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Abstract 

Previous studies proposed the involvement of the N-methyl-D-aspartate (NMDA) type of 
glutamate receptors in the development of sensitization to the convulsive effect of cocaine 
(cocaine kindling). The present study was undertaken to determine, first, if cocaine kindling is 
associated with enhanced sensitivity of the NMDA receptor to the convulsive response of 
N-methyl-D,i,-aspartate (NMDLA), and second, whether in vivo modulation of nitric oxide syn- 
thase (NOS) function regulates the development of cocaine kindling. The following results 
were observed: 

1. Cocaine-kindled animals were significantly more susceptible to the convulsive effect of the 
NMDA receptor agonist NMDLA than saline controls; 

2. Pretreatment with the NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME; 100 mg/kg; 
ip) blocked the development of cocaine kindling; 

3. The protective effect of L-NAME was partially reversed with the coadministration of the 
NOS substrate, L-arginine (300 mg/kg; ip), but not D-arginine; and 

4. L-Arginine (300 mg/kg; ip), but not D-arginine, amplified the development of cocaine kin- 
dling. Taken together, these findings suggest that supersensitivity of the NMDA receptor 
and activation of NOS may underlie the development of cocaine kindling. 

Index Entries: Cocaine; convulsions; sensitization, NMDA receptor; nitric oxide (NO). 

Introduction 

Kindl ing  is c o n s i d e r e d  as a p rogress ive  
bui ldup of cellular discharge culminat ing in 
full-fledged seizures in response to intermit- 
t en t  l o w - i n t e n s i t y  e l ec t r i ca l  or c h e m i c a l  

s t i m u l a t i o n  of l imbic  b r a in  si tes (Racine ,  
1978). Repeated intermittent  administrat ion of 
cocaine results in behavioral sensitization (e.g., 
increase in locomotor activity and stereotypy) 
and amplified seizure susceptibility, def ined as 
cocaine k indl ing (Post, 1977; Shuster  et al., 
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1977; Post et al., 1988; Johanson and Fischman, 
1989). The augmenta t ion  in clonic convulsions 
following repeated administrat ion of cocaine 
has been compared to the phenomenon  of kin- 
d l ing  because  of their  similar e lectrophysi-  
ological characteristics and temporal  pat tern 
(Post, 1977; Stripling and Ellinwood, 1977; Post 
et al., 1988). Cocaine kindling in animal models 
may relate to kindling induced epilepsy (Dhuna 
et al., 1991), repeated seizure activity (Alldredge 
et al., 1989), and panic disorders (Louie et al., 
1989) in humans  abusing the drug. 

The involvement of the N-methyl-D-aspartate 
(NMDA) type of glutamate receptors in elec- 
trical-induced kindling (for review, see Mody, 
1993) and cocaine kindl ing (Karler et al., 1989; 
I tzhak and Stein, 1992) had been proposed. 
Studies from our laboratory demonstrated that 
cocaine kindl ing may be associated with the 
upregu la t ion  of cortical N M D A  receptors,  a 
phenomenon that is blocked by the noncompeti- 
tive NMDA receptor  antagonis t  dizoci lpine 
(MK-801) (Itzhak and Stein, 1992). In addition, 
evidence suggests a role of NMDA and non- 
NMDA glutamate receptors, as well as dopa-  
mine  receptors,  in the induct ion  of behavioral 
sensi t izat ion to cocaine (Karler et al., 1989, 
1994; Karler and Calder, 1992). 

NMDA receptor-mediated neurotoxicity is 
thought  to be associated with overproduct ion 
of nitric oxide (NO), produced by activation of 
brain nitric oxide synthase (NOS), which con- 
verts L-arginine to L-citrulline (Garthwaite et 
al., 1988; Bredt and Snyder, 1989; Garthwaite, 
1991; Snyder, 1992). NO may serve as a retro- 
grade messenger  affecting the release of vari- 
ous  n e u r o t r a n s m i t t e r ( s )  f rom p r e s y n a p t i c  
terminals via increase in cGMP (Gally et al., 
1991). Recently, we demonstra ted  that cocaine- 
induced kindling and mortali ty are blocked by 
p r e t r e a t m e n t  wi th  NOS inhibi tors ,  such as 
NG-nitro-c-arginine methyl  ester (L-NAME) 
and NG-nitro-c-arginine (Itzhak, 1993, 1994). 
These findings suggest a role for N M D A / N O S  
systems in the deve lopmen t  of cocaine kin- 
dling. In the present  study, we invest igated 
first if cocaine  k ind l ing  is associa ted  wi th  
enhanced sensitivity of the NMDA receptor to 

the convulsive response of N-methyl-D,17aspar- 
tate (NMDLA), and second, whe the r  in vivo 
m o d u l a t i o n  of NOS func t ion  by  I~-NAME 
and L-arginine regulates the deve lopment  of 
cocaine kindling. 

