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Summary. Nefopam hydrochloride is a potent non sedative benzoxazocine

analgesic that possesses a profile distinct from that of anti-inflammatory

drugs. Previous evidence suggested a central action of nefopam but the

detailed mechanism remains unclear. We have investigated the actions of

nefopam on voltage sensitive calcium channels and calcium-mediated

pathways. We found that nefopam prevented N-methyl-D-aspartate

(NMDA)-mediated excitotoxicity following stimulation of L-type voltage

sensitive calcium channels by the specific agonist BayK8644. Nefopam

protection was concentration-dependent. 47�M nefopam provided 50%

protection while full neuroprotection was achieved at 100�M nefopam.

Neuroprotection was associated with a 73% reduction in the BayK8644-

induced increase in intracellular calcium concentration. Nefopam also

inhibited intracellular cGMP formation following BayK8644 in a concen-

tration-dependent manner, 100�M nefopam providing full inhibition of

cGMP synthesis and 58�M allowing 50% cGMP formation. Nefopam

reduced NMDA receptor-mediated cGMP formation resulting from the

release of glutamate following activation of channels by BayK8644. Fi-

nally, we also showed that nefopam effectively reduced cGMP formation

following stimulation of cultures with domoic acid, while not providing

neuroprotection against domoic acid. Thus, the novel action of nefopam

we report here may be important both for its central analgesic effects and

for its potential therapeutic use in neurological and neuropsychiatric dis-

orders involving an excessive glutamate release.

Keywords: Nefopam – Voltage sensitive calcium channels – Excitotoxi-

city – cGMP – Cultured cerebellar neurons

Classification Items: THEME C: Excitable membranes and synaptic

transmission. TOPIC: Calcium channels

1 Introduction

Nefopam hydrochloride is a potent analgesic compound

commercialized in most of Western Europe for over 20 years.

Nefopam possesses a profile distinct from that of opioids

or anti-inflammatory drugs. It does not cause tolerance,

withdrawal reactions or physical dependence, and the po-

tential for its abuse is very low (Heel et al., 1980; Villier

and Mallaret, 2002). Furthermore, nefopam does not pro-

duce respiratory depression even in the post-operative period

(Gasser and Bellville, 1975; Gerbershagen and Schaffner,

1979). Clinical studies have demonstrated nefopam to be

very effective in the prevention of postoperative shivering

in patients after general anesthesia (Rosa et al., 1995) with-

out affecting the recovery time between the end of anesthesia

and extubation (Piper et al., 1999). Furthermore, nefopam

has recently been used to separate the modulation of vaso-

constriction from shivering (Alfonsi et al., 2004). Unpleasant

adverse effects consistent with a central mode of action of the

drug have also been reported during therapeutic use and in-

clude dizziness, headache, nausea, vomiting and sweating.

Although these side effects are usually minor and not very

long lasting, they can probably explain the limited develop-

ment of nefopam for post-operative use in the last years.

The analgesic properties of nefopam are now being re-

investigated. This drug has been recently demonstrated

to induce a rapid and strong depression of the nocicep-

tive flexion (RIII) reflex in humans (Guirimand et al.,

1999), probably through a central mechanism of action

(Hunskaar et al., 1987; Fasmer et al., 1987). However, the

detailed mechanisms underlying the pharmacological

actions of nefopam remain unclear. Evidence exists sug-

gesting a possible action of nefopam on the neurotransmis-

sion mediated by glutamate. Nefopam is a benzoxazocine

and is considered as a cyclic analogue of orphenadrine and



diphenhydramine, drugs originally synthesized as central

myorelaxants which exert unspecific antagonistic activity

at the phencyclidine binding site of NMDA receptors

(Kornhuber et al., 1995). Furthermore, nefopam shows

pre-emptive analgesic effects in a model of neuropathy

(chronic constriction injury of the sciatic nerve) (Biella

et al., 2003) which involves the activation of NMDA recep-

tors. However, we have recently shown that in primary

cultures of cerebellar neurons nefopam selectively prevents

excitotoxicity that follows the activation of voltage sensi-

tive sodium channels (VSSCs) but not the direct application

of exogenous glutamate (Fernández-Sánchez et al., 2001).

