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Abstract 

 

The present study examined whether the inhibition of serotonin transporters (SERT) 

contributes to cocaine- and other local anesthetics-induced convulsions, and which subtypes of 

5-HT receptor are involved in the convulsions. For this purpose, cocaine, meprylcaine and 

lidocaine, all of which have different effects on SERT, were used as convulsants and the effects 

of serotonin reuptake inhibitors (SSRIs), specific agonists and antagonists for 5-HT receptor 

subtypes were evaluated in mice. 

Administration of SSRI, zimelidine, citalopram and fluoxetine, 5-HT2A,2C receptor agonist, 

R(-)-DOI and the 5-HT2C receptor agonists, mCPP and MK212 resulted in a marked increase in 

incidence of convulsions and a reduction in the threshold of lidocaine-induced convulsions, 

while the 5-HT2B receptor agonist, BW723C86, had little influence. On the other hand, SSRI did 

not affect the measured parameters in meprylcaine- and cocaine-induced convulsions.  

R(-)-DOI, mCPP and MK212 reduced the threshold of meprylcaine or cocaine with less extent 

than the reduction of lidocaine threshold. Incidence of cocaine- and meprylcaine-induced 

convulsions were significantly reduced by 5-HT2A,2B,2C antagonist, LY-53857 and 5-HT2C 

antagonist, RS 102221. The threshold of cocaine and meprylcaine was significantly increased 

by both antagonists. 5-HT2A antagonists MDL-11,939 and ketanserin, and 5-HT2B antagonist 

SB-204741 except at high doses had little effect on cocaine- and meprylcaine-induced 

convulsions. None of these antagonists altered the parameters of lidocaine-induced convulsions. 

Pretreatment with fluoxetine but not citalopram increased the plasma concentration of lidocaine. 

These results suggest that the increase of serotonergic neuronal activity through 5-HT2C receptor 
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stimulation was responsible for increased activity of local anesthetics-induced convulsions and 

support the involvement of this mechanism in cocaine- and meprylcaine- but not in lidocaine- 

induced convulsions through their direct inhibitory action on central SERT. 

 

Theme: Neurotransmitters, modulators, transporters, and receptors 
 
Topic: Uptake and transporters 

Keywords: Serotonin transporter; Convulsion; SSRI; Cocaine; Local anesthetics. 
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1. Introduction 

Cocaine and synthetic local anesthetics produce stimulation of central nervous systems at 

toxic doses as observed in seizures both in rodents and humans. It has been generally accepted 

that seizures induced by cocaine and local anesthetics are related to the inhibition of central 

inhibitory nervous systems such as GABAergic and other inhibitory neurons due to their 

blockade of Na+ current , thereby stimulating excitatory neuronal activity [6]. 

Although changes in susceptibility to seizures induced by cocaine and local anesthetics have 

been related to altered brain monoaminergic functions, they are not always uniform [6]. The 

norepinephrine (NE) system does not appear to modulate the proconvulsant effect of cocaine 

[14, 19] or is anticonvulsant to cocaine [17] but it dose enhance synthetic local 

anesthetic-induced convulsions [37]. Cocaine-induced convulsions are controlled positively and 

negatively by dopamine (DA) D1 and D2 receptor stimulation, respectively [30], while the 

involvement of dopaminergic activity is minor in lidocaine-induced convulsions [2, 37]. 

It has been suggested that the manipulation of serotonergic activity significantly modifies 

cocaine-induced seizures. Co-administration of cocaine with fenfluramine racemer, which 

increases synaptic serotonin (5-HT) levels, increased the occurrence and decreased the time of 

onset in status epileptics, without affecting lethality [26]. In addition, the occurrence and 

severity of cocaine-induced convulsions were increased by the selective serotonin reuptake 

inhibitor (SSRI) fluoxetine [20, 24]. Other SSRIs such as citalopram, paroxetine and tricyclic 

antidepressant imipramine also facilitated cocaine-induced convulsions [20]. On the contrary, 

5-HT2 receptor antagonists antagonized cocaine-induced convulsions [21, 24, 26]. An increase 

in brain content of 5-HT also intensified convulsions by local anesthetics, and a decrease in 
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brain 5-HT content increased the threshold [1, 4, 5]. These results are consistent with the idea 

that an increase in serotonergic neuronal activity facilitates convulsive activity of both cocaine 

and local anesthetics. 

Cocaine is known to inhibit monoamine neurotransmitter transporters, including 5-HT 

transporters (SERT). Therefore, the accumulation of 5-HT in the synapse due to the inhibition of 

SERT by cocaine could be involved in the increase in serotonergic neuronal activity. However, 

it could be also possible that cocaine indirectly activates the neurons through cocaine-induced 

inhibition of Na+ current of inhibitory neurons innervating to 5-HT neurons.  

While synthetic local anesthetics are generally believed to lack the effect on monoamine 

transporters, certain local anesthetics have been shown to have cocaine-like reinforcing effects 

in animals [9, 15, 35, 36]. We and others have recently demonstrated that some synthetic local 

anesthetics such as procaine and meprylcaine do inhibit monoamine transporters (MAT) in rat 

brain synaptosomes [36], in COS cells transfected with MAT cDNAs [25] and in SH-SY5Y 

human neuroblastoma cells [16], while lidocaine displays no inhibitory action [25, 34].  

