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O'NEILL, S. K. AND G. T. BOLGER. Anticonvulsant activity of MK-801 and nimodipine alone and in combination against 
pentylenetetraz.ol and strychnine. PHARMACOL BIOCHEM BEHAV 32(3) 595-600, 1989.--The effects of the N-methyl- 
D-aspartate receptor antagonist MK-801 and the dihydropyridine calcium channel antagonist nimodipine were assessed for their 
anticonvulsant activity alone and in combination against clonic convulsions to pentylenetetrazole (PTZ) and strychnine (STR) in mice. 
Nimodipine (2-20 mg/kg) and MK-801 (0.1 and 0.5 mg/kg) did not affect the number of mice displaying clonic convulsions to PTZ. 
However, nimodipine in a dose-dependent manner increased (100%) the latency to clonic convulsions and lethality (mortality from 
tonic extension convulsions and respiratory failure) following PTZ. In contrast, MK-801 did not increase the latency to PTZ 
convulsions, but prevented the lethal effects of PTZ. When combined, MK-801 and nimodipine produced a significant reduction in 
the number of animals (40-60%) displaying PTZ convulsions and a greater increase in the latency to PTZ convulsions than did 
nimodipine alone. In contrast, MK-801 decreased the onset time, and increased the severity of STR convulsions. A combination of 
MK-801 and nimodipine which afforded significant protection against PTZ convulsions did not afI?ct STR convulsions. These findings 
suggest that MK-801 and nimodipine, while possessing significant anticonvulsant activity on their own, produce a potent 
anticonvulsant synergism against PTZ but not STR. 

Anticonvulsant Nimodipine Calcium antagonist MK-801 NMDA receptor antagonist 

ANTAGONISTS of the N-methyl-D-aspartate NMDA) receptor 
subclass of excitatory amino acid receptors have been widely 
investigated for their activity as anticonvulsants, since the activa- 
tion of the NMDA receptor and the cation channel associated with 
it have been implicated in mediating seizure activity in the central 
nervous system (CNS) (7), Although an exact mechanism remains 
to be determined, NMDA receptor activation likely mediates 
seizure activity by increasing neuronal calcium conductance (7-91: 
calcium playing a pivotal role in seizure etiology (22-24). NMDA 
receptor antagonists investigated for their anticonvulsant activity 
include the competitive inhibitors D-amino-5-phosphonovaleric 
acid, 2-amino-2-phosphonoheptanoic acid and its corresponding 
rigid analogue, 3-(2-carboxypiperazin-4-yl)propyl- 1 -phosphonic 
acid (CPP) and the noncompetitive antagonists MK-801, phencyc- 
lidine and phencyclidine-like drugs (6-9, 19, 20, 30, 32, 35). 
While competitive NMDA receptor antagonists act directly to 
block the access of aspartate and/or glutamate to the NMDA 
receptor (6-8, 19, 20, 30,321, the noncompetitive antagonists act 
by binding to the NMDA receptor gated calcium channel (7, 13, 

35). When administered intracerebroventricularly, the competitive 
NMDA antagonists prevented NMDA-induced convulsions (9), 
threshold pentylenetetrazole (PTZ) convulsions in SWR mice 
(13), audiogenic convulsions in DBA/2 mice (6,13) and barbital 
withdrawal-induced convulsions in rats (29). Either intracerebro- 
ventricular or parentral administration of the noncompetitive 
NMDA receptor antagonists MK-801 and phencyclidine has been 
shown to provide protection against convulsions (7, 13, 36). 
Furthermore, selective anticonvulsant effects have been observed. 
Phencyclidine protected against tonic but not clonic convulsions to 
PTZ and was only slightly effective in suppression of STR- 
induced convulsions (131. 