Consistently, we observed that nefopam does not possess a

pharmacologically relevant affinity for NMDA receptors

(Fernández-Sánchez et al., 2002). Furthermore, the finding

that nefopam blocks VSSCs (Fernández-Sánchez et al.,

2001) is consistent with the therapeutic properties of this

drug, and suggest that other voltage sensitive ion channels

may also be the target of nefopam action. Calcium influx

plays a crucial role in transducing neuronal depolarization

into activities controlled by excitation in various cellular

processes, including glutamate release and excitotoxicity.

In this study we specifically tested the action of nefopam on

calcium influx, cGMP formation, and NMDA receptor-

dependent neurotoxicity induced by the activation of volt-

age sensitive calcium channels (VSCC) in cultured cere-

bellar neurons. This experimental system has proved very

useful in the study of the biochemical events coupled to

excitatory aminoacid neurotransmission, and the condi-

tions controlling excitotoxicity (McCaslin and Morgan,

1987; Nicoletti et al., 1986; Novelli and Henneberry,

1987; Novelli et al., 1987; Novelli et al., 1988; Novelli

et al., 1992; Novelli et al., 1995; Lipsky et al., 2001). It

express VSCC and ionotropic NMDA glutamate receptors

coupled to the synthesis of cGMP (Novelli et al., 1987;

Fernández-Sánchez and Novelli, 1993), allowing for the

study of glutamate-mediated neurotransmission and exci-

totoxicity (Diáz-Trelles et al., 2002).

We show here that nefopam can fully prevent the occur-

rence of excitotoxicity by released endogenous excitatory

aminoacids following activation of VSCC, but lacks any

neuroprotective effect against excitotoxicity induced by

exogenous excitatory amino acids.

2 Materials and methods

2.1 Methods

Cell cultures

Primary cultures of rat cerebellar neurons were prepared as previously

described (Novelli et al., 1988, 1992). Briefly, cerebella from 8-day-old

pups were dissected, cells were dissociated and suspended in basal Eagle’s

medium with 25 mM KCl, 2 mM glutamine, 100�g=ml gentamycin and

10% fetal calf serum. Cells were seeded in poly-L-Lysine coated

(5�g=ml) 35 mm dishes at 2.5� 105 cells=cm2 and incubated at 37�C

in a 5% CO2, 95% humidity, atmosphere. Cytosine arabinoside (10�M)

was added after 20–24 h of culture to inhibit the replication of non-

neuronal cells. After 8 days in vitro, morphologically identifiable granule

cells accounted for more than 95% of the neuronal population, the remain-

ing 5% being essentially GABAergic neurons. Astrocytes did not exceed

3% of the overall number of cells in culture. Cerebellar neurons were kept

alive for more than 40 days in culture by replenishing the growth medium

with glucose every 4 days and compensating for lost amounts of water,

due to evaporation.

Neurotoxicology

Neurons were used between 14–20 days in culture. Drugs were added into

the growth medium at the indicated concentrations, and neuronal cultures

were observed for signs of early neurotoxicity at 30 min., as well as for

neuronal survival 24 h thereafter, by phase contrast microscopy. To quan-

tify neuronal survival cultures were stained with fluorescein diacetate and

ethidium bromide (Novelli et al., 1988; Fernández et al., 1991), photo-

graphs of three randomly selected culture fields were taken and live and

dead neurons were counted. Results were expressed as percentage of live

neurons Total number of neurons per dish was calculated considering the

ratio between the area of the dish and the area of the picture (�3000).

cGMP determination

Intracellular cGMP concentration was determined as previously reported

(Novelli and Henneberry, 1987). Briefly, cultures were washed with 1 ml

prewarmed (37�C) incubation buffer containing (in mM): 154 NaCl,

5.6 KCl, 5.6 glucose, 8.6 HEPES, 1 MgCl2, 2.3 CaCl2, pH 7.4. Dishes were

incubated at 37�C for 10 min. with 1 ml new incubation buffer and for an

additional 20 min. with a second 1 ml new incubation buffer in which

MgCl2 was omitted. Drugs were added at the end of the 20 min. incubation

period for the indicated times. Incubation was stopped by aspiration of the

solution and addition of 1 ml HClO4 (0.4 N). After neutralizing the per-

chlorate extract, cGMP content was determined by radioimmunoassay

(125I). Protein content was determined on the membrane pellet from the

same sample.