Using local anesthetics as convulsants, all of which have different effects on MAT, 

including cocaine which is a potent inhibitor of MAT, meprylcaine with a relatively potent 

inhibitory effect on MAT and lidocaine, and a typical local anesthetic that does not inhibit MAT 

[25], the present study further examined the role of 5-HT on seizure development; 1) the 

intrinsic role of the inhibition of SERT in the development of seizures was examined by 

comparing the effects of SSRIs which may substitute some pharmacological properties of 

cocaine and the agonists and antagonists for 5-HT receptors on convulsions induced by cocaine, 

meprylcaine and lidocaine, 2) receptor subtypes of 5-HT involved in the development of 

 5 



convulsions induced by these local anesthetics were analyzed using specific agonists and 

antagonists for 5-HT receptor subtypes. 

 

2. Materials and methods 

 

2.1. Animals 

 

Male ICR mice 6 ~ 7 weeks old (25 ~ 35 g) were used. All procedures and handling of 

animals were performed according to the guideline “Guiding Principles for the Care and Use of 

Laboratory Animals” approved by The Japanese Pharmacological Society as well as the 

guideline of Hiroshima University.  

 

2.2. Treatments with drugs  

 

The full chemical names and the supplier were as follows: BW723C86 

[1-[5-(2-thienylmethoxy)-1H-3-indolyl]propan-2-amine hydrochloride; Tocris Cookson, Bristol, 

UK], cocaine hydrochloride (Takeda Pharmaceutical Co. Ltd., Osaka Japan), R(-)-DOI 

[(R)-(-)-1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane hydrochloride; Sigma-Aldrich, St. 

Louis, MO], MK212 [6-chloro-2-(1-piperazinyl)pyrazine hydrochloride; Tocris Cookson], SB 

204741 [N-(1-methyl-5-indolyl)-N’-(3-methyl-5-isothiazolyl) urea; Tocris Cookson], ketanserin 

tartrate [3-[2-[4-(4-fluorobenzyl)-1-piperidinyl]-2,4[1H,3H]-quinazolinedione tartrate; Tocris 

Cookson], mCPP [1-(3-chlorophenyl)piperazine hydrochloride; Tocris Cookson], LY-53,857 
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[6-methyl-1-(1-methylethyl)-ergoline-8β-carboxylic acid 2-hydroxy-1-methylpropyl ester 

maleate; Sigma-RBI], MDL 11,939 [α-phenyl-1-(2-phenylethyl)-4-piperidinemethanol; Tocris 

Cookson], RS 102221 [8-[5-(2,4-dimethoxy-5-(4-trifluoromethylphenylsulphonamido)phenyl- 

5-oxopentyl)-1,3,8-triazaspiro[4,5]decane-2,4-dione hydrochloride; Tocris Cookson]. 

SB 204741 was dissolved in DMSO and diluted as required in saline (final concentration of 

DMSO was less than 1 %). Other drugs were dissolved in saline. The doses of drugs were 

chosen based upon their functional selectivity at a particular 5-HT2 receptor the affinity profile 

for each of the 5-HT2 receptor ligands [18]. 

 

2.3. Seizures 

 

Mice were intraperitoneally injected with convulsants and placed individually in plastic 

cages for observation of seizure activity. Seizures induced by drugs were characterized by ataxia, 

short loss of the righting reflex and clonic and tonic convulsions. The percent age of animals 

that exhibited convulsions in each treatment group was determined in the 15 min following the 

injection of convulsants. The convulsions were scored as, 1= weak, intermittent chronic 

convulsion; 2= typical clonic convulsion lasting more than 1 min; 3= clonic and tonic 

convulsion with increased locomotor activity or jumping. Thirty minutes after the injection 

of SSIR, 5-HT2 receptor agonists, antagonists or an equal volume of saline, the mice 

were challenged with lidocaine, meprylcaine or cocaine. Percent incidence of the 

appearance of convulsions was determined from the proportion of the number of mice having 

intermittent chronic convulsions (score 1) to the number of mice used. To determine the 
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threshold for lidocaine-, meprylcaine-, and cocaine-induced convulsions, the occurrence of 

clonic convulsion (score 1) was measured by infusing lidocaine solution (4.0 mg/ml), 

meprylcaine solution (2.0 mg/ml), or cocaine solution (2.0 mg/ml) into a tail vein at a rate of 

0.21 ml/min via a 24 gauge butterfly needle attached to a syringe pump and the dosage 

administered was calculated per body weight. Preparation of drug solution, intraperitoneal 

injection or intravenous infusion of the drug into mice and the observation of behavior were 

performed by different persons with blind.  

 

2.3. Statistical analysis 

 

One-side Fisher’s exact probability test was applied for the frequency of the seizures. 

Dunnett’s multiple range test and Welch test were used to calculate the differences in seizure 

severity and seizure threshold, respectively. 

