and 3 – 4 week old DBA/2 mice of either sex (Taconic Farms), weighing 

between 8 and 12 g.   Mice were group housed in a temperature-controlled vivarium and were used only once in 

these experiments. All animals were acclimated to their home cages and to the light-dark cycle (12 hr) for at least 

5 days prior to testing.  Food and water were continuously available in their living cages.  Animals used in the 

present study were maintained in facilities fully accredited by the American Association for the Accreditation of 

Laboratory Animal Care (AAALAC).  All experimentation was conducted in accordance with the guidelines 

issued by the Institutional Care and Use Committees and included in the Guide for Care and Use of Laboratory 

Animals (National Research Council 1996). 

 Cocaine and other chemical-induced seizures.  Convulsions were engendered with cocaine and other 

chemical or electrical stimuli (next section of Methods).  Swiss-Webster mice were injected with a test compound 

or vehicle, s.c., 30 min prior to cocaine (75 mg/kg, i.p.) or other chemical convulsants (Table 1) and mice were 

immediately placed in individual Plexiglas containers (14 x 25 x 36 cm high) for observation.  Cocaine-induced 

convulsions were defined as loss of the righting response for at least 5 sec and the occurrence of clonic limb 

movements; tonus and death were rarely observed.  For the lethality experiments, higher doses of cocaine were 

studied in separate groups of mice. The dose of the chemical and electrical convulsants (below) was selected 

based upon literature values and pilot experiments to match the effects of cocaine on the percentage of animals 

exhibiting convulsions.  Although all of the convulsant stimuli resulted in clonic seizures, some but not all 

produced tonic seizures and death.  The effects of the dopamine agonists were evaluated against each of the 

specific seizure types measured.  For convulsants other than cocaine, vehicle or (+)-PD128,907 (3 mg/kg) was 

administered and the animals were tested 30 min post injection as with cocaine.  This dose of (+)-PD 128,907 
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was used based upon its nearly complete attenuation of cocaine seizures.  Higher doses of (+)-PD 128,907 were 

also tested against many of the convulsants. 

 Electroshock-induced clonic-tonic seizures (TES Test).  CF1 mice were used.  Threshold electroshock 

(TES) seizures were induced via corneal stimulation (60 Hz, 0.2s, 15 mA; White et al., 1995) using an apparatus 

similar to that originally described by Woodbury and Davenport (1952).  At the time of drug administration and 

again prior to stimulation a drop of 0.5% tetracaine solution was applied to the eyes of all animals. The presence 

or absence of hindlimb tonus was recorded in each animal.  Vehicle or (+)-PD128907 was administered to groups 

of 5 mice each and the animals were tested 30 min post injection. 

 Electroshock-induced limbic seizures (6-Hz Test).  Limbic seizures were induced via corneal 

stimulation (6 Hz, 32 mA, 0.2 ms rectangular pulse width, 3 s duration).  The stimuli were delivered using a 

Grass Model S48 stimulator with a 2500 ohm resistance.  The 6 Hz-induced seizure was characterized by 

immobility, forelimb clonus, twitching of the vibrissae, and Straub-tail (Barton and Shannon, 2003) and lasted 

approximately 10 to 15 sec, after which the animals rather abruptly resume normal locomotion and exploratory 

behavior.  The presence or complete absence of a limbic seizure was recorded for each mouse.  Vehicle or (+)-

PD128907 was administered to groups of 5 mice each and the animals were tested 30 min post injection. 

 Sound-induced (audiogenic) seizures.   DBA/2 mice were injected with vehicle or a dose of (+)-

PD 128,907.  Thirty min later, the mice were placed individually in clear tubes (8.5 cm diameter, 16 cm 

long) located within an acoustic chamber (Model SR-Lab, San Diego Instruments, San Diego, VA).  After 

an adaptation period (1 to 5 min), a broadband sound stimulus of 120 dB was presented for 60 sec. In 

untreated mice, the sound stimulus typically produces a seizure response progressing from hyperactivity to 

clonic and then tonic seizures; seizures typically last approximately 45 sec or less.  The presence or 

absence of tonus was recorded in each animal. 
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 Inverted screen test.  This test was used to evaluate doses of the test compounds that produce ataxic 

and/or sedative effects (Ginski and Witkin, 1994).  Swiss-Webster mice (n = 8/group) were pretreated with either 

vehicle or test compound as described above and returned to their home cage for the appropriate pretreatment 

interval. They were then individually placed on a 14 x 14 cm wire mesh screen (0.8 cm screen mesh) elevated 38 

cm above the ground. After slowly inverting the screen, the mice were tested during a 2 min trial for their ability 

to climb to the top.  Mice not climbing to the top (all 4 paws on upper surface) were counted as a failure.   

 Compounds. Compounds were synthesized in-house (PD designated compounds) or obtained from 

commercial sources (Research Biochemicals International, Natick MA and Sigma Chemical Company, St. Louis, 

MO).  SCH 39166 was a gift from Vicki Coffin of Schering Plough).  Drug solutions were prepared in sterile 

water with sonication as needed except for L741,626 which was suspended in DMSO/water.   