Confocal microscopy

For intracellular calcium determination neuronal cultures were loaded for

20–30 min. with 5�M Fluo-3-AM ester in a incubation buffer containing

(in mM): 154 NaCl, 5.6 KCl, 5.6 glucose, 8.6 HEPES, 1 MgCl2,

2.3 CaCl2, pH 7.4. At the moment of the record the dye was removed

and the indicated drugs were added. Fluo-3 emission (>515 nm) was

recorded in a Bio-Rad confocal microscope with a krypton-argon laser

excitation source (488 nm). Signals were digitized using Bio-Rad interface

and analyzed by NIH Image (version 1.61). Concentrations of intracellular

calcium ([Ca2þ]i) could be estimated as a function of Fluo-3 intensity (F)

using the calibration procedure described previously (Segal and Manor,

1992), and according to the following equation:

½Ca2þ�i ¼ KdðF � FminÞ=ðFmax � FÞ

where the dissociation constant Kd has been estimated at 400 nM for Fluo-

3 at vertebrate ionic strength (Kao et al., 1989), and the mean values

obtained for the camera signal Fmin and for the maximum fluorescence

Fmax were 6 and 230 respectively.

Data presentation and analysis

For statistical analysis a one-way or a two-way analysis of variance

(ANOVA) was used to identify overall treatment effects, followed by
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the unpaired two-tailed Student’s t-test for selective comparison of indi-

vidual data groups. Only significances relevant for the discussion of the

data are indicated in each figure.

2.2 Materials

Fluo-3 AM (F1241) was from Molecular Probes. Nefopam, veratridine, L-

glutamate, nifedipine and (þ)-10,11-dihydro-5-methyl-5H-dibenzo-[a, d]-

cyclohepten-5,10-imine hydrogen maleate (MK-801) were from Sigma.

(�)-methyl-1,4-dihydro-2,6-dimethyl-3-nitro-4-(2-trifluoromethylphenyl)-

pyridine (BayK8644) was from Research Biochemicals International.

Domoic acid was from Diagnostic Chemicals Ltd. (Charlottetown, PEI).

3 Results

Activation of VSCC by exposure of cultures to the spe-

cific L-type VSCC agonist BayK8644 (2�M) for 30 min.

resulted in neuronal swelling and darkening compared

to the control (Fig. 1A and B), and after 24 h in a signifi-

cant reduction in surviving neurons (Fig. 1C). These signs

of toxicity were similar to those elicited by exposure of

cultures to toxic concentrations of exogenous glutamate

(Novelli et al., 1988), and toxicity to BayK8644 both at

30 min. and 24 h, was completely abolished by the specific

NMDA receptor antagonist MK-801 (2�M) (Fig. 1D and

Table 1). Exposure of neurons to 100�M nefopam

15 min. before VSCC stimulation with BayK8644 com-

pletely prevented both neuronal swelling and darkening,

and neuronal death (Table 1). Nefopam protection from

toxicity by BayK8644 was concentration dependent

(Fig. 2). Thus, nefopam at 47�M resulted in a 50% protec-

tion, while full neuroprotection was achieved at 100�M

nefopam.

In order to test the possibility that nefopam may block

calcium influx via L-type VSCCs, we performed calcium

imaging experiments in which cells loaded with the fluo-

rescent dye Fluo-3 were stimulated with BayK8644, and

the cellular fluorescence intensity was visualized by con-

focal laser microscopy (see Fig. 3A, B). In these experi-

ments the specific NMDA antagonist MK-801 was always

present to avoid calcium influx via NMDA receptor chan-

nels. Neurons were maintained in a physiologic solution

containing 5 mM KCl (see Methods), and 50 mM KCl was

added together with BayK8644 to allow the action of

this agonist on VSCCs. Application of BayK8644 resulted

in a rapid and strong rise in fluorescence intensity in most

cell bodies and neurites (Fig. 3A, B). In our experimental

system, the increase in fluorescence intensity produced by

BayK8644 has previously been shown to be long lasting

Fig. 1. Phase-contrast microscopy of cerebellar cultures exposed to BayK8644. Neuronal cultures were untreated (A) or exposed to 2�M BayK8644

either in the absence (B, C) or in the presence of 2�M MK-801 (D). Cultures were observed for neurotoxicity both at 30 min and 24 h and

representative images are shown in (B) and (C) respectively. Cultures that were untreated (A) or received BayK8644 in the presence of MK801 (D)

did not change their morphology throughout the experiment. Images are from one experiment that has been repeated more than 3 times with similar