Materials and Methods 

Materials 

Cocaine-HCl, NMDLA, and L- and D-argin- 
ine were  pu rchased  f rom Sigma (St. Louis,  
MO). L-NAME was purchased from Research 
Biochemical Incorporated (Natick, MA). 

Schedule of Drug Treatment 

Male Swiss-Webster mice (28-31 g; Charles 
River, Willmington, MA) were maintained on a 
12-h l ight /dark lighting schedule and h o u n d  in 
groups  of five wi th  free access to food and  
water. Drug solutions were  freshly prepared  
daily in saline. Animals were d iv ided  into sev- 
eral groups,  each con ta in ing  10 mice. Each 
group received one of the following treatments 
by intraperitoneal (ip) injection: 

1. Saline (0.1 mL/10 g); 
2. Saline 30 rain before cocaine (40 mg/kg); 
3. L-NAME (100 mg/kg) 60 min before cocaine; 
4. L-arginine (300 mg/kg) and L-NAME in one 

solution 60 min before cocaine; 
5. D-arginine (300 mg/kg) and L-NAME in one 

solution 60 min before cocaine; 
6. L-arginine and cocaine in one solution; and 
7. D-arginine and cocaine in one solution. 

All d rug  adminis t ra t ions  were  pe r fo rmed  
once a day between 11:00 AM and 1:00 PM, for 7 
d. The effect of acute  ip a d m i n i s t r a t i o n  of 
NMDLA was de termined  in naive, saline-, and 
cocaine-treated animals. No significant differ- 
ence between naive and saline-treated animals  
in the response to NMDLA was observed. 

Assessment of Convulsions 

The convulsive response to the drug  treat- 
ments  was  assessed as previous ly  descr ibed 
(Itzhak and Stein, 1992). Briefly, immedia te ly  
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after the d r u g  t reatment ,  animals  were  exam- 
ined  by an observer  unaware  of the d rug  treat- 
m e n t  for a 60-min per iod  as either posit ive or 
negat ive  for the clear demons t r a t ion  of tonic- 
clonic mo to r  convuls ions .  These were  mani-  
fested by clonus of the forelimbs and hindl imbs,  
and  f lexion of the head  or ent ire  body. The 
results are p resen ted  as percent  of animals  that 
were  m a r k e d  as posi t ive  in such experiments .  

Statistical Analysis 

Each d r u g  t r e a tmen t  was  p e r f o r m e d  in a 
g roup  of ten mice, and  each exper iment  was 
repea ted  three times. Data presen ted  are the 
m e a n  + SEM of three exper iments .  Analysis  of 
the  d i f f e r e nces  a m o n g  m u l t i p l e  t r e a t m e n t  
g roups  consis ted  of analysis  of variance fol- 
lowed  by post hoc compar i sons  (Dunnet t ' s  test 
for control  and d rug  group  compar i sons  and 
Newma nn-Keu l s  test for compar i son  be tween  
d r u g  g roups ) .  S ign i f i can t  d i f fe rences  we re  
def ined  at p < 0.05. 

Results 

Effect of NMDLA in Saline- 
and Cocaine-Pretreated Animals 
Admin i s t r a t i on  of 200 m g / k g  NMDLA to 