 Data Analyses.  ED50 values (with 95% confidence limits) for the protective effects of the test drugs or 

for their effects on motor performance and ID50 values for blocking the anticonvulsant effects of (+)-PD 128,907 

were calculated from dose-effect curves (Litchfield and Wilcoxon, 1949). Protective indices were calculated from 

the respective anticonvulsant and inverted-screen test dose-effect functions (ED50 for motor impairment/ED50 for 

anticonvulsant effect; Löscher and Nolting, 1991).  Comparison of effects of individual doses to vehicle control 

was made through Fisher’s exact probability test.  Comparison of dose-effect curves was accomplished through 

relative potency analysis using ANOVA to determine the dose of the comparison compound needed to produce a 

comparable effect relative to the compound standard.  Thus, a relative potency of 1.0 means that the two 

compounds were equally potent; statistical differences were assigned when the 95% confidence limits of the 

relative potency estimate did not contain the value of 1.0.  Effects for all statistical evaluations were considered 

significant when the probability of the results occurring by chance was less than 0.05. 
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Results 

 Cocaine (75 mg/kg, i.p.) produced clonic seizures in male Swiss-Webster mice as previously 

reported (Witkin and Tortella, 1991) with an incidence of about 80%.  Pretreatment with (+)-PD-128,907 

or (+)-7-OH-DPAT resulted in dose-dependent and full protection against the convulsant effects of 

cocaine (fig. 1). The ED50 values and associated 95% confidence limits (in mg/kg) were: 7-OH-DPAT= 

0.04 (0.01-0.11); (+)-PD 128,907= 0.15 (0.06-0.36).  The protective effects of (+)-7-OH-DPAT and (+)-

PD 128,907 were stereoselective with no protection observed by their inactive, levorotatoory isomers 

(squares, fig. 1).  The D3/D2 agonists, quinelorane and quinpirole, also blocked cocaine-induced 

convulsions (fig. 1).  The ED50 (95% conf. limits) values (mg/kg) were: quinelorane= 0.01 (0.002-0.06); 

quinpirole= 0.06 (0.02-0.14).  In contrast to the D3/D2 agonists, the nonselective dopamine receptor 

agonist apomorphine was not fully efficacious against cocaine-induced clonic seizures, producing a 

maximum inhibition to 37.5% at 0.3 and 1 mg/kg; higher doses (3 and 10 mg/kg) were without effect (not 

shown).  The ED50 (95% conf. limits) for apomorphine was 0.32 (0.08-1.2) mg/kg.  

   The highest dose of each of the agonists was evaluated in the inverted screen test.  The 

anticonvulsant effects of the D3/D2 agonists occurred at doses well below those that produced motor 

impairment.  The lack of motor impairment at these doses resulted in protective indices of >20 (PD 

128,907), >17 (quinpirole), >100 (quinelorane), and >75 (7-OH-DPAT).   

  

- - - Figure 1 about here - - - 

 

 The anticonvulsant protection conferred by (+)-PD 128,907 was time-dependent (fig. 2).  

Protective effects of (+)-PD 128,907 evident at pretreatment times from 15 to 60 min, were lost at 180 

min. The t1/2 value for this effect was 134.8 min (95% CL: 81.3-223.6).  (+)-PD 128,907 (3mg/kg) shifted 
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the dose-effect curve to the right for the convulsant effects of cocaine (fig. 2).  ED50 values (in mg/kg) for 

cocaine alone and in the presence of (+)-PD 128,907 were 64.3 (59.4-69.7) and 86.7 mg/kg (78.4-95.8).  

A relative potency estimate of 1.35 (1.19-1.54) indicated a significant shift of the cocaine curve in the 

presence of (+)-PD 128,907. 

 

- - - Figure 2 about here - - - 

 

 A specific role for D3 receptors in the anticonvulsant effects of (+)-PD 128,907 was evaluated with 

antagonists (fig. 3).  The D3–selective antagonist PD 58491 dose-dependently prevented the 

anticonvulsant effect of (+)-PD 128,907 with complete blockade occurring at 10 mg/kg (fig. 3). The ID50 

for PD 58491 was 3.7 mg/kg (95% CL: 1.4-9.7).  Eticlopride more potently blocked the effects of (+)-PD 

128,907 with an ID50 of 0.42 mg/kg (95% CL: 0.20-0.88).  The D2 receptor selective antagonist L-741,626 

produced only a modest blockade when given up to a dose of 10 mg/kg; higher doses were not tested due 

to poor solubility.  The selective D1 receptor blocker, SCH 39166 was inactive against the protective 

effects of (+)-PD 128,907. 

 

- - - Figure 3 about here - - - 

 

 Additional evidence for a role for D3 receptors in the convulsant effects of cocaine was gleaned 

from correlation analysis with data from functional assays in cell lines expressing either D3 or D2s 

receptors (Sautel et al., 1995).  There was a positive association between anticonvulsant potencies of 

dopamine agonists and their potencies to increase mitogenesis as measured by incorporation of 

[3H]thymidine in CHO cells expressing human D3 receptors (r=0.94, p<0.05)(fig. 4).   In contrast, there 
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was no significant correlation between anticonvulsant potencies and [3H]thymidine incorporation into 

CHO cells expression human D2S receptors (r=0.26, p > 0.05)(fig. 4).  The relationship between in vivo 

potency as anticonvulsants and affinity for D3 or D2 receptors was also evaluated; r=0.87, p=0.058 for D3 

receptors and r=-0.47, p>0.05 for D2 receptors (receptor affinities from the literature as noted in paragraph 

one of the discussion. 