results
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(�300 sec) (Diáz-Trelles et al., 2002) due to the drug pref-

erential binding and stabilization of channel open states

(Hockerman et al., 1997). This allows for the quantifica-

tion of the effects of potential blockers of VSCCs on the

same neurons where BayK8644 increases the intracellular

Fig. 2. Concentration-dependent protection by nefopam against neuro-

degeneration induced by BayK8644. Neuronal cultures were pretreated

with the indicated concentrations of nefopam (NEF) for 15 min. before

the addition of 2�M BayK8644 (BAYK). All drugs were added to the

culture growth medium. Neuronal survival was determined 24 h later as

indicated in Methods. Data represent the mean � SD (n¼ 5–8)

Fig. 3. Effects of nefopam on intracellular calcium following specific stimulation of voltage sensitive calcium channels. Neuronal cultures were loaded for

20–30 min. with 5�M Fluo-3-AM ester and then examined under a laser confocal microscope. MK801 (2�M) was always present to avoid both calcium

influx via NMDA receptor channels and excitotoxicity. A–C Cultures were exposed to 2�M BayK8644 (BAYK) þ50 mM KCl. Nefopam (NEF, 100�M)

was added 1 min. later. Representative images were taken before (A) or 30 s after (B) the addition of BAYK and KCl, and 2 min. after the application of

NEF (C). Fluorescence intensity scale bar goes from a minimum on the bottom, to a maximum on the top. Experiments were repeated 3 times with similar

results. D Quantification of intracellular calcium concentration of the neurons shown in the upper panel (see text for details). *p<0.0001 vs. BAYK

Table 1. Nefopam prevents both early signs of neurotoxicity and later

neurodegeneration following exposure to BayK8644

Additions (�M)

None BAYK (2)� (30 min) BAYK (2)� (24 h)

None � þþþ þþ
MK-801 (2) � � �
NEF (100) � � �

Cerebellar neurons in primary culture were exposed to the indicated drugs.

Nefopam and MK-801 were added 5 min. before BayK8644. The presence

(þ) or the absence (�) of both, signs of early neurotoxicity such as

darkening and swelling of cell bodies at 30 min, and neurodegeneration

after 24 h as shown in Fig. 1B and C respectively, is indicated
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calcium concentration. Thus, the application of 100�M

nefopam during BayK8644-induced fluorescence steady-

state increase, significantly reduced fluorescence intensity

(Fig. 3C). Quantification of the fluorescence intensity in

about 12 neurons per field revealed a fluorescence increase

(mean � s.e.m.) from 57 � 8 fluorescent units (f.u.) in

unstimulated cultures to 156 � 11 f.u. following stim-

ulation with BayK8644, and this stimulated level was

significantly decreased to 104 � 8 f.u. by nefopam

(p<0.0001). By using the calibration procedure described

by Segal and Manor, 1992, the intracellular concentration

of calcium after stimulation with BayK8644 was esti-

mated to increase from 118 � 17 nM to 830 � 62 nM,

while after the addition of nefopam intracellular calcium

was estimated to be approximately 312 � 25 nM (Fig. 3D).

To investigate how neuroprotective concentrations of

nefopam would affect second messenger formation fol-

lowing the specific activation of VSCC, we determined

the effect of nefopam on the intracellular formation of

cGMP upon stimulation of VSCC. In order to properly

compare the effects of nefopam on both neuroprotection

and intracellular signaling, we determined the effect of

nefopam on cGMP formation in cultures kept in their

growth medium where the presence of 25 mM KCl guar-

anteed a trophic influx of calcium (Gallo et al., 1987;

Novelli et al., 1995; Fernández-Sánchez et al., 1996).

As shown in Fig. 4, stimulation of cultures with

BayK8644 significantly increased the intracellular con-

centration of cGMP, and such elevation could be pre-

vented by nefopam in a dose-dependent manner. Thus,

58�M nefopam reduced cGMP formation elicited by

BayK8644 by 50%, while 100�M nefopam fully pre-

vented it. Since VSCC activation by BayK8644 may

induce the release of toxicologically relevant amounts of

endogenous NMDA receptor agonists as shown in Fig. 1,

we asked whether nefopam was reducing the glutamate

receptor-mediated contribution to cGMP formation upon

stimulation of VSCC.