Dihydropyridine calcium channel antagonists have also been 
found to possess anticonvulsant activity. The majority of these 
studies have focused on nimodipine, in light of its greater ability 
to cross the blood-brain barrier in comparison to other dihydropyr- 
idines (2, 3, 161, Nimodipine, while ineffective against elec- 
troshock (141, afforded substantial protection against seizures 
mediated by PTZ, bicuculline, ischaemia, picrotoxin and sound 
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(DBA/2 mice) (15, 22-24). Furthermore, dihydropyridine cal- 
cium antagonists protected against convulsions following cocaine 
administration (31), phencyclidine intoxication (4), and with- 
drawal from morphine in opiate-dependent animals (3). Although 
it is clear that nimodipine has anticonvulsant properties, the doses 
at which it is effective in this regard range from 40-60 mg/kg when 
administered intraperitoneally or subcutaneously (10, 14, 15). 

Several studies have indicated that high affinity dihydropyri- 
dine binding sites in the CNS (which may mediate the anticonvul- 
sant effects of nimodipine) are not altered following chemical and 
electrically-evoked convulsions (2,34). Because of their ability to 
block calcium channels and the apparent inability of dihydropyri- 
dine binding sites to be affected by the convulsive state of the 
CNS, it has been theorized that drugs active at these sites or a site 
that they modulate may potentially be useful anticonvulsants 
(22-24). Recently, it was observed that within the nucleus tractus 
solitari complex of the rat, NMDA receptor-mediated deglutative 
responses were blocked by dihydropyridine calcium channel 
antagonists (12). This observation suggested that dihydropyridine 
calcium channel antagonists may modulate the NMDA receptor- 
activated calcium channel. Thus, we have explored the possibility 
that NMDA receptor blockers and nimodipine might be synergistic 
in their anticonvulsant activity. In light of their ability to cross the 
blood-brain barrier (3, 7, 28), we chose to study the anticonvulsant 
effects of MK-801 and nimodipine alone and in combination 
against PTZ- and STR-induced convulsions. 

METHOD 

Animals 

For all experiments, male mice (CD-1, weighing 25-33 grams, 
Canadian Breeding Farms, St. Constant, Quebec) were used. They 
were housed four per cage under a 12/12 hr light/dark cycle and 
allowed free access to food and water. 

Observation of Convulsions 

For studying the convulsant actions of either PTZ or STR, five 
mice were placed in individual cages (clear acrylic plastic, 
29 x 18 x 12 cm) and allowed to acclimate to their surroundings. 
They were then administered saline or drug(s) (at the times and 
doses described in the table and figure legends) for a 30-rain 
period. Subsequently, they were administered either PTZ or STR 
and scored for the appearance of convulsions. The onset time (sec) 
for convulsions represents the time between injection of convul- 
sant to the development of clonic convulsions severe enough to 
result in posture loss. For PTZ the monitoring time for convulsions 
was set at 10 min, while for STR the monitoring time for 
convulsions was 15 min. Mortality represents death following full 
tonic-extension convulsions and respiratory failure. The severity 
and duration of clonic convulsions was scored objectively. All 
drugs were injected intraperitoneally in a total volume not exceed- 
ing 0.2 ml. For more than one drug injection, the drugs were 
injected on opposite sides of the abdomen. 

Drugs 

Pentylenetetrazole and strychnine were obtained from the 
Sigma Chemical Co., St. Louis, MO; nimodipine was provided by 
Dr. A. Scriabine, Miles Laboratories. West Haven, CT; verapamil 
was obtained from Knoll AG, West Germany; diltiazem was 
obtained from Marion Laboratories, Kansas City, MO. MK-801 
[ (+)-  5- methyl- 10, 11 -dihydro-5H-dibenzo[a,dcyclohepten-5,10 
imine maleate] was provided by Drs, P. S. Anderson and W. L. 
Heckler, Merck Sharp and Dohme, Rahway, NJ. STR, PTZ and 

TABLE 1 

CONVULSANT EFFECTS OF PTZ IN DRUG-TREATED MICE 

Onset Time (sec) 
for Clonic %-Con- %-Mor- 

Drug(s) Convulsions vulsing tality N 

PTZ 85 mg/kg 71 ± 3 88 23 60 
The following drugs 

were injected 30 
rain prior to PTZ 
85 mg/kg. 