 

- - - Figure 4 about here - - - 

 

 Lethal effects of cocaine were also blocked by pretreatment with (+)-PD 128,907 (fig. 5). The 

ED50 for this effect of (+)-PD 128,907 was 0.35 mg/kg (0.12-0.97).  The minus enantiomer of PD 

128,907 was devoid of significant effects.  In the presence of a fixed dose of (+)-PD 128,907, the lethal 

effects of cocaine were shifted significantly to the right (fig. 5).  ED50 values (in mg/kg) for cocaine alone 

and in the presence of (+)-PD 128,907 were 98.3 (92.6-104.2) and 150.8 (133.3-170.6), respectively.  A 

relative potency estimate of 1.54 (1.33-1.75) indicated a significant shift of the cocaine dose-effect curve. 

    

 

- - - Figure 5 about here - - - 

 

 The selective dopamine transport inhibitor GBR 12909, like cocaine, produced dose-dependent 

increases in clonic convulsions with 75% of mice seizing at 300 mg/kg (i.p.) (Table 1).  (+)-PD 128,907 

(3 mg/kg) significantly reduced the number of mice exhibiting convulsions to 13% at 3 mg/kg.   

- - - Table 1 about here - - - 
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 In order to compare the effects of (+)-PD 128,907 on cocaine seizures, we utilized a series of 

chemical and electrical convulsants.  Although the dose of these agents was chosen to be generally 

comparable to the seizure incidence produced by cocaine, this matching was not always exact.  Moreover, 

other convulsants produced a high percentage of lethality that was not comparable to cocaine at the dose 

studied for convulsions per se and some convulsants produced tonic seizures  in addition to clonus that 

was the primary seizure type observed with cocaine (Table 1).   In contrast to the protection against 

cocaine and GBR 12909, (+)-PD 128,907 was generally ineffective or less potent against a host of 

chemical convulsants acting through other neural mechanisms (Table 1).  These include γ-aminobutyric 

acid-A receptor ligands with various mechanisms of action (pentylenetetrazol, (+)-bicuculline, and 

picrotoxin, and t-butylbiclyclophosphoorothionate), excitatory amino acid receptor ligands (NMDA and 

kainate), a muscarinic cholinergic agonist (pilocarpine), a nicotinic cholinergic agonist (nicotine), a 

glycine receptor agonist (strychnine), a K+ channel blocker (4-aminopyridine), and an adenosine receptor 

antagonist (aminophylline).  A higher dose of (+)-PD 128,907 was able to prevent the tonic convulsions 

induced by bicuculline and the lethality produced by bicuculline and picrotoxin.  Clonic seizures induced 

by these compounds were not significantly affected by 3 mg/kg (+)-PD 128,907 that almost completely 

prevented both seizures and lethality produced by cocaine and GBR 12909.  (+)-PD 128,907 also did not 

significantly decrease seizures induced by electrical stimuli (Table 1).  However, audiogenic seizures were 

significantly reduced by (+)-PD 128,907 (Table 1). 
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Discussion 

 

 .  The present findings provide the first experimental evidence that D3 dopamine receptors may have 

control over the convulsant and lethal effects of acutely-administered cocaine.  In the present experiment, (+)-PD 

128,907 and other D3/D2 agonists prevented the convulsant and lethal effects of cocaine in a rodent model of 

cocaine seizures that is relatively unresponsive to conventional anticonvulsants (Witkin and Tortella, 1991; 

Witkin et al., 1999).  However, these D3/D2 agonists are not the best tools for defining D3 receptor mediated 

events.  Affinities of the agonists for D3 receptors (Ki) and selectivities over D2 receptors have been reported as 

follows: (+)-PD 128,907: D3= 1.8 nM and 2.3 nM; D2/D3= 216 and 18 by Sautel et al., 1995 and Pugsley et al., 

1995 respectively; (-)-PD 128,907: D3> 10,000 nM by Dijkstra et al. (unpublished); (+)-7-OH-DPAT: D3= 0.78 

nM; D2/D3= 78 by Levesque et al.,1992; quinpirole: 5.1nM and 39 nM; D2/D3= 113 and 36 by Sokoloff et al., 

1990 and Sokoloff et al., 1992, respectively; quinelorane: D3= 3.6 nM; D2/D3= 95 by Sokoloff et al., 1992; 

apomorphine: D3= 20 nM; D2/D3= 1.2 by Sokoloff et al., 1992; PD 58491: D3 = 19.5 nM; D2/D3= 121 by 

Whetzel et al., 1997. 

 (+)-PD 128,907 is not selective for D3 receptors especially at higher doses in vivo.  For example, 

the decrease in dopamine efflux induced by (+)-PD 128,907 occurs only at high doses in mice devoid of 

D3 receptors suggesting that (+)-PD 128,907 likely acts through D2 receptors in vivo at higher doses  

(Zapata et al., 2001).  Nonetheless, evidence from the present series of experiments support a conclusion 

that D3 receptors are involved in the protection conferred by this compound.    Evidence linking D3 

receptors to cocaine convulsions comes from several observations: (1) the anticonvulsant effects of (+)-

PD 128,907 and other D3/D2 agonists were not likely due to sedative or motor-impairing effects as the 

compounds prevented convulsions at doses with at least a 20 fold separation relative to doses that produce 

motor impairment, (2) prevention by (+)-PD 128,907 of the toxicities of another indirect dopamine 
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agonist but generally not of convulsants operating through non-dopaminergic mechanisms in contrast to 

the nearly full suppression of convulsions and lethality produced by 3 mg/kg (+)-PD 128,907, (3) 

stereoselectivity of the protection conferred by (+)-PD 128,907, (4) blockade of (+)-PD 128,907-induced 

protection by a selective D3 receptor antagonist, (5) the rank order potencies of compounds to block the 

anticonvulsant effects of (+)-PD 128,907 followed rank order affinities for D3 but not for D2 receptors, 

and (6) there was a positive association between the potencies of compounds to protect against 

convulsions and their functional effects at D3 but not at D2 receptors.  However, although a number of 

pieces of evidence have been brought to bear on the question of D3 receptor involvement, the general 

conclusion must be viewed in light of the relatively small number of agonists and antagonists tested along 

with their limitations of selectivity and ability to modulate the specific receptor targets in vivo to which 

they are directed. 