As shown in Fig. 5, the increase in cGMP synthesis

induced by BayK8644 was reduced by MK-801 by ap-

proximately 27%. However, nefopam (100�M) did not

reduce cGMP synthesis elicited by NMDA, while signifi-

cantly reduced cGMP synthesis elicited by the ionotropic

Non-NMDA receptor agonist domoic acid (Dingledine

Fig. 4. Nefopam inhibited in a concentration-dependent manner intracel-

lular cGMP formation following specific activation of voltage sensitive

calcium channels. Intracellular concentration of cGMP was measured in

cerebellar culture at 12–14 DIC following 1 min. stimulation with 2�M

BayK8644 (BAYK) in the growth medium, in the absence (filled square

symbol) or in the presence of the indicated concentrations of nefopam

(NEF). NEF was added 10 min. prior to BayK8644. cGMP content was

determined by radioimmunoassay. Dashed line represents intracellular

cGMP formation in unstimulated cultures. Represented values are the

mean � SD of duplicate values from three independent experiments

Fig. 5. Pharmacological characterization of cGMP

formation following stimulation of voltage sensitive

calcium channels. Intracellular cGMP formation

was measured after exposure of cultures to the in-

dicated drugs. Nefopam (NEF) and MK801 were

added 10 min. before BayK8644 (BAYK), and cul-

tures were exposed to BAYK for 1 min. Concentra-

tions were: BAYK, 2�M; MK801, 2�M; NEF,

100�M, NMDA 100�M, Domoic acid (DOM)

10�M. Represented data are the mean � SD of

duplicate values from three independent experi-

ments. *p<0.01 vs. Same treatment in the absence

of NEF
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et al., 1999). Culture exposure to AMPA did not result in

any stimulation of cGMP synthesis (data not shown). Cul-

ture exposure to nefopam alone resulted in a small but

significant reduction of cGMP basal levels.

In order to determine whether nefopam reduction of

cGMP formation induced by domoic acid was toxicologi-

cally relevant due to either, a direct antagonistic action of

nefopam at the ionotropic Non-NMDA receptors, or a

reduced formation of nitric oxide (NO) (Novelli et al.,

2004), we exposed neuronal cultures to domoic acid

(10�M), both in the presence and in the absence of either

nefopam (100�M) or nifedipine (10�M), a blocker of

L-type VSCCs (Janis et al., 1987). In order to avoid any

contribution of NMDA receptors to domoic acid toxicity,

MK-801 (2�M) was also present. As shown in Fig. 6,

domoic acid produced a significant reduction in neuronal

survival after 24 h, that was not ameliorated by the pre-

sence of either nefopam or nifedipine.

4 Discussion

We have previously demonstrated that nefopam reduced

sodium influx and protected cultured cerebellar neurons

from NMDA-receptor dependent excitotoxicity following

sodium channel activation (Fernández-Sánchez et al.,

2001). In this study we show for the first time that nefo-

pam may also reduce the neuronal response to the specific

activation of L-type VSCC, as determined by measuring

intracellular calcium concentration, cGMP synthesis and

neuronal survival. The permanent activation of VSCC by

BayK8644 has recently been shown to be capable of redu-

cing neuronal survival via an NMDA receptor-dependent

excitotoxic process involving the release of endogenous

NMDA receptor agonists (Diáz-Trelles et al., 2002). Thus,

neurotoxicity by BayK8644 is completely prevented by

the NMDA receptor antagonist MK-801, which does not

prevent the elevation of intracellular calcium concentra-

tion via VSCC (Diáz-Trelles et al., 2002, Figs. 1D and 3).

On the other hand, nefopam did not reduce NMDA

receptor-mediated excitotoxicity due to exogenous gluta-

mate exposure (Fernández-Sánchez et al., 2001), further

suggesting a role for BayK8644 activated VSCC in the

release of endogenous NMDA receptor agonists. Several

investigations using dihydropyridines have led to the

idea that L-type calcium channels make only a minor

contribution to neurotransmitter release in the brain

(Middlemiss and Spedding, 1985; Miller, 1987; Jensen

et al., 1999). However, our results presented herein con-

firm previous evidence (Fernández-Sánchez and Novelli,

1993) and show that the amount of released glutamate

due to specific activation of L-VSCC by BayK8644 is

sufficient to activate NMDA receptors and promote

NMDA receptor-dependent excitotoxicity (Fig. 1). A pos-

sible explanation for this discrepancy may be that the

significance of each VSCC type in controlling transmitter

release differs among types of neurons and synapses.

