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Abstract. Drugs able to inhibit calmodulin activation can prevent some 
consequences of the rise in intracellular calcium. It has recently been shown 
that intrathecal injection of calmodulin inhibitors induce analgesia in rats. We 
study here the effect induced by the calmodulin inhibitor, calmidazolium, on 
the activity of dorsal horn neurons driven by noxious and non-noxious 
stimuli. Extracellular recordings of convergent (n = 12), low-threshold 
mechanoreceptive (n = 5) and proprioceptive (n = 5) units were made in the 
presence of calmidazolium. Calmidazolium (600 pg) reduced the noxious 
( 5 0 ' ~ )  heat-evoked responses obtained in convergent neurons. On the 
contrary, the non-noxious tactile responses obtained in low-threshold 
mechanoreceptive neurons as well as the joint movement-evoked responses 
obtained in proprioceptive units remained unmodified. We conclude that 
calmidazolium can block nociceptive processing in the spinal cord and that 
this fact can help to explain the analgesic effects that intrathecal W-7 and 
calmidazolium induce in behavioral tests. 
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Drugs able to prevent the intracellular calcium rise 
evoked by excitatory neurotransmitters in nociceptive 
spinal neurons can inhibit the transmission'of nocicep- 
tive messages. Accordingly, spinal analgesia can be in- 
duced by drugs such as antagonists of NMDA 
(N-methyl-D-aspartate) receptors, intracellular calcium 
chelators or antagonists of N- and P- types of voltage- 
-sensitive calcium channels (Cahusac et al. 1984, 
Coderre and Melzack 1992, Malmberg and Yaksh 
1994). At the neural level, electrophysiological studies 
have shown the ability of NMDA antagonists and selec- 
tive antagonists of the N- and P- types of voltage-sensi- 
tive calcium channels to inhibit the activation of dorsal 
horn convergent neurons evoked by different types of 
noxious stimuli (Headley and Grillner 1990, Diaz and 
Dickenson 1997). 

Another pharmacological tool to prevent some intra- 
cellular events triggered by calcium is the inhibition of 
calmodulin, one of the main proteins activated when cy- 
tosolic calcium concentration increases (Gnegy 1993). 
We have recently shown that drugs that act as calmo- 
dulin inhibitors, (W-7 and calmidazolium), intrathecally 
administered, induce analgesic effects both on phasic 
(tail-flick) and tonic (formalin test) nociceptive tests in 
rats (MenCndez et al. 1996). Furthermore, the spinal ad- 
ministration of W-7 and calmidazolium attenuates the 
nociceptive behavior evoked by the intrathecal injection 
of NMDA or the agonist of the NKI receptors, septide, 
without modifying the nociceptive responses induced by 
AMPA (Menkndez et al. 1997). Since agonists of the 
NMDA receptors induce an important calcium entry 
(MacDermott et al. 1986) and the tachykinin-NK1 re- 
ceptor agonists induce the release of calcium from intra- 
cellular stores (Torrens et al. 1995), it seems likely that 
the inhibition of calmodulin could produce spinal anal- 
gesia by preventing these excitatory signals which in- 
volve calcium as a second messenger. 

In order to ascertain the electrophysiological basis of 
the spinal analgesia induced by calmodulin inhibitors in 
behavioral tests, we study here the effects that the cal- 
modulin inhibitor, calmidazolium, induces on the activ- 
ity of spinal neurons in the rat. Our initial approach was 
to study the effect of calmidazolium on the noxious- 
-evoked activity of nociceptive convergent neurons. 
Moreover, in order to investigate if calmodulin inhibi- 
tion can selectively block nociceptive signals or, alterna- 
tively, induce a wider non-specific, neural depression, 
we have also tested the effects of this drug on the elec- 
trophysiological responses evoked in spinal non-noci- 

ceptive (low threshold mechanoreceptive and proprio- 
ceptive) neurons. 

Experiments were performed on 22 male Wistar rats, 
weighing 250-350 g, from the Animalario de la Univer- 
sidad de Oviedo (Reg. 33044 13A). Experimental design 
was in agreement with the rules of the local research 
ethics committee. Rats were anesthetized with urethan 
(Merck; 1.5 gtkg; i.p.), a tracheotomy was performed 
and animals were artificially ventilated. The rate and 
volume of the respirator (NEMI 131) were adjusted in 
function of the end-tidal CO2 that was continuously 
monitored (Artema MM202) and maintained at 3.5-4 %. 
Corneal and flexor nociceptive reflexes were controlled 
as indicators of the depth of the anesthesia and a sup- 
plementary dose of urethan was injected if reflexes were 
observed. Core temperature was maintained at 37 k 
0.5OC by a homeothermic blanket system. 