 The anticonvulsant effects of (+)-PD 128,907 displayed pharmacological specificity against 

compounds with a mechanism of action at the dopamine transporter (cocaine andGBR 12909).  (+)-PD 

128,907 was generally ineffective against a host of chemical convulsants acting through other neural 

mechanisms.  These include γ-aminobutyric acid-A receptor ligands with various mechanisms of action 

(pentylenetetrazol, (+)-bicuculline, picrotoxin, and t-butylbiclyclophosphoorothionate), exictatory amino 

acid receptor ligands (N-methyl-D-aspartate and kainate), a muscarinic cholinergic agonist (pilocarpine), a 

nicotinic cholinergic agonist (nicotine), a glycine receptor agonist  (strychnine), a K+ channel antagonist 

(4-aminopyridine) and an adenosine receptor antagonist (aminophylline).  (+)-PD 128,907 was also 

without effect on the seizures engendered by two forms of electrical stimulation but was effective against 

sound-induced seizures in DBA/2 mice.  The efficacy of (+)-PD 128,907 against audiogenic seizures is 

not surprising when viewed against the liberal manner in which this model detects anticonvulsant agents 

including apomorphine (c.f., Chapman et al., 1984).  However, the issue of pharmacological specificity 
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must be tempered by the observation that doses of (+)-PD 128,907 higher than those that were effective in 

blocking toxicities produced by cocaine did attenuate the convulsant or lethal effects of bicuculline and 

pilocarpine  Further, the other convulsants tested often produced lethality whereas convulsant doses of 

cocaine and GBR 12909 generally did not produce as high an incidence of death.  Nonetheless, the 

generally more potent and efficacious effects of (+)-PD 128,907 against cocaine and GBR 12909 vs. a 

range of other chemical convulsants, helps narrow the mechanism of the anticonvulsant effects of this 

compound as discussed below. These data are also consistent with a specific anticonvulsant mechanism 

distinct from a decrease in general neuronal or motoric excitability. 

 That the protection conferred against cocaine toxicity involved dopaminergically-driven toxic 

effects was given further support from experiments with GBR 12909.  Although cocaine inhibits 

monoamine transport of serotonin, norepinephrine as well as dopamine, GBR 12909 is selective in its 

inhibition of dopamine transport (van der Zee et al., 1980).  The convulsant effects of GBR 12909 were 

clonic like those of cocaine and were also prevented by a dose of  (+)-PD 128,907 that was effective 

against the convulsant effects of cocaine.   The mechanism by which (+)-PD 128,907 exerts 

anticonvulsant effects against cocaine and GBR12909 and the lethality induced by cocaine is likely due to 

its effects on D3 receptors.  The effects of PD 128,907 and 7-OH-DPAT were stereoselective.  Although 

these data are consistent with a D3 receptor target, the loss of affinities of the minus isomers for D2 

receptors makes the use of stereoisomer effects non-discriminatory for D3 over D2 receptors.  There was a 

positive association between the anticonvulsant potencies of the D3/D2 agonists and the functional effects 

of activation of D3 but not D2 receptors.  Blockade of the protective effects of (+)-PD 128,907 by PD 

58491 further substantiated the claim that D3 receptors play a role in the anticonvulsant effects of (+)-PD 

128,907.  PD 58491 is a D3 antagonist with a 100-fold selectivity over D2 receptors (Ki, D3 = 19.5 nM; 

Ki, D2 = 2362 nM; D4 > 3000 nM) (Whetzel et al., 1997).  The anticonvulsant effect of (+)-PD 128,907 
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were also prevented by pretreatment with (-)-eticlopride with equivalent and high affinity for both D3 and 

D2 receptors (Ki = 0.1 nM; Toll et al., 1998).  L741,626 is a preferential antagonist of D2 receptors (Ki D3 

= 100 nM; D2 = 2.4 nM; Kulagowski et al., 1996).  This compound only partially prevented the 

anticonvulsant effects of (+)-PD 128,907 when given up to doses that pushed the limits of compound 

solubility.  Potencies of the compounds to block the anticonvulsant effects of (+)-PD 128,907 were in 

accord with their affinities to bind D3 receptors (eticlopride > PD 58491 > L741,626).  The preferential D1 

receptor antagonist SCH 39166 did not significant modify the effects of (+)-PD 128,907 consistent with 

the low affinity of (+)-PD 128,907 for D1 receptors (Pugsely et al., 1995). 

