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Abstract

The nature of the signaling process activated by neuronal nicotinic receptors has not been fully defined; however, several recent
studies have implicated the involvement of Ca2q fluxes in the response to nicotine. In order to assess Ca2q-dependent mechanisms in

2q Žnicotine-induced antinociception, the Ca channel antagonist nimodipine and several calciumrcalmodulin-protein kinase II CaM kinase
.II inhibitors were evaluated for their effects on nicotine-induced antinociception. The results indicate that both of these antagonists

Ž .dose-dependently blocked nicotine-induced antinociception after intrathecal i.t. injection. Indeed, three structurally unrelated CaM
kinase II inhibitors blocked nicotine’s effects in the tail-flick test in a dose-related manner. A second series of experiments assessed the

w 2qx w 2qxeffect of acute nicotine exposure on Ca and CaM kinase II activity in spinal cord tissues. Nicotine increased Ca in ai i

concentration-dependent manner after application of the drug to spinal synaptosomes. Furthermore, a dose-dependent increase in the
spinal cord membrane CaM kinase II activity was seen after acute injection of nicotine in mice. Taken together, these results are
consistent with the hypothesis that nicotine binding to nicotinic receptors leads to channel opening and depolarization responses with an
influx of Ca2q ions, which would reach sufficient levels to activate Ca2q-dependentrCaM kinase II. Neuronal Ca2q, acting via
Ca2q-dependent CaM kinase II, appears to mediate nicotine-induced antinociception at the spinal level. q 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Activation of cholinergic pathways by nicotine elicits
antinociceptive effects in a variety of species and pain tests
Ž .Aceto et al., 1986; Mattila et al., 1968; Phan et al., 1973 .
There is a strong evidence that the antinociceptive effect of
nicotine can occur via activation of acetylcholine nicotinic
receptors expressed in a variety of central nervous system
Ž .CNS loci. There appear to be several CNS regions that
contain nicotinic receptors capable of producing antinoci-

Žception. These include the medulla Iwamoto and Marion,
. Ž .1993 , certain areas of the midbrain Mattila et al., 1968 ,

the thalamus and the pedunculopontine tegmental nucleus
Ž . ŽIwamoto, 1989 , the nucleus raphe magnus Iwamato,

. Ž1991; Scott Bitner et al., 1998 and the spinal cord Aceto
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et al., 1986; Christensen and Smith, 1990; Damaj et al.,
.1998; Khan et al., 1997 .

Nicotinic receptors found throughout the central and
peripheral nervous system have a high Ca2q permeability.
Significant amounts of Ca2q enter the cell following acti-
vation of certain neuronal nicotinic receptors, causing a

w 2qxrise in Ca concentration. Studies with chick ciliaryi
Ž .ganglion neurons Vijayaraghavan et al., 1992 , medial
Ž .habenular neurons Mulle et al., 1992 , primary cultures of

Ž .cortical neurons Fluhler et al., 1992 and primary cultures
Žof hippocampal neurons Barrantes et al., 1994; Castro and

. w 2qxAlbuquerque, 1995 report an increase in Ca afteri

nicotine application. Neuronal nicotinic receptors can ele-
vate intracellular Ca2q both directly because of their per-
meability to Ca2q andror indirectly because of their abil-
ity to depolarize the membrane and activate voltage-gated

2q w 2qxCa channels. An increase in Ca concentration cani

initiate a second messenger cascade or result in transmitter
release. Nicotine-induced activation of protein kinase C
and extracellular signal-regulated kinase 2 in cultured
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bovine adrenal cells was shown to be Ca2q-dependent
Ž .Pavlovic-Surjancev et al., 1992; Tuominen et al., 1992 .
In addition, nicotine-induction of c-fos in differentiated
PC12 cells has been shown to rely upon a flux of Ca2q

ions into the cell through voltage-gated Ca2q channels
Ž .Hughes and Dragunow, 1995 . In the CNS, nicotine-
evoked neurotransmitter release is largely extracellular

2q ŽCa -dependent Rapier et al., 1988; Rowell and Winkler,
. 2q1984 . Influx of Ca mediated by nicotinic receptors

stimulates intracellular messenger systems such as the
release of arachidonic acid in chick ganglionic neurons
Ž .Vijayaraghavan et al., 1995 . Furthermore, an increase in
w 2qxCa after stimulation of nicotinic receptors activatesi