 

2.5. Measurement of plasma lidocaine concentrations 

 

Blood was obtained by cardiopuncture, mixed with 6 mM EGTA and centrifuged at 2500 

rpm for 10 min, and 0.5 ml of plasma was used for solid phase extraction. C18 cartridges (360 

mg/cartridge) were preconditioned by 6 ml of acetonitrile, followed by 6 ml of water. 25 μl of 

working standard solution containing 500 ng of phenacemide, an internal standard (I.S.), was 

added to 0.5 ml of plasma, which was then diluted to 2 ml with HPLC water. The sample was 

transferred onto the preconditioned C18 cartridge. A low vacuum was used to maintain the 
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extraction speed at ~ 0.5 ml/min. After loading the samples, the cartridge was washed four times, 

each time with 1.5 ml of washing solution consisting of acetonitrile-pH 9.0 of phosphate buffer 

(10:90 v/v). The washing speed was also adjusted to ~ 0.5 ml/min. At the end of washing, a high 

vacuum was applied so as to remove the remaining solvent. The washed cartridge was eluted 

with 2.5 ml of acetonitrile-pH 4.0 phosphate buffer (40:60 v/v) at ~ 0.5 ml/min. At the end of 

elution, high vacuum was again applied to recover all the eluting solution. After the vortex, 50 

μl of the effluent was injected onto the column for quantitation.  

Chromatographic conditions 

The mobile phase was acetonitrile-pH 5.9 phosphate buffer (0.05 M) (20:80 v/v), which 

was degassed prior to use and delivered at a flow rate of 1.0 ml/min. The mobile phase was 

prepared from LC-grade solvents. The UV detection was carried out at 210 nm. 

Chromatography was carried out using a conventional HPLC system consisting of a PU-980 

intelligent HPLC pump (Jasco, Tokyo Japan), an autosampler fitted with 100-μl sample loop 

(AS-950-10 intelligent sampler, Jasco), a reversed phase analytical column (Silica rod column, 

C18, Chromolith perfomance RP-18, 100 x 4.6 mm, MERCK), UV-970 intelligent UV/VIS 

detector (Jasco), an integrator (Jasco/JMBS HSS-900, Jasco), and a data processor (BORWIN, 

Jasco).  

 

3. RESULTS 

 

3.1 Effect of SSRIs on convulsions induced by lidocaine and cocaine  

Pretreatments of zimelidine, citalopram, and fluoxetine at 3 ~ 20 mg/kg dose-dependently 
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increased the incidence of convulsions induced by 40 mg/kg of lidocaine and decreased the 

threshold of the convulsions (Table 1). The severity of lidocaine convulsions as evaluated by an 

increase in score of the convulsions was increased by SSRI (scores of convulsions induced by 

lidocaine, lidocaine + zimelidine 20 mg/kg and lidocaine + citalopram 10 mg/kg were 1.0, 2.8 ± 

0.3 and 2.4 ± 0.3, respectively). Zimelidine and citalopram at 20 mg/kg did not affect on the 

incidence of meprylcaine- and cocaine-induced convulsions and did not reduce their threshold at 

10 and 20 mg/kg. Score of cocaine convulsions was not affect by citalopram (scores of 

convulsions induced by cocaine and cocaine + citalopram 10 mg/kg were 2.4 ± 0.3 and 2.9 ± 0.1, 

respectively). 

 

3.2. Effect of 5-HT2 receptor agonists on convulsions induced by lidocaine and cocaine  

 

5-HT2A, 2C receptor agonists, R(-)-DOI at 0.1 mg/kg significantly increased the incidence of 

convulsions induced by lidocaine and reduced the threshold of the convulsions at 0.03, 0.1 and 

1 mg/kg (Table 2). 5-HT2B receptor agonist, BW723C86 had no influence on the incidence and 

the threshold of lidocaine convulsions at 2 and 5 mg/kg and significantly reduced the threshold 

at 5 mg/kg. 5-HT2C receptor agonist, mCPP and MK212 at 1 and 10 mg/kg increased the 

incidence. mCPP at 1 ~ 10 mg/kg and MK212 at 0.1 ~ 10 mg/kg produced a profound reduction 

of the threshold of lidocaine convulsions. The effects were dose-dependent and the threshold 

was reduced to 66.4 % and 35.2 % of the control by mCPP and MK212 at 10 mg/kg, 

respectively. Score of lidocaine convulsions was increased by mCPP and MK212 (scores of 

convulsions induced by lidocaine, lidocaine + mCPP 10 mg/kg and lidocaine + MK212 10 

 10 



mg/kg were 1.0, 3.0 and 3.0, respectively). Threshold of meprylcaine-induced convulsions was 

reduced significantly by R(-)-DOI at 0.1 mg/kg, mCPP at 10 mg/kg and MK212 at 10 mg/kg. 

mCPP at 1 and 10 mg/kg and MK212 at 10 mg/kg significantly reduced threshold of 

cocaine-induced convulsions. The extent of the reduction by these agonists in threshold of 

convulsions induced by meprylcaine and cocaine was much less than that of lidocaine. None of 

the agonists had influence on incidence of meprylcaine- and cocaine-induced convulsions. 

 

3.3 Effect of 5-HT2 receptor antagonists on convulsions induced by cocaine, meprylcaine, and 

lidocaine 

 

Incidence of cocaine-induced convulsions was significantly reduced by 5-HT2A,2B,2C 

antagonist, LY-53857 at 5 mg/kg and 5-HT2C antagonist, RS 102221 at 2 mg/kg (Table 3). The 

threshold of convulsions induced by cocaine was dose-dependently increased by LY-53857 and 

RS 102221 at 1 ~ 5 mg/kg. 5-HT2A antagonists MDL 11,939 and ketanserin except at 3 mg/kg 

and 5-HT2B antagonist SB204741 had no influence on the parameters of cocaine convulsions. 