Indeed, a differential contribution of presynaptic P- and

N-type channels in neurotransmitter release has been

demonstrated in hyppocampal, cerebellar, and spinal cord

slices, respectively (Takahashi and Momiyama, 1993). As

for cerebellar granule neurons, pharmacological studies

have demonstrated that glutamate release in response to

depolarization with KCl involves calcium currents that

are sensitive to nifedipine, omega-agatoxin-IVA, and also

omega-conotoxin-MVIIC, suggesting that L, N, and P

channels act in concert in the neurotransmitter release

process (Graham and Burgoyne, 1995; Varming et al.,

1997). Although it is possible that N-and P=Q-type VSCC

could also be affected by nefopam, several observations

argue against a major contribution of VSCC other than

L-channels: 1) nefopam reduced by 73% the sustained

increase in intracellular calcium concentration due to the

specific activation of L-type VSCC by BayK864 (Fig. 3).

Because BayK8644 is applied to neurons under depolar-

izing conditions (50 mM KCl) in order to promote the

opening of VSCCs, it is likely that the 27% increase in

intracellular calcium concentration unaffected by nefopam

may be due to the contribution of all but L-type VSCCs

together with the release of calcium from intracellular

stores (Simpson et al., 1993; Berridge, 1998); 2) neither N

nor P=Q VSCC appear to be abundant in cerebellar neurons

maintained in a culture medium containing 25 mM KCl

Fig. 6. Nefopam effect on excitatory amino acid receptor-mediated neu-

rodegeneration. Cultures were exposed to 10�M domoic acid (DOM)

either in the absence or in the presence of 100�M nefopam (NEF) or

10�M nifedipine (NIF). Both NEF and NIF were added 5 min. before

DOM. All drugs were added to the growth medium. Neuronal survival

was measured after 24 h. *p<0.001 vs. untreated
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(Forti et al., 1994); 3) nefopam fully prevented excitoto-

xicity (Fig. 2), suggesting that the amount of calcium

influx that can be blocked by nefopam is necessary for

the release of endogenous excitotoxins.

Our results also demonstrate that cGMP formation fol-

lowing the specific activation of VSCCs could be effec-

tively reduced by nefopam (Figs. 3 and 4). Nefopam re-

duction of the intracellular calcium increase induced by

BayK8644 was associated with a reduction of the synth-

esis of cGMP, although it is worth noting that the decrease

in intracellular calcium (73%) was smaller than the inhi-

bition of cGMP formation (100%). The reason for this

difference is unclear. Nefopam had no inhibitory effects

on either the synthesis of cGMP in response to NMDA

(Fig. 5), or by ionomycin (data not shown). Consequently,

there is not a direct inhibitory effect of nefopam on any

component of the cGMP synthetic pathway. On the other

hand, it should be considered that the addition of 50 mM

KCl together with BayK8644 for the confocal microscopy

experiments, lead to the activation of VSCC other than L-

types that may possibly not be either physically coupled

or closely associated to the PSD-95=nitric oxide synthase

complex (Brenman et al., 1996; Choi et al., 2002; Moss

et al., 2003). Such channels would therefore contribute to

increased intracellular calcium but not cGMP concentra-

tions. Calcium released from intracellular stores following

depolarization may also be of little importance for the

synthesis of cGMP, since metabotropic glutamate receptor

stimulation has been shown not to be associated to it

(Nicoletti et al., 1986; Novelli et al., 1987).

It is worth noting that neuroprotection from BayK8644-

induced excitotoxicity was concentration dependent and

was coincident with a significant reduction in the intra-

cellular formation of cGMP (see Figs. 2 and 4). Thus,

approximately 50�M nefopam significantly reduced by

50% both BayK8644-induced excitotoxicity and cGMP

formation, and 100�M nefopam provided both full neu-

roprotection and a 100% reduction of cGMP stimulation.

While no correlation between BayK8644 neurotoxicity

and cGMP increase can be easily established because full

prevention of BayK8644 neurotoxicity by MK801 re-

duced cGMP formation only by 27% (Fig. 5), the simila-

rities in the concentration-dependency of nefopam inhibi-

tion of both neurotoxicity and cGMP synthesis, suggest

that this drug may act with the same affinity on all L-type

VSCCs independently of their role in either neurotrans-

mitter release or nitric oxide synthase stimulation.