 Although a number of pieces of evidence linking D3 receptors to the anti-cocaine toxicity of (+)-

PD 128,907 have been brought forward, skepticism regarding D3 receptor involvement cannot be fully 

dispelled for at least two reasons.  First, the available agonist tools lack high selectivity for the target. For 

example, Zapata et al. (2001) found that dopamine efflux in ventral striatum of mice was decreased by 

(+)-PD 128,907.  However, when the dose of (+)-PD 128,907 was 1 mg/kg and above, these 

neurochemical changes also were observed in mice devoid of D3 receptors indicating that these higher 

doses of (+)-PD 128,907 decrease dopamine efflux via D2 autoreceptors.    A second reason for 

uncertainty with regard to an involvement of D3 receptors is the obscurity that surrounds the physiological 

function and relevance of this receptor subtype.  Although an autoreceptor function for D3 receptors has 

been debated, evidence for an autoreceptor function for D3 receptors have been presented with these 

receptors being implicated in regulating the synthesis and release of dopamine (Aretha et al., 1995; Gobert 

et al., 1995; Levant et al., 1997).  In the present case, D3 receptor agonists would function to reduce the 

extracellular dopamine concentrations as has been reported from in vivo microdialysis studies (Pugsley et 

al., 1995; Zapata et al., 2001) and electrochemical experiments (Joseph et al., 2002).  Reduction in 

dopamine overflow via D3 receptor-mediated control would in turn reduce the intensity of the 
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pharmacological stimulus for convulsions and lethality as reflected in potency shifts in the dose-effect 

functions in the presence of (+)-PD 128,907.     

 The detailed mechanisms responsible for the anticonvulsant and antilethality-inducing effects of 

(+)-PD 128,907 and other D3/D2 receptor agonists can only be speculated upon at present.  One possibility 

may be through the ability of  (+)-PD 128,907 to facilitate the uptake of synaptic dopamine and thereby 

reduce the extracellular levels of dopamine engendered under these extreme toxic conditions.  In the strain 

of mouse used in the present experiments, (+)-PD 128,907 was shown to facilitate dopamine transport in 

vivo (Zapata and Shippenberg, 2002).  However, it is not at all clear from such a proposed mechanism 

how the kinetics of cocaine and GBR at the dopamine transporter would play into the enhanced uptake of 

dopamine that may be driven by D3 receptors.    

 The present study documents the anticonvulsant and anti-lethal effects of (+)-PD 128,907 against 

cocaine.  Despite any firm understanding of mechanism, convergent data are presented in this report that 

suggest that D3 receptors mediate the effects of (+)-PD 128,907 as an anti-cocaine toxicity agent.  These 

findings have a number of implications.  First, they suggest the possible utility of a D3 receptor agonist in 

the treatment of cocaine overdose toxicity, the convulsions from which can be unresponsive to standard 

anticonvulsant agents in the emergency room (c.f., Dhuna et al., 1991; Benowitz, 1993) as well as in 

animal models (Witkin and Tortella, 1991; Witkin et al., 1999).  Secondly, the present findings are 

suggestive of the drug interaction safety of D3 receptor agonists with cocaine, an issue that arises with the 

proposed utility of these compounds for cocaine abuse therapeutics (c.f., Pilla at al., 1999).  Finally, these 

data add to the body of literature that documents pharmacological effects that may be linked to D3 

receptors in vivo.  The later point is not trivial since pharmacological effects attributed to D3 receptors 

have not always been supported by additional information (c.f., Depoortere, 1999; Chaperon et al., 2003). 

 Too, the functional significance of D3 receptors for physiology and behavior under normal and 
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pathophysiological conditions (c.f., Joyce, 2001) is still little known despite the identification of D3 

receptors through cloning over ten years ago.  
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Footnotes 

 

1Animals used in these studies were maintained in facilities fully accredited by the American 

Association for the Accreditation of Laboratory Animal Care (AAALAC).  In conducting the research 

described in this report, the investigators adhered to the "Guide for the Care and Use of Laboratory 

Animals", as promulgated by the Committee on the Care and Use of Laboratory Animals of the Institute 

of Laboratory Animal Resources, National Research Council. The research protocols employed in this 

work were approved by the institutional animal care and use committees.  We are grateful to Drs. 

Jonathan L. Katz and Roy A. Wise for comments provided on an earlier version of the manuscript and to 

Dr. Kjell Svensson for helpful discussion and comments on the current version. 

 2Agustin Zapata is a visiting fellow in the National Institutes of Health granted from Fogarty International 

Center, Bethesda, MD, USA.  

 3Maciej Gasior was a visiting fellow in the National Institutes of Health granted from 

Fogarty International Center, Bethesda, MD, USA.  His current address is NINDS, Epilepsy Research 

Section, National Institutes of Health, Bethesda, MD, USA.  

 
References 

 
Acri J B, Carter SR, Alling K, Geter-Douglass B, Dijkstra D, Wikström H, Katz JL and Witkin JM (1995)  

Assessment of cocaine-like discriminative stimulus effects of dopamine D3 receptor ligands.  Eur J 
Pharmacol 281: R7-9. 

Andersen PH (1989) The dopamine uptake inhibitor GBR 12909: selectivity and molecular mechanisms of 
action. Eur J Pharmacol 166: 493-504. 

Aretha CW, Sinha A, and Galloway MP (1995) Dopamine D3-preferring ligands act at synthesis modulating 
autoreceptors. J Pharmacol Exp Ther: 274: 609-613. 

Barton ME and Shannon HE (2003) Comparison of the role of glutamate receptors in the 6 Hz and maximal 
electroshock seizure models.  Epilepsy Res 56:17-26. 