Incidence of meprylcaine-induced convulsions was also significantly reduced by LY-53857 at 5 

mg/kg and RS 102221 at 2 mg/kg and the threshold was increased by both agents. Ketanserin, 

except at 3 mg/kg, MDL 11,939 and SB204741 had no influence on the parameters of 

meprylcaine convulsions. None of LY-53857, RS 102221, MDL 11,939, ketanserin and 

SB204741 at any dose examined altered the incidence or threshold of lidocaine-induced 

convulsions, while enhancement by citalopram of parameters of convulsion activity of lidocaine 

was antagonized by RS 102221.  
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3.4. Effect of SSRI treatment on blood levels of lidocaine 

 

Effects of the treatment with citaroplam and fluoxetine on plasma concentration of lidocaine 

was investigated (Fig. 1). The onset time of convulsions after injection of 40 mg/kg was 4.02 ± 

0.35 min in the absence of citalopram. Times were 3.53 ± 0.30 min and 1.82 ± 0.24 min in the 

presence of 10 and 20 mg/kg of citalopram, respectively. A similar onset time was observed 

with fluoxetine. Thus, the plasma concentration immediately before or during convulsions (3 

min or 5 min after injection of lidocaine) was determined. Pretreatment with 10 and 20 mg/kg of 

citalopram had no effect on the concentration of plasma lidocaine after injection of lidocaine at 

3 min. With pre-treatment of fluoxetine at 10 and 20 mg/kg, plasma concentration of lidocaine 

was 189 % and 360 % higher than the control at 3 and 5 min, respectively, after the injection of 

lidocaine. 

  

4. Discussion 

 

Local anesthetics activate limbic discharge, which is most pronounced in the amygdaloid 

nuclear complex [28, 31, 32], though they inhibit nerve conductance primarily by blocking Na+ 

channels. It is recognized that these seizures are due to selective suppression of inhibitory 

neurons such as γ-aminobutyric acid (GABA) in vivo because the firing rate of GABAergic 

neurons is high and local anesthetics-induced inhibition of nerve conductance tend to be 

frequency-dependent [3, 12, 13, 29]. Therefore, GABA mimetic drugs such as benzodiazepins, 
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barbiturates, GABAA receptor agonists and inhibitors of GABA transaminase [7] effectively 

block local-anesthetic-induced seizures. However, cocaine-induced seizures tend to be resistant 

to standard anticonvulsant therapies, including benzodiazepines, barbiturates, and phenytoin [7, 

10, 33]. Convulsions induced by cocaine and synthetic local anesthetics also display different 

features. Certain symptoms of cocaine-induced seizures, including high locomotor activity, 

jumping and tonic-convulsion were not observed in lidocaine-induced seizures. Some 

pharmacological effects of cocaine are due to the inhibition of monoamine re-uptake. 

Convulsions induced by lidocaine together with SSRIs or 5-HT2 receptor agonists displayed 

these three symptoms, as reflected in the increased score of lidocaine convulsions. Therefore, 

the increase of serotonergic activity not only increases the incidence of local 

anesthetics-induced convulsions, but also intensifies the symptoms. However, fluoxetine has an 

inhibitory action on various cytochrome p450 isoenzymes [11]. Therefore, fluoxetine could 

affects the metabolism of lidocaine. This is shown by an increase in plasma concentration of 

lidocaine in combination with fluoxetine in the present study. Fluoxetine-treated rats had higher 

brain levels of cocaine [8]. Citalopram has marginal inhibitory effect on CYP2D6 [27], but did 

not affect on brain cocaine level [8] or plasma lidocaine level at the present study. There is no 

evidence of drug interaction of zimelidine. Thus, the results of fluoxetine should be undervalued. 

The threshold of convulsions induced by cocaine and meprylcaine which have inhibitory action on 

SERT was reduced only slightly by 5-HT2 agonists and was hardly affected by SSRI while these 

agents produced a marked increase in incidence and a profound reduction of the threshold of 

convulsions induced by lidocaine which has no inhibitory action on SERT. The evidence suggests 

that the serotonergic neuronal activity was stimulated by cocaine or meprylcaine themselves and 
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thus 5-HT2 agonists and SSRI had a weak effect on cocaine- and meprylcaine-induced convulsions 

or rare at all. The increase in serotonergic activity could be resulted from the inhibition of SERT 

by cocaine and meprylcaine and/or from the inhibition of inhibitory interneuronal input to 

serotonergic neurons by their blocking action of Na+ channels. However, the latter possibility 

seems not probable, because convulsions induced by lidocaine were not blocked by 5-HT2 

antagonists while convulsions induced by cocaine and meprylcaine were antagonized by 5-HT2 

antagonists nevertheless all of three compounds have common feature of potent inhibitor of Na+ 

channels. Therefore, it is suggested that the activation of serotonergic neurons by cocaine or 

meprylcaine is due to direct inhibition of SERT on the serotonergic neurons. 