Rats were placed on a stereotaxic frame (Unime- 
canique) and a laminectomy was performed on L1-L3 
vertebrae. The area of maximal responses to a low in- 
tensity electrical stimulation from the right hindpaw was 
selected by moving rostrocaudally a silver macroelec- 
trode on the surface of the dura. At this point, the dura 
was removed and a stainless steel microelectrode (1 0- 12 
MR;  Phymep) was lowered into the spinal cord using a 
hydraulic microdrive (David Kopf). Extracellular recor- 
dings were amplified, filtered and visualized on an os- 
cilloscope. Mechanical non-noxious stimulation of the 
ipsilateral hindpaw was used as a search stimulus for 
single spikes. Once isolated, the unit recordings were fed 
into a window discriminator (Digitimer) and the fre- 
quency of discharge in Hz (number of spikes discharged 
per second by the neuron) was continuously monitored 
and recorded on a polygraph (Omniscribe). 

Spinal neurons were classified as either convergent, 
low-threshold mechanoreceptive or proprioceptive units 
(Wall 1967, Menetrey et al. 1977). Convergent units, 
also called polymodal, wide dynamic range, multirecep- 
tive or Class 2 cells (Le Bars et al. 1986) were driven by 
both non-noxious stimulus (light touch) and noxious 
thermal ( 5 0 ' ~ )  or mechanical (pinch) applied to the re- 
ceptive field of the unit. The noxious stimulus used for 
testing the effects of calmidazolium on convergent units 
was the immersion of the hindpaw in 50°C water during 
25 s. Those units only excited by low intensity tactile 
stimulations in which noxious mechanical or thermal 
stimuli did not induce an additional increase in the re- 
sponse were classified as low-threshold mechanorecep- 
tive or Class 1 cells (Wall 1967, Menetrey et al. 1977). 
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The light touch of the receptor field of these neurons in- 
duces a brief, short lasting, discharge. Thus, in order to 
obtain a maintained response, the stimulus used to test 
the activity of these neurons was the application of repe- 
titive light manual touches of the receptive field at a fre- 
quency of two times per second (2 Hz) during 25 s. This 
repetitive stimulation was able to induce an almost con- 
tinuous and reproductible neural discharge during all the 
testing period. Finally, neurons excited by the passive 
movement of an ankle or toe joint but not responding to 
tactile or to noxious stimuli were classified as proprio- 
ceptive or movement detection cells, also called Class 4 
cells (Wall 1967, Menetrey et al. 1977). When the joint 
of the receptive field (either one ankle or a toe) of this 
type of neuron was submitted to a flexorlextensor move- 
ment at a frequency of 2-Hz (two times per second), a 
maintained response could be obtained. In all cases, only 
one neuron from each animal was tested. 

The frequency of discharge (number of spikes per sec- 
ond) induced by the corresponding stimulus applied dur- 
ing 25 s, was measured every 15 min. When two 
consecutive similar discharge frequencies were ob- 
tained, the last one was considered as the control re- 
sponse and the drug was immediately administered. 
Calmidazolium, dissolved in 50 p1 of 10% dimethyl sul- 
foxide (DMSO), was directly applied onto the region of 
the spinal cord at which the dura was removed for rec- 
ordings, allowing the direct local diffusion into the dor- 
sal horn mimicking an intrathecal administration 
(Dickenson and Sullivan 1990, Raigorodsky and Urca 
1990). The solvent did not induce any effect by itself and 
those induced by calmidazolium at each time were cal- 
culated as a percentage of the control frequency of dis- 
charge (postdrug response (Hz)/control response (Hz) x 
100). Means and standard errors of the mean were cal- 
culated at each time and comparisons between control 
and postdrug responses were made by an ANOVA fol- 
lowed by a Dunnetts t test. The level of significance was 
set at P <0.05. 

The effect of spinal calmidazolium (300 and 600 yg) 
on the responses evoked in convergent neurons by nox- 
ious thermal stimulation ( 5 0 ' ~ )  was studied in 12 units 
located at a depth of 922 f 105 pm (mean + standard 
error). The immersion of the receptive field in water at 
5 0 ' ~  induced a prompt discharge in all the units tested, 
ranging from 20 to 1 14 Hz. The responses obtained in the 
presence of 300 pg of calmidazolium (n = 5) remained 
unaltered at all times tested (Fig. 1B). In contrast, 600 yg 
of calmidazolium reduced the neural firing evoked by 