The reduction of cGMP formation by nefopam follow-

ing exposure to domoic acid further suggests that this

drug is acting on L-type VSCCs. In fact, most of domoic

acid-induced intracellular calcium and cGMP increase is

due to the activation of dihydropiridine-sensitive VSCCs

(Fernández-Sánchez and Novelli, 1996, and Fig. 5). Such

activation of L-type VSCCs may be responsible for the

early (30 min.) signs of excitotoxicity by domoic acid and

other ionotropic Non-NMDA receptor agonists such as

kainic acid (Dingledine et al., 1999). In our experimental

system the effects of these drugs can be reduced by the

presence of MK801 without altering the extent of neuro-

degeneration after 24 h (Novelli et al., 1992; Fernández-

Sánchez and Novelli, 1996; Tasker et al., 2002). The fail-

ure of nefopam to protect against domoic acid neurotoxi-

city rules out both the possibility that nefopam may act

as an antagonist of ionotropic Non-NMDA receptors, and

that domoic acid toxicity may be due to the formation of

NO (Novelli et al., 2004) (Fig. 6). On the other hand, the

observation that nefopam effectively reduced NMDA

receptor-mediated BayK8644 neurotoxicity, further sup-

ports its role as an L-type VSCC blocker.

The recent finding that nefopam blocks VSSCs

(Fernández-Sánchez et al., 2001), together with the results

we presents here on its block of VSCCs, provide a new

perspective on the therapeutic use of nefopam. Nefopam

may be useful in neuropathic pain (Biella et al., 2003),

similarly to drugs such as carbamazepine and lamotrigine

(Finnerup et al., 2002). The usefulness of these two drugs

in neuropathic pain as well as in bipolar disorders and

epilepsy, has been related to their capability to block volt-

age dependent sodium and calcium channels (Goldsmith

et al., 2003; Okada et al., 2002), a feature that appears to

be common to nefopam. Furthermore, the molecular

structure of nefopam resembles that of lamotrigine and

carbamazepine. Thus, nefopam may share functional

and structural properties with other drugs that are used

for pathologies other than neuropathic pain, and may be

a potential new drug for mood disorders and epilepsy. In

addition, although investigations of the application of cal-

cium channel antagonists for the treatment of acute neu-

rodegenerative disorders that are caused by an excessive

release of glutamate, such as stroke, have not yet led to

the discovery of compounds with efficient neuroprotective

activity (Kobayashi and Mori, 1998), it is interesting to

note that drugs exerting multiple actions appeared to

block the cascades of neuronal death more efficiently than

drugs with a single action site (Spedding et al., 1995). For

example, an efficient neuroprotective action of flunarizine

has been shown in animal models of ischemia (Deshpande

and Wieloch, 1986). Flunarizine is a potent non-selective

VSCC antagonist which also interacts with Naþ channels.

The same effect has also been reported for other VSCC
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antagonists with little channel selectivity (Benham et al.,

1993; Goldin et al., 1995; Varming et al., 1996). Further-

more, a diltiazem analog (T-477) with little selectivity

among VSCC types, showed neuroprotective activity in

a rat stroke model (Ishii et al., 1996) while the more

selective mother compound diltiazem did not show neu-

roprotection (Wauquier et al., 1985).

In conclusion, this study has demonstrated that the

analgesic nefopam hydrochloride can reduce calcium in-

flux and effectively prevent intracellular formation of

cGMP and neuronal death following the activation of vol-

tage-sensitive calcium channels in cultured cerebellar

neurons. Our data are consistent with a presynaptic action

of nefopam that may be of interest in reducing the exces-

sive release of endogenous glutamate involved in neuro-

logical and neuropsychiatric disorders.
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Note added in proof

After submission of this article, an independent group (Verleye et al.,

2004) reported that nefopam blocks VSSCs and modulates glutamatergic

transmission ‘‘in vivo’’ without binding to ionotropic glutamate receptors.

Furthermore, it did show that nefopam can protect against electroshock-

induced seizures in rodents. This new data confirm and expand our pre-

vious observations (Fernández-Sánchez et al., 2001; Fernández-Sánchez

et al., 2002), and provide experimental evidence for the anticonvulsant

properties of nefopam we speculated in the discussion.
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