Moreover, the density of 5-HT receptors mediates sensitivity to the convulsant effect of 

cocaine across different strains of mice: cinanserin, a 5-HT2 antagonist, more potently attenuates 

cocaine-induced convulsions in C57BL/6J (6J) mice, exhibiting a lower density of 5-HT2 

receptors in the amygdaloid ridge, hypothalamus and midbrain relative to C57BL/6ByJ(6ByJ) 

mice [22]. 5-HT2c agonists, mCPP, MK212, and the SSRI fluoxetine more strongly potentiated 

cocaine-induced convulsions in 6ByJ mice than in 6J mice [23]. The present results show that 

mCPP and MK212 increased the convulsive activity of lidocaine, and at lesser extent. of 

meprylcaine and cocaine. 5-HT2A,2C agonist, R(-)-DOI also increased the convulsive activity of 

lidocaine and little affected on convulsive activity of meprylcaine and cocaine. Futhermore, 

relatively specific antagonists for 5-HT2 receptor subtypes, 5-HT2A,2B,2c antagonist, LY-53,857, 

and 5-HT2c antagonist, RS 102221, reduced the incidence of cocaine- and meprylcaine-induced 

convulsions and increased the threshold. 5-HT2B agonist, BW723C86 and 5-HT2A antagonists, 

ketanserin and MDL 11,939, or 5-HT2B antagonist, SB204741 had no or little influence on the 
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convulsive activity of all of convulsants. These results are consistent with the conclusion that 

5-HT2C sites, appear to be sites involved in cocaine- and meprylcaine-induced convulsions [24]. 

Effectiveness of 5-HT receptor antagonists in blocking cocaine- and meprylcaine-convulsions is 

also suggested. 

In summary, the present study suggested that the increase in serotonergic neuronal activity 

had profound potentiation of local anesthetics-induced convulsion as shown with marked 

facilitation of lidocaine-induced convulsions by SSRI and 5-HT2C agonists. Serotonergic 

neuronal activity was stimulated by cocaine and meprylcaine but not by lidocaine through the 

inhibition of SERT and this mechanism is involved in the convulsion activity of cocaine and 

meprylcaine. Comparing the effects of specific agonists and antagonists for 5-HT receptors on 

convulsions induced by lidocaine, meprylcaine and cocaine, stimulation of post synaptic 5-HT2C 

contributes to intense convulsions of cocaine and meprylcaine. 

 

Acknowdegements 

 

The authors wish to thank Dr. T. Stauning, H. Lundbeck A/S (Copenhagen, Denmark), for 

kindly supplying the citalopram. This work was supported in part by Grants-in Aid from the 

Japanese Ministry of Education, Science, Sports and Culture. 

 15 



References 

 

[1] W.T. Abed, Alterations of lidocaine and pentylenetetrazol-induced convulsions by 

manipulation of brain monoamines, Pharmacol. Toxicol. 75 (1994) 162 – 165. 

[2] S. Arai, K. Morita, S. Kitayama, K. Kumagai, M. Kumagai, K. Kihara, T. Dohi, Chronic 

inhibition of the norepinephrine transporter in the brain participates in seizure sensitization to 

cocaine and local anesthetics, Brain Res. 964 (2003) 83 – 90. 

[3] R.H. De Jong, R. Robles, R.W. Corbin, Central actions of lidocaine--synaptic transmission, 

Anesthesiology 30 (1969) 19 – 23. 

[4] L.F. deOliveira, J.E. Heabner, R.H. De Jong, 5-Hydroxytryptophan intensifies local 

anesthetic-induced convulsions, Arch. Int. Pharmacodyn. Ther. 1974, 207, 333 –339.  

[5] L.F. deOliveira, A.D. Bretas, Effects of 5-hydroxytryptophan, iproniazid and 

p-chlorophenylalanine on lidocaine seizure threshold of mice, Eur J. Pharmacol. 29 (1974) 5 – 

9. 

[6] T. Dohi, S. Kitayama, K. Morita, T. Sato, S. Arai, K. Kumagai, W. Hashimoto, K. Kihira, 

Inhibition of monoamine neurotransmitter transporters and central nervous system stimulation 

induced by synthetic local anesthetics and cocaine: a comparative review, Curr. Med. 

Chem.-Central Nervous System Agents 2 (2002) 295 – 315. 

[7] T. Dohi, S. Kitayama, K. Morita, Inhibition of monoamine neurotransmitter transporters and 

central nervous system stimulation induced by synthetic local anesthetics and cocaine: a 

comparative review - Update, Curr. Med. Chem.-Central Nervous System Agents 5 (2005) 89 

– 100. 

 16 



[8] P.J. Fletcher, J. Sinyard, M. Salsali, G.B. Baker, Fluoxetine, but not sertraline or 

citalopram, potentiates the locomotor stimulant effect of cocaine: possible 

pharmacokinetic effects, Psychopharmacology (Berl) 174 (2004) 406 – 413.  

[9] R.D. Ford, R.L. Balster, Reinforcing properties of intravenous procaine in rhesus monkeys, 

Pharmacol. Biochem. Behav. 6 (1977) 289 – 296. 

[10] M. Gasior, R.B. Carter, S.R. Goldberg, J.M. Witkin, Anticonvulsant and behavioral effects 

of neuroactive steroids alone and in conjunction with diazepam, J. Pharmacol. Exp. Ther, 

282 (1997) 543 – 553. 

[11] C. Hiemke, S. Härtter, Pharmacokinetics of selective serotonin reuptake inhibitors, 

Pharmacol. Ther. 85 (2000) 11 – 28. 