MK-801 0.1 mg/kg 77 -+ 5 73 13 15 
MK-801 0.5 mg/kg 89 -+ 16 I00 0~: 15 
Nimodipine 2 mg/kg 66 -+ 8 100 N.D. 15 
Nimodipine 6 mg/kg 78 ± 4 87 535 15 
Nimodipine 10 mg/kg 139 _+ 22* 83 N.D. 30 
Nimodipine 20 mg/kg 125 ± 15" 71 435 35 
Verapamil 10 mg/kg 77 ± 16 87 13 15 
Diltiazem 10 mg/kg 57 ± 8 80 27 15 
MK-801 0.1 mg/kg 150 -+ 25*+ 63~ 0~: 19 

+ nimodipine 6 mg/kg 
MK-801 0.1 mg/kg 120 ± 15" 535 05 15 

+ nimodipine 10 mg/kg 
MK-801 0.5 mg/kg 156 -+ 58*+ 40~+ 0.- + 15 

+ nimodipine 2 mg/kg 
MK-801 0.5 mg/kg 143 _+ 38*? 40~ 0{ 15 

+ nimodipine 6 mg/kg 
MK-801 0.5 mg/kg 222 -+ 47* 605 0~ + 25 

+ nimodipine 10 mg/kg 
MK-801 0.5 mg/kg 176 ± 31" 475 0$ 15 

+ nimodipine 20 mg/kg 

The animals were scored for the appearance of clonic convulsions that 
were severe enough to result in posture loss over 10 min. The data for onset 
time are presented as the mean ± S.E.M. of (N) animals. %-Convulsing 
and %-mortality represent the fraction of animals (N) displaying clonic 
convulsions and dying (see the Method section) respectively. Significantly 
different: *from PTZ alone, p<0.05, Student's t-test; +from the corre- 
sponding dose of nimodipine, p<0.005, Student's t-test; Sfrom PTZ alone, 
p<0.05, chi-squared test with I degree of freedom. N.D. means not 
determined. 

MK-801 were dissolved in isotonic saline. Nimodipine was first 
dissolved in one volmne of diluted Emulphor and subsequently 
nine volumes of saline. Diluted Emulphor is 50% Emulphor (EL 
620, GAF Corporation, M ississauga, Ontario), 50% ethanol (w/w), 
Drug solutions were prepared fresh daily and protected from light. 

Statistics 

The significance of differences between groups of data were 
analyzed using either a Student's t-test or a chi-squared test with 
one degree of freedom. 

RESULTS 

Effects of  Drugs on PTZ Convulsions 

Consistent with previous observations (6), PTZ at a dose of 85 
mg/kg produced severe clonic convulsions in 88% of the mice 
injected, with a mean onset time of 77 ± 3 sec and 23% mortality 
(Table 1, Fig. 1). Clonic convulsive activity lasted 9 ±  1 sec 
(n = 8) and was followed by a postictal period of decreased motor 
activity and subsequently, further convulsive activity. In some 
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FIG. 1. Effects of nimodipine on the development of clonic convulsions to 
PTZ. Nimodipine at doses of 2, 6, 10, and 20 mg/kg was administered 30 
rain prior to the administration of PTZ, 85 mg/kg. Each data point 
represents the fraction of animals having clonic convulsions severe enough 
to result in posture loss at the times indicated. The total measurement 
period was 10 min. Table 1 contains the number of mice tested at each 
dose. 

cases this further convulsive activity led to full extension tonic 
convulsions resulting in death. However, in other cases, clonic 
convulsions were quickly followed by tonic extension convulsions 
and death. MK-801 at doses of 0.1 and 0.5 mg/kg did not 
significantly affect the onset time and number of mice displaying 
clonic convulsions to PTZ (Table 1). The highest dose of MK-801 
chosen for these studies was 0.5 mg/kg, since higher doses 
resulted in spontaneous convulsive behavior consisting of running 
fits and " 'popcorn"-l ike verticle motor activity (27). MK-801 (0.5 
mg/kg) produced a small increase in motor activity, ataxia and 
hyperreactivity which was not seen at 0.1 mg/kg (27). The severity 
and duration of the convulsive episode following PTZ were not 
affected by the doses of MK-801 tested. However, MK-801 (0.5 
mg/kg) did protect against mortality due to PTZ (Table 1). 