Ž .calciumrcalmodulin-protein kinase II CaM kinase II in
Ž .PC12 cells MacNicol and Schulman, 1992 , a major

cellular target for neuronal Ca2q. Furthermore, Ochoa and
Ž . 2qO’Shea 1994 showed a Ca -dependent increase in the

Žphosphorylation of an 80-kDa protein which contains
.synapsin I, a target of CaM kinase II in rat frontal cortex

synaptosomes after stimulation with nicotine. CaM kinase
II is the most abundant protein kinase in the brain, com-
prising 0.5–1% of total brain protein. It is distributed
throughout the forebrain neurons, but is especially concen-
trated in the cytoskeletal fractions and in the postsynaptic
density. CaM kinase II has target substrate enzymes that
include tyrosine hydroxylase, tryptophan hydroxylase, and
cytoskeletal proteins such as synapsin I and transcription
factors such Cyclic AMP Response Element Binding
Ž .CREB . CaM kinase II plays an important role in the
regulation of neuronal excitability and synaptic transmis-
sion and is tightly associated with synaptic vesicles in the
presynaptic terminal.

The purpose of the present study was to investigate the
involvement of Ca2q-dependent mechanisms in nicotine-
induced antinociception in mice at the spinal level, in
particular L-voltage-gated Ca2q channels and CaM kinase
II. For that, both behavioral and biochemical approaches
were used. We first established an increase in spinal
w 2qxCa after nicotine application and then investigated thei

effect of acute administration of nicotine on spinal CaM
kinase II activity. Finally, we took advantage of the avail-
ability of Ca2q channel antagonists and CaM kinase II
membrane-permeable inhibitors and tested their effects on
nicotine’s antinociceptive actions.

2. Materials and methods

2.1. Animals

Ž .Male ICR mice 20–25 g obtained from Harlan Labo-
Ž .ratories Indianapolis, IN were used throughout the study.

They were housed in groups of six and had free access to
food and water. Animals were housed in an AALAC-ap-
proved facility and the study was approved by the Institu-

tional Animal Care and Use Committee of Virginia Com-
monwealth University.

2.2. Drugs

w Ž .1- N,O - bis 5- isoquinolinesulfonyl - N- methyl- L-tyro-
x Ž . Ž Ž w wsyl -4-phenylpiperazine KN-62 , N- 2- N- 4-chlorocin-

x x . .namyl -N-methylaminomethyl phenyl - N -2-hydroxyethyl -
. Ž . Ž w Ž4-methoxybenzenesulfonamide KN-93 , 2- N- 4-

.x Ž .methoxybenzenesulfonyl amino-N- 4-chlorocinnamyl -N-
. Ž . Ž ) )methylbenzylamine, phosphate KN-92 , 8 R ,9S ,

) . Ž .11S - y -9-hydroxy-9-methoxycarbonyl-8-methyl-14-n-
propoxy - 2,3,9,10 - tetrahydro - 8,11-epoxy-1H,8 H,11 H-2,

w x w x7b,11 a-triazadibenzo a, g cycloocta cde trinden-1-one
Ž . w Ž .KT-5926 and 1- N,O-bis 5-isoquinolinesulfonyl -N-

x Ž .methyl-L-tyrosyl -4-phenylpiperazine derivative KN-04
Ž .were purchased from Calbiochem San Diego, CA . Mor-

9 Ž 9 .phine and D -tetrahydrocanabinoid D -THC were sup-
Žplied by the National Institute on Drug Abuse Washing-

.ton, DC . Nicotine enantiomers were synthesized and con-
verted to the ditartrate salt as described by Aceto et al.
Ž .1979 . All drugs were dissolved in physiological saline
Ž .0.9% sodium chloride . Nimodipine, KN-62, KN-93, KN-
92, KT-5926 and KN-04 were prepared in dimethylsulf-

Ž .oxide DMSO . All doses are expressed as the free base of
the drug.