[12] M. Ikeda, T. Dohi, A. Tsujimoto, Protection from local anesthetic-induced convulsions by 

γ-aminobutyric acid, Anesthesiology 56 (1982) 365 – 368. 

[13] M. Ikeda, T. Dohi, A. Tsujimoto, Inhibition of γ-aminobutyric acid release from synaptosomes 

by local anesthetics, Anesthesiology 58 (1983) 495 – 499. 

[14] H.C. Jackson, D.M. Ball, D.J. Nutt, Noradrenergic mechanisms appear not to be involved in 

cocaine-induced seizures and lethality, Life Sci. 47 (1990) 353 – 359. 

[15] C.E. Johanson, The reinforcing properties of procaine, chloroprocaine and proparacaine in 

rhesus monkeys, Psychopharmacology (Berl) 67 (1980) 189 – 194.  

[16] P.I. Joyce, R. Atcheson, R.J. Marcus, A.M. Heffernan, D.J. Rowbotham, D.G. Lambert, 

Interaction of local anaesthetic agents with the endogenous norepinephrine transporter in 

SH-SY5Y human neuroblastoma cells, Neurosci. Lett. 305 (2001) 161 – 164. 

[17] R.W. Kaminski, T.S. Shippenberg, J.M. Witkin, B.A. Rocha, Genetic deletion of the 

 17 



norepinephrine transporter decreases vulnerability to seizures, Neurosci Lett. 382 

(2005) 51 – 55. 

[18] A.R. Knight, A. Misra, K. Quirk, K. Benwell, D. Revell, G. Kennett,M. Bickerdike, 

Pharmacological characterization of the agonist radioligand binding site of 5-HT2A, 5-HT2B 

and 5-HT2C receptors, Naunyn-Schmiedeberg’s Arch. Pharmacol. 370 (2004) 114 – 123. 

[19] S.T. Mason, M.E. Corcoran, Catecholamines and convulsions, Brain Res. 170 (1979) 497 – 

507. 

[20] L.E. O'Dell, F.R. George, M.C. Ritz, Antidepressant drugs appear to enhance cocaine-induced 

toxicity, Exp. Clin. Psychopharmacol. 8 (2000) 133 – 141. 

[21] L.E. O'Dell, M.J. Kreifeldt, F.R. George, M.C. Ritz, The role of serotonin2 receptors in 

mediating cocaine-induced convulsions, Pharmacol. Biochem. Behav. 65 (2000) 677 – 681. 

[22] L.E. O'Dell, R. Li, F.R. George, M.C. Ritz, Molecular serotonergic mechanisms appear to 

mediate genetic sensitivity to cocaine-induced convulsions, Brain Res. 863 (2000) 213 – 224. 

[23] L.E. O'Dell, M.J. Kreifeldt, F.R. George, M.C. Ritz, Serotonin2C receptors appear to mediate 

genetic sensitivity to cocaine-induced convulsions, Psychopharmacology (Berl) 146 (1999) 

313 – 319. 

[24] M.C. Ritz, F.R. George, Cocaine-induced convulsions: pharmacological antagonism at 

serotonergic, muscarinic and sigma receptors, Psychopharmacology (Berl) 129 (1997) 299 – 

310. 

[25] T. Sato, S. Kitayama, C. Mitsuhata, T. Ikeda, K. Morita, T. Dohi, Selective inhibition of 

monoamine neurotransmitter transporters by synthetic local anesthetics, 

Naunyn-Schmiedeberg’s Arch. Pharmacol. 361 (2000) 214 – 220. 

 18 



[26] M.D. Schechter, S.M. Meehan, Serotonergic mediation of cocaine seizures in mice, Pharmacol. 

Biochem. Behav. 51 (1995) 313 – 316. 

[27] E. Spina, M. G. Scordo, C. D’Arrigo, Metabolic drug interactions with new 

psychotropic agents. Fundam. Clin. Pharmacol. 17 (2003) 517 – 538.  

[28] J.S. Stripling, Origin of cocaine- and lidocaine-induced spindle activity within the olfactory 

forebrain of the rat, Electroenceph. Clin. Neurophysiol. 53 (1982) 208 – 219. 

[29] K. Tanaka, M. Yamasaki, Blocking of cortical inhibitory synapses by intravenous lidocaine, 

Nature 209 (1966) 207 – 208. 

[30] I. Ushijima, T. Kobayashi, M. Suetsugi, K. Watanabe, M. Yamada, K. Yamaguchi, 

Cocaine: evidence for NMDA-, β-carboline- and dopaminergic-mediated seizures in 

mice, Brain Res. 797 (1998) 347 – 350. 

[31] I.H. Wagman, R.H. De Jong, D.A. Prince, Effects of lidocaine on the central nervous system, 

Anesthesiology 28 (1967) 155 – 172. 

[32] I.H. Wagman, R.H. De Jong, D.A. Prince, Effects of lidocaine on spontaneous cortical and 

subcortical electrical activity. Production of seizure discharges, Arch. Neurol. 18 (1968) 277 – 

290. 

[33] J.M. Witkin, F.C. Tortella, Modulators of N-methyl-D-aspartate protect against diazepam- 

or phenobarbital-resistant cocaine convulsions, Life Sci, 48 (1991) 51 – 56. 