The effects of nimodipine on PTZ clonic convulsions were 
investigated in the dose range of 2-20 mg/kg, since it was of 
interest to establish whether doses of nimodipine which inhibit 
neurotransmitter release (2,21) were anticonvulsant. At doses of 
10 and 20 mg/kg, nimodipine significantly increased the onset 
time to PTZ convulsions (Fig. 1, Table 1); all doses of nimodipine 
investigated neither affecting the number of mice displaying 
convulsions to PTZ nor their duration and severity. At 6 and 20 
mg/kg nimodipine, doses that were scored for the lethal effects of 
PTZ convulsions, nimodipine significantly increased the percent 
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FIG. 2. Effects of MK-801 in combination with nimodipine on the 
development of clonic convulsions to PTZ. MK-801 at a dose of 0. l mg/kg 
was combined with nimodipine at doses of 6 and 10 mg/kg. Doses of drugs 
were administered on opposite sides of the abdomen 30 rain prior to PTZ 
85 mg/kg. The data are presented as described in the legend of Fig. 1. 

mortality to PTZ (Table 1). The nondihydropyridine calcium 
channel antagonists verapamil and diltiazem did not affect PTZ 
convulsions (Table 1). 

Several dose combinations of MK-801 and nimodipine were 
investigated for their anticonvulsant effects against PTZ (Table 1). 
Throughout the dose combinations investigated, there was a 
significant increase in the onset time to PTZ convulsions, a 
significant reduction in the number of mice displaying convulsive 
activity (Figs. 2 and 3) and a complete protection against the lethal 
effects of PTZ. Dose combinations of MK-801 (0.1 and 0.5 
mg/kg) and nimodipine (2 and 6 mg/kg) produced a significant 
increase in onset time over that produced in the presence of 
nimodipine alone (Table 1). All dose combinations of MK-801 
and nimodipine reduced the severity but not the duration of clonic 
convulsions to PTZ and increased postictal mobility. Furthermore, 
nimodipine (2-20 mg/kg) reduced the increased motor activity and 
hyperreactivity observed with MK-801 0.5 mg/kg (27). 

The effects of MK-801, nimodipine, and a combination of both 
drugs, were also evaluated on STR-induced convulsions. Consis- 
tent with previous observations (33), STR produced clonic con- 
vulsive activity in 85% of the animals with an onset of 276_+ 20 
sec and 54% mortality (Table 2). MK-801 (0.5 mg/kg) produced 
a significant decrease in the onset time to STR convulsions and an 
increase in the percent mortality which did not attain significance 
(p>0.05)  (Table 2). Nimodipine (10 mg/kg) did not affect STR 
convulsions. Combinations of MK-801 and nimodipine, at doses 
which produced a significant protection against PTZ convulsions, 
did not affect the convulsive profile of STR. However, nimodipine 
did prevent the MK-801-mediated decrease in the onset time of 
STR convulsions (Table 2). 
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FIG. 3. Effects of MK-801 in combination with nimodipine on the 
development ofclonic convulsions to PTZ. MK-801 at a dose of 0.5 mg/kg 
was combined with nimodipine at doses of 6 and 10 mg/kg. Drug 
administration and data presentation are described in the legend of Fig. 1. 

DISCUSSION 

The major observation made from this study is that doses of 
MK-801 and nimodipine that have minimal anticonvulsant activity 
against PTZ produce a potent synergistic anticonvulsive effect 
when combined. The relative lack of effect of nimodipine on PTZ 
clonic convulsions is consistent with the finding that only higher 

TABLE 2 

CONVULSANT EFFECTS OF STR IN DRUG-TREATED MICE 

Onset Time (sec) 
for CIonic %-Con- %-Mot- 

Drug(s) Convulsions vulsing tality N 

STR 1 mg/kg 276 ± 20 85 54 26 
The following drugs 

were injected 30 
min prior to STR 
I mg/kg. 