( )2.3. Intrathecal i.t. injections

I.t. injections were performed free-hand between the L5
and L6 lumbar space in unanesthetized male mice accord-

Ž .ing to the method of Hylden and Wilcox 1980 . The
injection was performed using a 30-gauge needle attached
to a glass microsyringe. The injection volume in all cases
was 5 ml. The accurate placement of the needle was
evidenced by a quick AflickB of the mouse’s tail. In
protocols where two sequential injections were required in
an animal, the flicking motion of the tail could be elicited
with the subsequent injection.

2.4. AntinociceptiÕe assay

Antinociception was assessed by the tail-flick method
Ž .of D’Amour and Smith 1941 as modified by Dewey et al.

Ž . Ž .1970 . A control response 2–4 s was determined for
each animal before treatment, and a test latency was
determined after drug administration. In order to minimize
tissue damage, a maximum latency of 10 s was imposed.
Antinociceptive response was calculated as the percentage

Ž .of maximum possible effect %MPE , where %MPEs
wŽ . Ž .xtestycontrol r 10ycontrol =100. Groups of 8–12
animals were used for each dose and for each treatment.
The mice were tested 5 min after i.t. injection of nicotine.
Antagonism studies were carried out by pretreating the
mice i.t. with either vehicle, CaM kinase II inhibitors or
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nimodipine, 5 min before nicotine. The animals were
tested 5 min later.

2.5. Synaptosomal preparation

Synaptosomes were prepared from mouse spinal cord
using subcellular fractionation techniques described by

Ž .McGovern et al. 1973 . Male ICR mice were decapitated
and spinal cord was removed and homogenized in 0.32 M

Ž . Žsucrose in Kreb’s buffer pH 7.4–7.5 on ice 1 g of
.tissuer20 ml sucrose . The Kreb’s buffer was composed of

Ž .mM : NaCl 120; KCl 5; NaH PO 1.2; MgCl 1.2; CaCl2 4 2 2

1; glucose 10, NaHCO 20, and was brought to pH 7.53

with 1 N HCl. The homogenate was centrifuged at 1000=g
for 10 min. The supernatant was then removed and cen-
trifuged at 18,000=g for 20 min. The P2 pellet, contain-
ing synaptosomes in a crude mitochondrial pellet, was
used to obtain adequate protein for further assays.

2.6. Measurement of intracellular Ca2 q in synaptosomal
preparations

The synaptosome pellet was resuspended in well-
Žoxygenated assay buffer KCl, 150 mM; MgCl , 3 mM;2

HEPES, 20 mM; sodium azide, 0.5 mM; phosphocreatine,
10 mM; creatine phosphokinase, 20 Urml; pH adjusted to

.7.4 with Tris base . Synaptosomes were loaded with 5 mM
w Ž . x1- 2- 5-carboxyoxazol-2-yl -6-aminobenzofuran-5-oxyl -2-

Ž Y Y .2 -amino-5 -methylphenoxy -ethane-N, N, N, N-tetraacetic
Ž .acid-pentaacetoxymethyl ester fura-2rAM at room tem-

perature for 1 h. The synaptosomes were then washed and
resuspended in the assay buffer, which was modified as
needed to evaluate changes in Ca2q concentrations. Stimu-
lation of the release of Ca2q was initiated by the addition
of nicotine at different concentrations. The fura-2 signal in

Žthe presence of 100-fold excess EGTA prepared in 3 M
.Tris, pH 8.3 was used to determine the background value

Ž .of relative fluorescence F . The maximal fluorescencemin
Ž .F was determined when fura-2rAM is maximallymax

bound to Ca2q following exposure of the cells to 0.1%
w 2qxTriton-X. Ca was calculated using the method ofi

Ž .Grynkiewicz and Iverson 1985 and 224 nm for the K D
w 2qxfor fura-2. Ca were quantitated using the Spex Systemi

CM-3 Cation Measurement System which allows for the
measurement of Ca2q in suspensions placed in quartz
cuvettes. Autofluorescence was quantitated for all com-
pounds added.

2.7. Cam kinase II phoshorylation assays

Calcium-dependent calmodulin-protein kinase II activ-
Žity was measured using an assay kit Upstate biotech-

.nology, Lake Placid, NY . Briefly, following experimental
treatment, spinal cord tissues were homogenized in cal-
cium-free Tris buffer that contains 1 mM PMSF. Ho-
mogenates were normalized for protein concentration.