[34] J.J. Woodward, D.M. Compton, R.L. Balster, B.R. Martin, In vitro and in vivo effects of 

cocaine and selected local anesthetics on the dopamine transporter, Eur. J. Pharmacol. 277 

(1995) 7 – 13. 

[35] W.L. Woolverton, R.L. Balster, Reinforcing properties of some local anesthetics in rhesus 

 19 



monkeys, Pharmacol. Biochem. Behav. 11 (1979) 669 – 672. 

[36] W.L. Woolverton, R.L. Balster, Behavioral pharmacology of local anesthetics: reinforcing and 

discriminative stimulus effects, Pharmacol. Biochem. Behav. 16 (1982) 491 – 500. 

[37] Y. Yoshimura, T. Dohi, S. Tanaka, K. Takada, A. Tsujimoto, Changes in convulsion 

susceptibility of lidocaine by alteration of brain catecholaminergic functions, Jpn. J.  

Pharmacol. 56 (1991) 85 – 91. 

 

 

 20 



Figure legend 

 

Fig.1. Effects of citalopram and fluoxatine on plasma concentration of lidocaine in mice. 

Lidocaine at 40 mg/kg was injected intraperitoneally 30 min after the injection of citalopram, 

fluoxetine or saline. Blood sample was taken by cardiopuncture in vials containing EGTA at 3 

and 5 min after the injection of lidocaine, and was serum separated and kept at –80°C for 

lidocaine assay. *Significantly different from control, p<0.001, n=4-16. 
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Table 1. Effects of selective serotonin uptake inhibitors on seizure activity induced by lidocaine, 
meprylcaine and cocaine in mice 

Addition mg/kg  % Incidence N1  Thresholda)  
(mg/kg i.v.) 

N2

Lidocaine (40 mg/kg i.p.)-induced convulsion   
Saline   6.7 15 25.12 ± 0.33 13 
Zimelidine 3 (i.p.)   22.65 ± 0.74** 10 
 10 (i.p.)  50.0*  10 19.90 ± 0.71*** 10 
 20 (i.p.)  60.0**  10 18.75 ± 0.56*** 10 
Saline   10.0 20 25.06 ± 0.69 16 
Citalopram 3 (i.p.)  33.3 12 18.64 ± 0.61*** 10 
 10 (i.p.)  66.7*** 15 13.92 ± 0.59*** 11 
 20 (i.p.)  93.3*** 15 12.61 ± 0.77*** 10 
Saline   10.5 19 25.61 ± 0.47 10 
Fluoxetine 5 (s.c.)  30.0 10 19.63 ± 0.52*** 10 
 10 (s.c.)  80.0*** 10 15.96 ± 0.53*** 10 
 20 (s.c.)  88.9***  9   

Meprylcaine (85 mg/kg i.p.)-induced convulsion   
Saline   40.0 10 12.05 ± 0.78  7 
Zimelidine 10 (i.p.)    12.64 ± 0.54  7 
 20 (i.p.)  50.0 10 11.78 ± 0.59  7 
Citalopram 10 (i.p.)    11.64 ± 0.70  7 
 20 (i.p.)  70.0 10 11.48 ± 0.55  7 

Cocaine (50 mg/kg i.p.)-induced convulsion   
Saline   53.3 15 12.55 ± 0.27 15 
Zimelidine 10 (i.p.)    12.88 ± 0.23  7 
 20 (i.p.)  50.0  12.79 ± 0.74  7 
Citalopram 10 (i.p.)  70.0 10 12.94 ± 0.28 10 
 20 (i.p.)  75.0 12 12.60 ± 0.25 10 

One-sided Fisher’s exact probability test was used for seizure susceptibility: *p<0.05,  
** p<0.01, *** p<0.001 vs. saline. a)Data are expressed as the mean ± S.E.M. of the 
threshold for lidocaine- or cocaine-induced convulsions in mice. The Welch test was used 
for the convulsion threshold, ** p<0.01, *** p<0.001 vs. saline. N1, number of mice used; 
N2, number of mice used. 
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Table 2. Effects of 5-HT2 receptor agonists on seizure activities of lidocaine, 
meprylcaine and cocaine in mice 

Pretreatments 
(mg/kg i.p.) 

 % Incidence N1 Convulsive 
threshold a)

(mg/kg i.v.) 
N2

Lidocaine (40 mg/kg i.p.)-induced convulsion   
Saline   13.3 15 25.13 ± 0.37 14 
R(-)-DOI (0.01)    23.91 ± 1.21 8 
 (0.03)    20.51 ± 0.83*** 8 
 (0.1)  80.0** 10 15.07 ± 0.93*** 8 
Saline   13.3 15 25.12 + 0.33 13 
BW723C86 (2)  14.3 7 24.00 ± 0.55 10 
 (5)  16.7 12 23.89 ± 0.24* 7 
Saline   6.7 15 24.61 ± 0.35 17 
mCPP (1)  50.0* 12 19.66 ± 0.64*** 10 
 (3)    17.41 ± 0.77*** 10 
 (10)  100.0*** 25 16.33 ± 0.27*** 15 
Saline   6.7 15 23.92 ± 0.41 15 
MK212 (0.1)    19.44 ± 0.49*** 10 
 (1)  58.3** 12 14.66 ± 0.46*** 10 
 (10)  100.0*** 10 8.66 ± 0.49*** 8 