MK-801 0.5 mg/kg 156 -+- 11" 93 80 15 
Nimodipine 10 mg/kg 234 _+ 15 80 47 15 
MK-801 0.5 mg/kg 216 -+ 2+ |00 73 15 

+ Nimodipine 10 mg/kg 

The animals were scored for the appearance of clonic convulsions which 
were severe enough to result in posture loss over 15 rain. The data for onset 
time are presented -+ S.E.M, of (N) animals. %-Convulsing and %- 
mortality represent the fraction of animals (N) having clonic convulsions 
and dying (see the Method section) respectively. Significantly different, 
*from STR, p<0.05, Student's t-test: +from MK-801 0.5 mg/kg, p<0.001, 
Student's t-test. 

doses of nimodipine (40-80 mg/kg) are anticonvulsant in a number 
of convulsive models (10, 14-16). Two important interactions 
between low doses of nimodipine [which do not produce any 
behavioral changes on their own (3,16)], and PTZ were noted 
however, namely an increase in the onset time and number of 
animals displaying tonic extension convulsions and death to PTZ. 
The first of these may be related to the blockade of neuronal ' l ' -  
type (16) calcium channels. Such a mechanism has been postu- 
lated to explain the ability of low doses of nimodipine to block 
increased seizure activity recorded electroencephalographically in 
the rabbit following administration of PTZ, bicuculline and 
ischaemia (22-24). The delay in the convulsive onset time may 
also be due to the block of PTZ-mediated excitatory neurotrans- 
mitter release (i.e., glutamate and acetylcholine) by nimodipine 
(3, 25, 28). The ability of nimodipine to increase the appearance 
of tonic convulsive activity to PTZ may also be due to its ability 
to block neurotransmitter release. A number of dihydropyridine 
calcium channel antagonists (including nimodipine) have been 
reported to inhibit the release of dopamine and norepinephrine (3, 
25, 28, 36). A reduction in the availability of either one or both of 
these neurotransmitters leads to a reduction of the seizure thresh- 
old to PTZ (21,29). 

It is unlikely that the increased onset time to clonic convulsions 
mediated by nimodipine is due to its hypotensive effects (16), 
since verapamil and diltiazem, at doses which are hypotensive 
(16). had no effect on the onset time to PTZ convulsions. 
Therefore, low doses of nimodipine appear to be effective at 
delaying the onset of clonic convulsions, but increase the inci- 
dence of tonic-extension convulsions to PTZ. 

In contrast to nimodipine, MK-801 is a behaviorally active 
drug. Several studies have reported behavioral and neurochemical 
similarities between MK-801 and phencyclidine (7,18); MK-801 
being ten-fold more potent than phencyclidine behaviorally (18,27) 
and at the phencyclidine binding site (35). Prior studies have 
shown that MK-801 (0.5 mg/kg) produces increases in motor 
activity, ataxia, and hyperreactivity, while at doses between I and 
5 mg/kg, MK-801 elcited "popcorn"- l ike  vertical motor activity 
and wild running fits similar to high doses of phencyclidine (7,27). 
For these reasons, 0.1 and 0.5 mg/kg MK-801 were utilized to 
study anticonvulsant activity. Unlike nimodipine, MK-801 did not 
produce any change in the onset time to PTZ convulsions. 
However, MK-801 did protect against the lethal effects of PTZ. 
These observations are consistent with the anticonvulsant effects 
of the noncompetitive NMDA-receptor antagonist phencyclidine. 
Phencyclidine was shown to block the appearance of tonic 
convulsions but not clonic convulsions in mice (13). Thus, it 
appears that noncompetitive NMDA receptor antagonists are 
effective at blocking the tonic component of PTZ convulsions. 