this noxious thermal stimulation in all the units tested 
(Fig. 1A). The comparison of the means of the inhibitory 
effects measured in the six units tested with this dose 
(Fig. 1B) show that significant reductions of nociceptive 
responses were obtained 45,60 and 75 min after drug ap- 
plication. In a single convergent neuron, we have tested 
the effects of calmidazolium (600 pg) on the neural re- 
sponses induced by both non-noxious (touch) and nox- 
ious ( 5 0 ' ~ )  stimuli. At each time studied (before and 15 
and 30 min after the administration of calmidazolium), 
the stimuli were consecutively applied at a one min in- 
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Fig. 1. Effects of calmidazolium (CAL) on the responses ob- 
tained in convergent neurons by noxious thermal stimulus 
(50 '~)  of the hindpaw. A, example of one unit in which cal- 
midazolium produces a clear-cut inhibitory effect. B, mean 
values of the percentages of inhibition related to control re- 
sponses obtained at each time when testing the doses of 300 
yg (11  = 5 )  or 600 yg (n = 6), * P< 0.05, as compared with the 
control (predrug). C, response of one neuron to tactile and 
thermal stimuli consecutively applied with one min interval 
between them, before and after the administration of calmid- 
azolium (600 yg). 
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terval. As shown in Fig. lC, the nociceptive response 
was inhibited by calmidazolium 30 min after its admin- 
istration, while the frequency of responses evoked by 
light manual touch stimulation of the same unit remained 
unaltered. 

The effects of calmidazolium (600 yg) were studied in 
five low-threshold mechanoreceptive neurons that were 
located at a mean depth of 720 f 219 pm. As Fig. 2A 

A LOW-THRESHOLD NEURON (CLASS 1) - - 
10 Hz L 

CAL 600 yg 
I 

TOUCH - - - - - - 
TlME -15 0 15 30 45 60 

B PROPRIOCEPTIVE NEURON (CLASS 4) 

CAL 600 yg 
10 Hz L I 

MOVEMENT - - - - - - 
TlME -15 0 15 30 45 60 

shows, similar responses can be obtained in low-thre- 
shold mechanoreceptive neurons by the light manual 
touch of the receptive fields at a fixed frequency (2 Hz). 
The neural response tested 15, 30, 45 and 60 min after 
the administration of 600 yg of calmidazolium showed 
no modification compared to the predrug response (Fig. 
2A and C). Also, the effect of calmidazolium was tested 
on five proprioceptive (movement detection) units re- 
sponding to joint movements (940 f 114 pm of depth). 
The movement of the joint at a frequency of 2 Hz induced 
a response that was not modified by calmidazolium (600 
yg) when tested 15,30,45 and 60 min after its adminis- 
tration (Fig. 2B and C). 

The present results show that the calmodulin inhibitor 
calmidazolium reduces the responses evoked in conver- 
gent neurons when stimulated by noxious thermal stimu- 
lation. Thus, nociceptive processing can be inhibited by 
drugs that modify the cellular pathway activated after an 
intracellular calcium rise. Furthermore, calmidazolium- 
mediated inhibition of convergent neurons seems to 
preferentially occur in nociceptive processing. In fact, in 
the convergent neuron in which this topic was addressed 
calmidazolium did not modify the frequency of respon- 
ses to light manual stimulation whereas it inhibited the 
nociceptive-evoked response. In addition, the same dose 
of calmidazolium (600 yg) failed to inhibit the neural re- 
sponses observed in low-threshold non-nociceptive and 
proprioceptive units. These data suggest that calmidazo- 

C CLASS 1 NEURONS 
lium is able to block nociceptive transmission without 
affecting other sensory modalities such as those driven 

0-C CLASS 4 NEURONS by tactile or proprioceptive stimuli. 
Since convergent neurons play a key role in nocicep- 

tive processing (Le Bars et al. 19861, the inhibition in- 

z duced by calmidazolium on their activity can help to 
explain the analgesic properties of this drug after its in- 
trathecal administration in rats. Our data suggest that spi- 
nal analgesia induced by calmidazolium can be obtained 

0 '  " I I I 1 without the depression of other sensory modalities, such 

0 15 30 45 60 as touch or proprioception. The different pharmacologi- 
cal modulation of each type of spinal transmission could 

TIME (min) account for this result. In fact, in both nociceptive and 
non-nociceptive transmission AMPA receptors are in- 

Fig. 2.  Effects of ca1midaz0lium (CAL; 600 pg) on the r e s~on-  valved (Cumberbatch et a l  1994) whereas in pain spinal 
ses obtained in class 1 (low-threshold mechanoreceptive neu- 

processing other receptors able to increase intracellular 
rons) and class 4 (proprioceptive) neurons to tactile and 
movement stimuli of the hindpaw respectively. A and B, rep- calcium (i.e. NMDA and Neurokinin NK1 and NK2 re- 

resentative examples of each type of neuron. C, mean values ceptors) a l ~ ~  participate. This possibility is by 
of the percentages of inhibition related to control responses the inhibition that calmidazolium induces on NMDA- - 
obtained at each time in low-threshold mechanoreceptive andNK1-evoked behavioral responses without affecting 
(n = 5) and propioceptive (n = 5) neurons. those induced through AMPA receptors (MenCndez et 
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al. 1997). Overall, these results add new insights to the 
effects of calmidazolium on spinal nociceptive trans- 
mission and support the results that calmodulin inhibi- 
tors, such as calmidazolium and W-7, induce in 
behavioral tests of analgesia. 
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