Benowitz NL (1993) Clinical pharmacology and Toxicology of cocaine. Pharmacol. Toxicol. 72: 3-12. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2004 as DOI: 10.1124/jpet.103.059980

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 59980 - Page 21 
 
 

 
Bordet R, Ridray S, Carboni S, Diaz J, Sokoloff P, and Schwartz J-C (1997) Induction of dopamine D3 receptor 

expression as a mechanism of behavioral sensitization to levodopa.  Proc Natl Acad Sci 94: 3363-3367. 
Caine SB and Koob GF (1993) Modulation of cocaine self-administration in the rat through D-3 dopamine 

receptors.  Science 260:1814-6. 
Caine SB, Koob GF, Parsons LH, Everitt BJ, Schwartz JC, and Sokoloff P (1997) D3 receptor test in vitro 

predicts decreased cocaine self-administration in rats. Neuroreport 8:2373-2377. 
Chapman AG, Croucher MJ and Meldrum BS (1984)  Evaluation of anticonvulsant drugs in DBA/2 mice with 

sound-induced seizures.  Arzneim-Forsch./Drug Res. 34: 1261-1264. 
Chaperon F, Tricklebank MD, Unger L, and Neijt HC (2003) Evidence for regulation of body temperature in rats 

by dopamine D2 receptor and possible influence of D1 but not D3 and D4 receptors.  Neuropharmacology 
44: 1047-1053. 

Colliver JD, Kopstein AN, and Hughs AL (1992) Cocaine-related medical crisis: Evidence from the Drug Abuse 
Warning Network. Acute Cocaine Intoxication: Current methods of Treatment. NIDA Research 
Monograph 123: 20-43. 

Depoortere R (1999) Combined use of mutant mice and classical pharmacology to characterize receptor 
functions: the case of dopamine D2 and D3 receptors.  Psychopharmacology 147: 20-21. 

Derlet RW and Albertson TE (1989)  Emergency department presentation of cocaine intoxication.  Ann Emerg 
Med 18: 182-186. 

Dhuna A, Pascual-Leone A, Langendorf F and Anderson D (1991)  Epileptogenic properties of cocaine in 
humans.  Neurotoxicology 12: 621-626. 

Gasior M, Ungard J and Witkin JM (1999)  Preclinical evaluation of newly-approved and potential antiepileptic 
drugs against cocaine-induced seizures.  J Pharmacol Exp Ther 290: 1148-1156. 

Ginski M and Witkin JM (1994) Sensitive and rapid behavioral differentiation of N-methyl-D-aspartate receptor 
antagonists. Psychopharmacology 114: 573-582. 

Gobert A, Rivet J-M, Audinot V, Cistarelli L, Spedding M, Vian J, Peglion, J-L and Millan M (1995)  Functional 
correlates of dopamine D3 receptor activation in the rat in vivo and their modulation by the selective 
antagonists, (+)-S 14297: II. Both D2 and "silent" D3 autoreceptors control synthesis and release in 
mesolimbic, mesocortical and nigrostriatal pathways. J Pharmacol Exp Therap 275: 899-913. 

Joseph JD, Wang YM, Miles PR, Budygin EA, Picetti R, Gainetdinov RR, Caron MG and Wightman RM 
(2002). Dopamine autoreceptor regulation of release and uptake in mouse brain slices in the absence of 
D3 receptors. Neuroscience 112: 39-49. 

Joyce JN (2001) Dopamine D3 receptor as a therapeutic target for antipsychotic and antiparkinson drugs. 
Pharmacol Ther 90: 231-259. 

Kulagowski J, Broughton HB, Curtis NR, Mawer IM, Ridgill MP, Baker R, Emms F, Freedman SB, Marwood 
SP, RaganCI and Leeson PD (1996) 3[[4-(4-chlorophenyl)-piperazin-1-yl]-methyl]-1H-pyrrolo[2,3-
b]pyridine: an antagonist with high affinity and selectivity for the human dopamine D4 receptor. J Med 
Chem 39: 1941-1942. 

Levant B (1997)  The D3 dopamine receptor: Neurobiology and potential clinical relevance.  Pharmacol Rev 49: 
231-252. 

Litchfield JT and Wilcoxon, F (1949)  A simplified method of evaluating dose-effect experiments.  J Pharmacol 
Exp Ther 95: 99-113. 

Löscher W and Nolting B (1991) The role of technical, biological and pharmacological factors in the laboratory 
evaluation of anticonvulsant drugs. IV. Protective indices. Epilepsy Res 9: 1-10. 

National Institutes on Drug Abuse (1996)  National Household Survey on Drug Abuse: Population Estimates, 
1995.  U.S. Department of Health and Human Services, Rockville, Maryland. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2004 as DOI: 10.1124/jpet.103.059980

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 59980 - Page 22 
 
 

 
Pilla M,, Perachon S., Sautel F, Garrido F, Mann A, Wermuth CG, Schwartz J-C, Everitt BJ and Sokoloff P.  

Selective inhibition of cocaine-seeking behaviour by a partial dopamine D3 receptor agonist.  Nature 400: 
371-375.  

Pugsely TA, Davis MD, Akunne HC, Mackenzie RG, Shih, YH, Damsam G, Wikström H, Whetzel SZ, Georfic 
LM, Cooke LW, DeMattos SB, Corbin AE, Glase SA, Wise LD, Dijkstra D and Heffner TG (1995) 
Neurochemical and functional characterization of the preferentially selective dopamine D3 agonist PD 
128,907. J Pharmacol Exp Ther 275: 1335-1366. 