Samples were centrifugated in order to separate the mem-
brane and the cytosol containing-kinase. Standard phos-
phorylation reaction solutions contains 70 mg protein, 10

w32 x XmM MgCl , 1 mCi of P ATP, 10 mM Pipearzine-N, N -2
Ž . Ž . Ž .bis 2-ethanesulfonic acid PIPES pH 7.4 , 5 mM CaCl2

and 5 mg calmodulin. Standard reactions were performed
in a shaking water bath at 308C. CaM kinase activity was

wŽdetermined using the following calculations: count-
. Ž .x wŽspecific binding = correcting factor r specific radioac-

. Ž .xtivity = time 10 min .

2.8. Statistical analysis

Data were analyzed statistically by an analysis of vari-
ance followed by the Fisher’s least significant difference
Ž .PLSD multiple comparison test. The null hypothesis was

Ž .rejected at the 0.05 level. Antagonist dose 50% AD50
Ž .values with 95% confidence limits CL for antinocicep-

tion data were calculated by unweighted least-squares lin-
ear regression, as described by Tallarida and Murray
Ž .1987 .

3. Results

[ 2 q]3.1. Effect of nicotine on Ca leÕels in spinal synapto-i

somes

Synaptosomes were prepared from mouse spinal cord
and loaded with the fluorescent chelator fura-2rAM for

w 2qx 2qthe measurement of Ca . Free Ca within thei

synaptosomes after application of saline or nicotine at
different concentrations was measured. As shown in Fig. 1,

w 2qxnicotine increased Ca in a concentration-dependenti
w 2qxmanner. At 10 mM of nicotine, Ca were increasedi

four-fold compared to saline. Nicotine-induced increase in
w 2qxCa is receptor-mediated since it was completelyi

w 2q xFig. 1. Effect of nicotine on Ca in spinal synaptosomes. The averagei
Ž . w 2q x w 2q x%change increase in Ca over basal Ca was calculated for 3–5i i

separate preparations of synaptosomes. ) P -0.05 from saline. Meca
2smecamylamine at 2 mM.



( )M.I. DamajrEuropean Journal of Pharmacology 404 2000 103–110106

blocked by mecamylamine, a nicotinic antagonist, at 2
mM.

3.2. Cam kinase II actiÕity in spinal cord tissues after
acute injection of nicotine in mice

The activity of CaM kinase II in the spinal cord after
acute administration of nicotine in mice was investigated.

ŽAnimals received either saline or nicotine 1 or 3 mgrkg,
.s.c. and were sacrificed 2 min after injection. Spinal cord

tissues were dissected and the activity of CaM kinase II
Ž 32expressed as the number of pmol P incorporated into

y1 y1 .CaM kinase II substrate peptide min mg of protein
in the membrane and cytosol was measured. As shown in
Fig. 2, a dose-dependent increase in the membrane kinase
activity was seen after acute injection of nicotine. How-
ever, no significant change was observed in the cytosolic
fraction of the enzyme. The increase in the kinase activity
induced by nicotine was blocked by mecamylamine pre-
treatment. These results are consistent with the notion that
CaM kinase II activation after acute nicotine exposure is a
receptor-mediated event.

3.3. Effects of Cam kinase II inhibitors on nicotine-induced
antinociception in mice

To further investigate the involvement of CaM kinase II
in nicotine’s effects, various CaM kinase II inhibitors were
evaluated for their ability to alter the antinociceptive effect
of nicotine. KN-62, a CaM kinase II inhibitor, given i.t.
inhibited the antinociceptive responses of spinally injected

Ž .nicotine in a dose-dependent manner Fig. 3A . As illus-
trated, increasing doses of KN-62 produced a gradual

Ž . Ž .Fig. 3. Effects of A KN-62 and B KN-93 and their inactive analogs
Ž .KN-04 and KN-92, respectively on the antinociceptive effect of nicotine
after i.t. administration. Mice were pretreated i.t.with different doses of

Ž .CaM kinase II inhibitors 5 min before nicotine 20 mgranimal and
tested 5 min after the second injection in the tail-flick test. Each point
represents the mean %MPE"S.E. for 6–8 mice. ) Statistically different

Ž .from vehicle dose 0 at P -0.05.