Meprylcaine (85 mg/kg i.p.)-induced convulsion   
Saline   40.0 10 13.18 ± 0.54 10 
R(-)-DOI (0.03)    11.84 ± 0.62 7 
 (0.1)  60.0 10 9.68 ± 0.21*** 7 
BW723C86 (5)  30.0 10 14.14 ± 0.31 7 
mCPP (1)    13.50 ± 0.87 7 
 (10)  50.0 10 11.76 ± 0.34* 7 
MK212 (1)    13.31 ± 0.61 7 
 (10)  60.0 10 11.27 ± 0.25** 7 

Cocaine (50 mg/kg i.p.)-induced convulsion   
Saline   60.0 10 12.12 ± 0.39 10 
R-(-)-DOI (0.03)    13.32 ± 0.58 7 
 (0.1)  60.0 10 12.16 ± 0.20 8 
BW723C86 (5)  50.0 10 11.49 ± 0.14 7 
Saline   53.3 15 12.71 ± 0.19 20 
mCPP (1)    10.40 ± 0.41*** 10 
 (10)  50.0 12 11.64 ± 0.23** 10 
MK212 (1)    12.79 ± 0.22 10 
 (10)  66.7 12 11.42 ± 0.23*** 10 

One-sided Fisher’s exact probability test was used for seizure susceptibility: * p<0.05, ** 
p<0.01, *** p<0.001 vs. saline. a)Data are expressed as the mean ± S.E.M. of the 
threshold for lidocaine- or cocaine-induced convulsions in mice. The Welch test was used 
for the convulsion threshold, * p<0.05, ** p<0.01, *** p<0.001 vs. saline. N1, number of 
mice used; N2, number of mice used.
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Table 3. Effects of 5-HT2 receptor antagonists on seizure activities of cocaine, meprylcaine and 
lidocaine in mice 

Convulsants 
(mg/kg i.p.) 

Pretreatments 
(mg/kg i.p.) 

% Incidence N1  Thresholda)

(mg/kg i.v.) 
N2

Cocaine (50)       
 Saline  80.0 15  12.37 ± 0.30 14
 LY-53,857  (0.1)    12.15 ± 0.77 7
  (1)    14.68 ± 0.33*** 7
  (5) 25.0** 16  19.53 ± 0.38*** 13
 Saline  73.3 15  12.41 ± 0.25 14
 RS 102221  (0.3)    13.56 ± 0.65 7
  (1)    14.90 ± 0.60** 7
  (2) 23.5** 17  19.63 ± 0.60*** 13
  (5)    16.98 ± 0.26*** 8
 Saline  53.3 15  12.50 ± 0.21 15
 MDL 11,939  (0.5)    13.54 ± 0.63 7
  (2) 50.0 12  12.42 ± 0.42 10
  (5)    12.96 ± 0.40 7
  (10)    13.27 ± 0.43 7
 Ketanserin  (0.3)    13.43 ± 0.58 7
  (1) 66.7 12  12.38 ± 0.37 10
  (3) 50.0 10  15.03 ± 0.44*** 8
 SB204741  (0.3)    12.53 ± 0.41 7
  (2) 58.3 12  12.58 ± 0.27 10
  (5)    12.21 ± 0.67 7
Meprylcaine (90)      
 Saline  73.3  15  13.15 ± 0.34 13
 LY-53,857 (5) 10.0** 10  20.82 ± 0.41*** 13
 RS 102221  (2) 20.0* 10  19.43 ± 0.40*** 13
 Saline  70.0 10  12.16 ± 0.37 10
 MDL 11,939  (2) 50.0 10  12.50 ± 0.37 7
 Ketanserin  (3) 60.0 10  13.90 ± 0.56* 7
 SB204741 (2) 70.0 10  12.38 ± 0.77 7
Lidocaine (60)      
 Saline  86.7  15  23.00 ± 0.36 18
 LY-53,857 (5) 100.0  10  23.36 ± 0.52 13
 RS 102221  (2) 90.0 10  22.37 ± 0.58 13
 Saline  80.0 10  23.51 ± 0.48 18
 Ketanserin  (3) 80.0 10  23.46 ± 0.61 10
 SB204741 (2) 80.0 10  22.75 ± 0.52 10
 Saline  80.0 10  24.63 ± 0.69 10
 MDL 11,939  (2) 90.0 10  24.88 ± 0.71 8
Lidocaine (40)      
 Saline  6.7  15  25.06 ± 0.69 16
 Citalopram  (10) 66.7*** 15  13.92 ± 0.59*** 11
 Citalopram  

+ RS 102221  
(10) 
(2) 

10.0##  10  21.01 ± 0.38### 13

One-sided Fisher’s exact probability test was used for seizure susceptibility: * p<0.05, 
** p<0.01, *** p<0.001 vs. saline; ## p<0.01 vs citalopram. a)Data are expressed as 
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the mean ± S.E.M. of the threshold for cocaine-, meprylcaine- or lidocaine- induced 
convulsions in mice.  The Welch test was used for the convulsion threshold, * 
p<0.05, ** p<0.01, *** p<0.001 vs. saline; ### p<0.001 vs. citalopram. N1, number of 
mice used; N2, number of mice used.  
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