s a l i ne - t r ea t ed  a n i m a l s  r e s u l t e d  in r u n n i n g  
behavior  in 60-80% of the animals  and tonic- 
clonic convuls ions  in only 10% of the animals.  
The convuls ive  effect of NMDLA was elevated 
to 90-100% w h e n  the  dose  of N M D L A  was  
increased to 400 m g / k g .  The d o s e - r e s p o n s e  
effect of NMDLA  is described in Fig. 1. At the 
h ighes t  dose  tested,  400 m g / k g ,  convuls ions  
were  accompan ied  wi th  mortali ty:  60 + 5% of 
the animals  died wi th in  20-25 min  of the d rug  
admin is t ra t ion .  To de t e rmine  if cocaine-pre-  
t rea ted  an ima l s  are more  suscept ib le  to the 
c o n v u l s i v e  effect of NMDLA,  the ED10 (200 
m g / k g )  was  adminis te red  to animals  that  were 
pre t rea ted  for 7 d wi th  cocaine (40 m g / k g ) .  As 
descr ibed  in Fig. 2, this schedule  of cocaine 
a d m i n i s t r a t i o n  r e s u l t e d  in a p r o g r e s s i v e  
increase  in convulsions.  NMDLA (200 m g / k g ;  
ip) was  g iven 24 h after cocaine adminis t ra t ion  
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Fig. 1. Augmentation of NMDLA convulsive effect 
in cocaine-pretreated animals. Swiss Webster mice 
were pretreated for 7 d with either saline or cocaine 
(40 mg/kg; ip). Twenty-four hours after the drug 
administration was stopped, the convulsive response 
to three different doses of NMDLA given ip was 
assessed in saline-pretreated animals, and compared 
to the effect of a single dose of 200 mg/kg given ip to 
cocaine-pretreated animals. Results represent the 
mean + SEM of three experiments. Up < 0.05 for the 
comparison between the effect of 200 mg/kg given 
to saline- and cocaine-pretreated animals. 

was s topped .  The results  p resen ted  in Fig. 1 
indicate a m a r k e d  increase in the convuls ive  
response to NMDLA in cocaine-pret reated ani- 
mals, as compared  to control. Tonic-clonic con- 
vuls ions  deve loped  in 60 + 10% of the animals  
that were pretreated wi th  cocaine, as c o m p a r e d  
to 10 + 5% in sal ine controls.  Moreover ,  the 
dose of 200 m g / k g  N M D L A  resul ted in mor-  
tality in 40% of animals  that  were  p re t rea ted  
wi th  cocaine, bu t  this dose  was  no t  lethal in 
sal ine-pretreated animals.  

Effect of L-Arginine and L-NAME 
on the Development of Cocaine Kindling 

Daily adminis t ra t ion  of cocaine (40 m g / k g )  
resulted in a progressive increase in the convul-  
sive response to cocaine (Fig. 2). Similar results  
were  obta ined wi th  the dai ly admin i s t ra t ion  of 
45 m g / k g  cocaine, except  that  the latter sched- 
ule also p r o d u c e d  a u g m e n t a t i o n  in le thal i ty  
rate (I tzhak and  Stein, 1992). The da i ly  pre-  
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Fig. 2. Modulat ion of cocaine-induced con- 
vulsions by L-NAME, L-arginine, and combinations 
of drug treatments. Swiss Webster mice were 
administered ip for 7 d with either cocaine (40 mg/kg) 
or one of the drug combinations as described in 
Materials and Methods. The convulsive response to 
the various treatments was assessed daily for a 60-min 
period following the drug administration. Results 
represent the mean of three experiments. SEM was 
< 5%. *p < 0.05. 

treatment with L-NAME blocked the devel- 
opment of cocaine kindling (Fig. 2). The pro- 
tec t ive  effect of L-NAME was par t ia l ly  
reversed when L-arginine (300 mg/kg),  but not 
D-arginine, was administered along with L- 
NAME (Fig. 2). These findings suggest that 
the blockade of NOS by L-NAME and its 
protective effect are stere�9 The finding 
that L-arginine was no longer effective in 
reversing the protective effect of L-NAME 
after the sixth day (Fig. 2) suggests  that 
repeated administration of a relatively high 

dose of L-NAME (100 mg/kg)  may cause irre- 
versible inhibition of NOS. 

The daily coadministration of L-arginine 
(300 mg/kg)  with cocaine resulted in a signifi- 
cant increase in the convulsive response to 
cocaine following the third day of drug admin- 
istration. This phenomenon did not occur with 
the coadministration of D-arginine (300 mg/kg)  
and cocaine (Fig. 2). Acute administration of L- 
arginine (100-1000 mg/kg;  ip) to naive animals 
did not elicit any convulsive response. At a 
dose above 500 mg/kg,  only a slight hyperac- 
tivity was observed. 

D i s c u s s i o n  

Several studies proposed that sensitization 
to the behavioral and convulsive responses of 
cocaine is associated with activation of gluta- 
matergic neurotransmission (Karler et al., 
1989, 1994; Karler and Calder, 1992). Based on 
in vitro radioligand binding experiments, we 
proposed that in the process of cocaine kin- 
dling, such activation may be the result of the 
upregulat ion of cortical NMDA receptors 
(Itzhak and Stein, 1992). Result from the 
present study support the notion that cocaine 
kindling is associated with upregulation of 
NMDA receptors, because cocaine-kindled 
animals were significantly more susceptible to 
the convulsive effect of NMDLA than control 
animals. Thus, both in vitro receptor binding 
assays and the present in vivo experiments 
suggest that repeated exposure to cocaine that 
causes the development of kindling is associ- 
ated with supersensitivity of the NMDA recep- 
tors. Further studies are necessary, however, to 
determine whether  supersensit ivi ty of the 
NMDA receptors is indeed the cause for cocaine 
kindling or a result of seizure activity. 