Ž .Fig. 2. Increase in spinal membrane CaM kinase II activity after acute injection of nicotine 1 and 3 mgrkg, s.c. in mice. The increase was blocked by
Ž .pretreatment with mecamylamine 1 mgrkg , a nicotinic antagonist. Animals were sacrificed 2 min after nicotine or saline injection. Mecasmecamylamine.

Ž) .Each point represents the mean"S.E. of 5–6 mice P-0.05 from saline .
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Fig. 4. Effects of KT-5926, a CaM kinase II inhibitor, on the antinocicep-
tive effect of nicotine after i.t. administration. Mice were pretreated i.t.

Ž .with different doses of KT-5926 5 min before nicotine 20 mgranimal
and tested 5 min after the second injection in the tail-flick test. Each point
represents the average %MPE"S.E. for 6–8 mice. ) Statistically differ-

Ž .ent from vehicle dose 0 at P -0.05.

inhibition of the antinociceptive response to 20 mg of
wŽ .xnicotine, with an AD of 0.05 0.01–0.065 mgrmouse50

Ž .0.07 nmol . KN-62 alone did not significantly alter the
tail-flick latencies produced following administration of
any of the doses tested in this experiment. No external sign
of toxicity was observed after i.t. injection of KN-62. On

Ž .the other hand, KN-04 0.1 mgranimal , an analog of
KN-62 that does not block CaM kinase II, failed to
significantly attenuate the antinociceptive effect of 20
mgri.t of nicotine. Similarly, KN-93, another CaM kinase
II inhibitor which is structurally unrelated, given i.t.
blocked nicotine-induced antinociception in a dose-related

Ž . wŽmanner Fig. 3B . The AD of KN-93 was 0.035 0.008–50
.x Ž .0.060 mgrmouse 0.06 nmol . KN-93 alone did not

Fig. 5. Effects of nimodipine, a calcium channel blocker, on the antinoci-
ceptive effect of nicotine after i.t. administration. Mice were pretreated

Ži.t. with different doses of nimodipine 5 min before nicotine 20
.mgranimal and tested 5 min after the second injection in the tail-flick

test. Each point represents the average %MPE"S.E. for 6–8 mice.
) Ž .Statistically different from vehicle dose 0 at P -0.05.

Table 1
Lack of blockade of morphine and D

9-THC-induced antinociception by
KN-62 after i.t. injection in mice using the tail-flick test. Mice were

Ž . Ž .pretreated with KN-62 1 mgri.t. 5 min before morphine 1 mgri.t. or
9 Ž .D -THC 70 mgri.t. . Each point represents the mean"S.E. of 6–12

mice

Treatment %MPE"S.E.M.

VehiclerVehicle 7"2
Ž .KN-62 1 mg rVehicle 18"9

Ž .VehiclerMorphine 1 mg 84"10
Ž . Ž .KN-62 1 mg qMorphine 1 mg 73"17

9 Ž .VehiclerD -THC 7 mg 78"9
9Ž . Ž .KN-62 1 mg qD -THC 7 mg 73"17

significantly alter the tail-flick latencies produced follow-
ing administration of any of the doses tested in this

Ž .experiment. Pretreatment with KN-92 1 mgranimal, i.t. ,
an analog of KN-93 that does not block CaM kinase II, did
not significantly attenuated the antinociceptive effect of 20

Ž .mgri.t of nicotine Fig. 3B . Finally, KT-5926, a very
potent inhibitor of CaM kinase II, was five times more
potent than KN-62 in blocking the antinociceptive effects

Žof nicotine in vivo AD s0.006 mgrmouse or 0.0150
. Ž .nmol Fig. 4 .

3.4. Effects of nimodipine on nicotine-induced antinocicep-
tion in mice

Nimodipine, a Ca2q channel blocker, given i.t. inhib-
ited the antinociceptive responses of nicotine given i.t.
Ž . Ž .Fig. 5 with an AD of 0.12 0.1–0.3 mgranimal. By50

itself, nimodipine did not cause antinociception at the
indicated doses and times.