SAMSHA (1997) Substance Abuse and Mental Health Services Admistration. Year-end preliminary estimates 
from the 1996 drug abuse warning network. U.S. Department of Health Human Services Publication No. 
(SMA) 98-3175, Rockville, MD. 

Sautel F, Griffon N, Levesque D, Pilon C, Schwartz J-C and Sokoloff P (1995) A functional test identifies 
dopamine agonists selective for D3 versus D2 receptors. Neuroreport 6: 329-32. 

Sokoloff P, Andrieux M, Besancon R, Pilon C, Martres M.-P, Giros B, and Schwartz J-C (1992) Pharmacology 
of human dopmaine D3 receptor expressed in a mammalian cell line: comparison with D2 receptor. Eur J 
Pharmacol 225: 331-337. 

Sokoloff P, Giros BJ, Martres M-P, Bouthenet ML and Schwartz J-C (1990) Molecular cloning and 
characterization of a novel dopamine receptor (D3 ) as a target for neuroleptics. Nature 347: 146-151. 

Spealman RD (1996) Dopamine D3 receptor agonists partially reproduce the discriminative stimulus effects of 
cocaine in squirrel monkeys. J Pharmacol Exp Ther 278: 1128-1137. 

Staley JK and Mash DC (1996) Adaptive increase in D3 dopamine receptors in the brain reward circuits of human 
cocaine fatalities.  J Neurosci 16: 6100-6106. 

Van der Zee P, Kroger HS, Gootjes J and Hespe W (1980)  Aryl 1,4-dialk(en)ylpiperazines as selective and very 
potent inhibitors of dopamine uptake. Eur J Med Chem Therap 15: 363-370. 

Whetzel SZ, Shih YH, Georgic LM, Akunne HC and Pugsley TA (1997) Effects of the dopamine D3 antagonist 
PD 58491 and its interaction with the dopamine D3 agonist PD 128907 on brain dopamine synthesis in 
rat.  J Neurochem 69: 2363-2368.  

White HS, Johnson M, Wolf HH and Kupferberg HJ (1995) The early identification of anticonvulsant activity: 
role of the maximal electroshock and subcutaneous pentylenetetrazol seizure models. Ital J Neurol Sci 
16:73-77. 

Witkin JM and Tortella FC (1991)  Modulators of N-methyl-D-faspartate protect against diazepam- or 
phenobarbital-resistant cocaine convulsions.  Life Sci 48: PL51-PL56. 

Witkin JM, Gasior M, Heifets B and Tortella FC (1999)  Anticonvulsant efficacy of N-methyl-D-aspartate 
antagonists against convulsions induced by cocaine.  J Pharmacol Exp Ther 289: 703-711. 

Woodbury DM and Davenport VD (1952) Design and use of new electroshock seizure apparatus, and analysis of 
factors altering seizure threshold and pattern. Arch Int Pharmacodyn Ther 92:97-104. 

Zapata A and Shippenberg TS (2002) D3 receptor ligands modulate extracellular dopamine clearance in the 
nucleus accumbens.  J Neurochem 81: 1035-1042.  

Zapata A, Witkin JM and Shippenberg TS (2001)  Selective D3 receptor agonist effects of (+)-PD 128,907 on 
dialysate dopamine at low doses.  Neuropharmacology 41: 351-359. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2004 as DOI: 10.1124/jpet.103.059980

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 59980 - Page 23 
 
 

 
 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2004 as DOI: 10.1124/jpet.103.059980

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 59980 - Page 24 
 
 

 
Figure Captions 

Figure 1.   Dopamine D3/D2 receptor agonists dose-dependently protected against the convulsant effects of 

cocaine in mice.  Compounds were administered s.c., 30 min prior to cocaine (75 mg/kg, i.p.)  Top Panel: 

The active (circles), but not the inactive enantiomers (squares) of PD 128,907 and 7-OH-DPAT blocked 

cocaine convulsions.  Bottom Panel:  The D3/D2 receptor agonists, quinelorane and quinpirole, also 

blocked cocaine-induced convulsions  The shaded region represents the mean ± S.E.M. effect of cocaine 

alone (75 mg/kg, i.p.).  Each data point represents the effect in a group of at least 8-16 mice.  * indicates 

significant protection (Fisher's exact probability test, p < 0.05).   

Figure 2.  Top Panel: Time-course for the protective effects of (+)-PD 128,907 against cocaine-induced 

convulsions. (+)-PD 128,907 was administered at different times prior to cocaine (75 mg/kg, i.p.).  

Bottom Panel:  (+)-PD 128,907 (3mg/kg) significantly shifted the dose-effect curve to the right for the 

convulsant effects of cocaine.  Other details as in figure 1.

Figure 3.  The D3 antagonist PD 58491 and the D3/D2 antagonist eticlopride blocked the anticonvulsant effects of 

(+)-PD 128,907.  The more selective D2 receptor antagonist L-741,626 had effects against (+)-PD 

128,907 only at the highest dose tested.  A selective D1 receptor antagonist, SCH 39166, did not block the 

anticonvulsant effects of (+)-PD 128,907.  The unconnected point above C represents the mean ± S.E.M. 

effect of cocaine alone (75 mg/kg, i.p.).  Each data point represents the effect in a group of at least 8-16 

mice.  * indicate significant protection against cocaine; # represents effects significantly different than 

cocaine + PD 128,907 (unconnected point above 0) (Fisher's exact probability test, p < 0.05).   