We have previously repor ted that NOS 
inhibitors are capable of blocking the develop- 
ment of cocaine kindling, suggesting that NOS 
is also involved in the process of increased 
seizure susceptibility to cocaine (Itzhak, 1993, 
1994). In the present study, the finding that L- 
arginine, but not D-arginine, reversed partially 
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the protective effect of L-NAME further sup- 
ports this concept. L-Arginine, however,  failed 
to reverse the protective effect of L-NAME fol- 
lowing the sixth day of coadministrat ion of the 
NOS subs t ra te  and  inhibi tor .  This f ind ing  
implies that prolonged treatment with a high 
dose of L-NAME (100 mg /kg )  may inhibit NOS 
in an irreversible manner.  Thus, it appears that 
once NOS is inhibited, cocaine kindling is no 
longer  apparent .  These results  suggest  that 
NOS inhibi tors  m a y  suppress  not  only the 
i nduc t ion  of cocaine k indl ing ,  but  also the 
expression of kindled seizures. 

A l t h o u g h  L-arginine h a d  no convu l s ive  
effect in naive animals, this agent amplified the 
development of convulsions following the third 
day of its coadministration with cocaine (Fig. 2). 
These f indings ,  first, sugges t  that  the pro- 
convulsant  effect of L-arginine depends on the 
development of enhanced sensitivity of the NMDA 
receptor and, second, argue for the invo lvement  
of bra in  NOS in the d e v e l o p m e n t  of cocaine 
k ind l ing .  These  f ind ings  are in accord with 
a p r e v i o u s  s t u d y  d e m o n s t r a t i n g  tha t  icv 
administrat ion of L-arginine did not evoke sei- 
zure  activity,  bu t  w h e n  a d m i n i s t e r e d  wi th  
NMDA (icv), L-arginine markedly  lowered the 
seizure threshold of NMDA, a p h e n o m e n o n  
that was blocked by NOS inhibitors (Mollace 
et al., 1991). These observations, and the present 
s tudy ,  s u p p o r t  the  c o n c e p t  tha t  the pro-  
convulsant  effect of L-arginine is contingent to 
the s t imula t ion  ~)f the N M D A  receptor  and 
involves the activation of brain NOS. 

The hypothesis that NO is involved in cocaine 
kindling is further supported by several studies 
that proposed a role for NO in epileptogenic 
activity. First, NOS inhibitors and methylene 
blue, which  prevents activation of soluble gua- 
nylate cyclase by NO, abolish NMDA-evoked 
seizures from the deep prepir iform cortex (De 
Sarro et al., 1991). Second, seizures produced 
by exposure to LiC1 and tacrine is associated 
with  increase in brain NOS activity (Bagetta et 
al., 1993). Third,  admin i s t r a t ion  of the NO 
donor, S-nitroso-N-acetylpenicillamine (SNAP), 
to rats p roduced  dose-dependent  convulsions 
similar to those associated with  limbic stimu- 

lation that were  blocked by me thy lene  blue 
(Gross et al., 1994). St imulat ion of brain NOS 
is not always dependent  on the activation of 
the NMDA receptor, and other neurotransmit-  
ter systems may  also modula te  NOS activity 
(e.g., Bagetta et al., 1993). The f indings that  
N M D A  recep to r s  are a c t i v a t e d  f o l l o w i n g  
repeated administrat ion of cocaine and that the 
proconvulsant  effect of L-arginine emerges in 
this process suggest that NOS activity is mod-  
ulated via st imulation of the NMDA receptor 
in the process of cocaine kindling. Because NO 
is considered as a retrograde messenger that may 
modula te  the release of various n e u r o t r a n s -  
mit ters  (Gally et al., 1991; Zhu and Luo, 1992; 
Lona r t  et al., 1993; Montague et al., 1994), it 
is feasible tha t  N M D A - m e d i a t e d  increase in 
NO produc t ion  fol lowing admin is t ra t ion  of 
cocaine contributes to the process of sensitization. 
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