The combination of MK-801 and nimodipine at various doses 
produced a marked synergistic anticonvulsant action against PTZ. 
Most interesting was the significant reduction in the number of 
animals displaying clonic convulsions to PTZ, the extent of which 
being similar throughout the dose combinations tested. Similarly, 
there was a marked synergism between MK-801 and nimodipine 
(2 and 6 mg/kg) for increasing the onset time to clonic PTZ 
convulsions. The synergistic actions of MK-801 and nimodipine 
suggest that a common pathway mediates the marked anticonvul- 
sant activity of this drug combination against PTZ. A putative 
pathway might be the NMDA-gated calcium channel. Previous 
studies have indicated that dihydropyridine calcium antagonists 
produced a specific and complete block of NMDA receptor- 
mediated deglutative responses originating in the nucleus tractus 
solitarius of the rat (12). Since the NMDA-gated calcium channel 
represents the site of action of MK-801, the interaction of 
nimodipine with this calcium channel via binding to the dihydro- 
pyridine binding site might further enhance the blockade of 
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neuronal NMDA-mediated calcium currents, resulting in a syner- 
gistic anticonvulsant effect. Alternatively, the dual blockade of 
NMDA-gated calcium channels and 'L" -type calcium channels 
located on excitatory interneurons (8,17) might be responsible for 
the synergistic anticonvulsant effect. However, given the multi- 
tude of physiologic processes mediated by calcium, the synergistic 
anticonvulsant effects of nimodipine and MK-801 may arise via 
interaction with any number of calcium-dependent processes. 

The inability of MK-801 and nimodipine to completely block 
clonic convulsions to PTZ may be due to the constraints on the 
doses of drugs that were used for this study. However, the similar 
degree of protection observed at low and high dose combinations 
of nimodipine and MK-801 strongly suggests that a portion of the 
mechanisms contributing to PTZ convulsions are mediated by the 
mechanisms previously discussed. 

Apart from an anticonvulsant synergism between MK-801 and 
nimodipine, other noteworthy effects of this drug combination on 
PTZ convulsions were observed. Firstly, MK-801 prevented the 
increased mortality from PTZ observed in the presence of 6 and 20 
mg/kg nimodipine alone. Secondly, in animals administered 
combinations of MK-801 and nimodipine, the increased motor 
activity and hyperreactivity produced by MK-801 were greatly 
reduced. Nimodipine was also found to reduce the "running fits' 
associated with higher doses of MK-801 (27). In total, these 
observations suggest that the combination of MK-801 and nimo- 
dipine can provide an anticonvulsant effect against PTZ in many 
ways superior to either agent alone. 

In contrast to the convulsions generated by PTZ, those elicited 
by the spinal cord convulsant STR were relatively resistant to 
modification by either MK-801 and nimodipine or a combination 
of the two drugs. The inability of MK-801 to block STR 

convulsions is consistent with the lack of effect of phencyclidine 
on STR convulsions (13). These findings suggest that spinal cord 
NMDA-gated and 'L'  -type calcium channels do not play a major 
role in mediating STR convulsions. An unexpected finding was 
that MK-801 decreased the onset time to STR convulsions and 
apparently increased the lethal effects of STR (Table 2). STR 
produces convulsions by antagonism of glycine receptors (11) 
which results in a disinhibition of sensory afferent information 
being conducted to the CNS and subsequently convulsions. The 
CNS excitation produced by MK-801 (27) may lead to an 
enhancement of STR convulsions despite the block of NMDA- 
gated and 'L'  -type calcium channels. 

In summary, a combination of MK-801 and nimodipine pro- 
duced a synergistic and potent anticonvulsant action compared to 
either agent alone when PTZ but not STR was used as the 
convulsant. While our findings support the idea that low doses of 
either nimodipine or MK-801 may provide a basis for the 
development of therapeutically important anticonvulsants, the 
combination of both drugs, or derivatives thereof, may provide a 
far greater clinical utility (i.e., reduction of the untoward effects of 
MK-801) against generalized seizures. Quite clearly, further 
studies are necessary on the relationship between NMDA recep- 
tors, calcium channels and the activity of NMDA receptor antag- 
onists and calcium channel blockers at these sites. 
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