Figure 4.  A.  Positive association of anticonvulsant potencies of dopamine agonists with potencies to increase 

mitogenesis as measured by incorporation of [3H]thymidine in CHO cells expressing human D3 receptors. 

 B.  Lack of association between anticonvulsant potencies and [3H]thymidine incorporation into CHO 

cells expressing human D2S receptors.  Mitogenesis data are from Sautel et al. (1995) in which compounds 
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were incubated with cells expressing D3 or D2S receptorsand the degree of [3H]thymidine incorporation 

was assessed. 

Figure 5.  Top Panel:  (+)-PD 128,907 protected against the lethal effects of cocaine.  The unconnected point 

above C represents the mean ± S.E.M. lethal effect of cocaine alone (110 mg/kg, i.p.). * indicate 

significant protectant efficacy against death (Fisher's Exact Probability test, p < 0.05).  The ED50 for the 

lethality- protectant effects of (+)-PD 128,907 was 0.35 mg/kg (0.12-0.97).  The minus enantiomer of PD 

128,907 was devoid of significant protective effects.  Bottom Panel:  (+)-PD 128,907 significantly shifted 

the dose-effect function for cocaine to the right.  
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Table 1: Effects of (+)-PD 128,907 on the Toxicity Induced by Other Agentsa 

 

Convulsant Effect + Vehicle + 3 mg/kg 

PD 128,907 

+ 10 mg/kg 

PD 128,907 

GBR 12909 

(170 mg/kg, i.p.) 

Clonus 

Tonus 

Death 

  9/16 

  0/16 

  0/16 

  1/8* 

  0/8 

  0/8 

  3/8 

  0/8 

  0/8 

GBR 12909 

(300 mg/kg, i.p.) 

Clonus 

Tonus 

Death 

12/16 

  0/16 

  0/16 

  6/16* 

  0/16 

  0/16 

  2/8* 

  0/8 

  0/8 

Pentylenetetrazol 

(70 mg/kg, i.p.) 

Clonus 

Tonus 

Death 

10/12 

  0/12  

  0/12 

  5/8 

  0/8 

  0/8 

  7/8 

  5/8* 

  1/8 

Bicuculline 

(6 mg/kg, i.p.) 

Clonus 

Tonus 

Death 

  7/8 

  6/8 

  6/8 

  5/8 

  4/8 

  4/8 

  6/8 

  1/8* 

  1/8* 

Pictrotoxin 

(6 mg/kg, i.p.) 

Clonus 

Tonus 

Death 

11/12 

  5/12 

  6/12  

  6/8 

  1/8 

  1/8 

  7/8 

  2/8 

  3/8 

Tert-butyl 

biclyclophosphoorothionate 

(0.6 mg/kg, i.p.) 

Clonus 

Tonus 

Death 

  7/8 

  7/8 

  6/8 

  5/8 

  4/8 

  4/8 

  6/8 

  4/8 

  5/8 

4-aminopyridine 

(14 mg/kg, i.p.) 

Clonus 

Tonus 

  7/8 

  7/8 

  6/8 

  6/8 

  7/8 

  7/8 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 7, 2004 as DOI: 10.1124/jpet.103.059980

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 
Death   7/8    6/8   7/8 

Kainic acid 

(64 mg/kg, i.p.) 

Clonus 

Tonus 

Death 

  8/8 

  0/8 

  0/8 

  7/8 

  0/8 

  0/8 

  7/8 

  0/8 

  1/8 

NMDA 

(200 mg/kg, i.p.) 

Clonus 

Tonus 

Death 

10/12 

  0/12 

10/12 

  7/8 

  0/8 

  6/8 

  5/8 

  1/8 

  5/8 

Pilocarpine 

(300 mg/kg, i.p.) 

Clonus 

Tonus 

Death 

11/11 

  2/11 

  9/11 

  7/8 

  2/8 

  4/8 

  6/8 

  0/8 

  2/8* 

Nicotine 

(20 mg/kg, i.p.) 

Clonus 

Tonus 

Death 

 7/8 

 0/8 

 3/8 

  6/8 

  0/8 

  2/8 

  5/6 

  0/6 

  3/6 

Nicotine 

(30 mg/kg, i.p.) 

Clonus 

Tonus 

Death 

16/16 

 0/16 

16/16 

  Nt 

  Nt 

  Nt 

  8/8 

  0/8 

  8/8 

Strychnine 

(2 mg/kg, i.p.) 

Clonus 

Tonus 

Death 

15/16 

15/16 

15/16 

  8/8 

  8/8 

  5/8 

  8/8 

  8/8 

  5/8 

Aminophylline 

(300 mg/kg, i.p.) 

Clonus 

Tonus 

Death 

  7/8 

  7/8 

  7/8 
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aDifferent convulsants produced distinct seizure types (clonic, tonic, limbic).  (+)-PD 128,907 (s.c.) was 

administered 30 min prior to application of the convulsant stimulus 
 

bLimbic seizures 
 
*P < 0.05 compared to vehicle, Fisher’s Exact Probability Test 
 
Nt: Not tested 
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  Figure 2 
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      Figure 4
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    Figure 5 
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