3.5. Effects of Cam kinase II inhibitors on other antinoci-
ceptiÕe agents

The effects of KN-62 on the antinociceptive effects of
morphine and D

9-THC were investigated after i.t. adminis-
tration. As shown in Table 1, KN-62 at a dose 20 times
higher than AD for nicotine blockade, failed to signifi-50

cantly block the effect of an active dose of morphine and
D

9-THC in the tail-flick test. Thus, the effect of KN-62
appears not to be generalized to all analgesic substances
since it did not block the effects of morphine and D

9-THC
i.t. administration.

4. Discussion

The data in this study indicate that the blockade of
L-type Ca2q channels in the spinal cord impairs the ex-
pression of nicotine-induced antinociception. Likewise, in-
hibition of CaM kinase II blocked nicotine’s antinocicep-
tive effects. In addition, acute exposure to nicotine in-

w 2qxcreases Ca as well as the activity of CaM kinase II ati
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the spinal cord. Taken together, these results are consistent
with the hypothesis that increases in cytosolic Ca2q result
in an enhancement in Ca2q-mediated second messengers in
the spinal cord that play an important role in nicotine-in-
duced antinociception as measured in the tail-flick test.

Our in vivo data specifically suggest the involvement of
CaM kinase II in nicotine’s effects. Indeed, three struc-
turally unrelated CaM kinase II inhibitors, dose-depen-
dently blocked nicotine-induced antinociception. In addi-
tion, a relationship exists between their potency in block-
ing nicotine and their affinity to CaM kinase II. For
example, KT-5926, a very potent inhibitor of CaM kinase

Ž .II K s4.4 vs. 900 nM for KN-62 , was five times morei

potent than KN-62 in blocking the effects of nicotine in
Ž .vivo AD s0.006mgrmouse . Furthermore, KN-04 and50

KN-92, respective analogs of KN-62 and KN-93 that do
not block CaM kinase II, failed to significantly attenuate
nicotine’s effect in the tail-flick test. These CaM kinase II
blockers are not competitive nicotinic blockers since they

w3 xdo not bind to H -nicotine binding sites with high affinity
Ž .data not shown . It is important to note that all the CaM
kinase II inhibitors tested have no inhibitory effect on
protein kinase A, protein kinase C, myosin light chain
kinase, or casein kinase I, and they are not calmodulin

Žantagonists Hashimoto et al., 1991; Sumi et al., 1991;
.Tokumitsu et al., 1990 . However, KT-5926 was reported

to inhibit both Ca2qrcalmodulin-dependent and -indepen-
dent smooth muscle myosin light chain kinases to a similar

Ž .extent Nakanishi et al., 1990 . These kinase inhibitors
have been used previously as specific inhibitors for CaM
kinase II in various in vitro and in vivo neuronal systems
Ž .Suh et al., 1997; Tohda et al., 1991 . The inhibitory effect
of these antagonists observed in vivo was validated by the
fact that acute injection of nicotine increased dose-depen-
dently the activity of CaM kinase II in the spinal cord.
Furthermore, the effect of KN-62 appears not to be gener-
alized to all analgesic substances since it did not block the
effects of morphine and D

9-THC i.t. administration. The
lack of effect of KN-62 on morphine acute analgesia is

Ž .similar to that previously reported with Suh et al. 1997 ,
further supporting the hypothesis that morphine and nico-
tine produce their antinociception by activating different
pain-inhibitory systems. Thus, our data provide clear and
direct evidence of the involvement of CaM kinase II in
nicotine-induced antinociception. Consistent with this find-
ing, increase in the activity of CaM kinase II in PC12 cells
which contain nicotinic receptors, have been reported after

Žexposure to nicotinic agonist DMPP MacNicol and Schul-
.man, 1992 .

We recently reported that changes in Ca2q homeostasis
could modulate nicotine-induced antinociception in mice.
Indeed, Ca2q channel blockers, such as nifedipine, attenu-
ate nicotine-induced antinociception and hypomotility,
whereas Ca2q, thapsigargin and 1,4-dihydro-2,6-dimethyl-

w Ž . x Ž5-nitro-4- 2- trifluromethy -phenyl -3-pyridine BAYK
. 2q8644 , a Ca channel agonist, dramatically potentiate

Žthese activities of nicotine Damaj et al., 1993; Damaj and
.Martin, 1993 . Our present results with nimodipine con-

firm the involvement of L-type Ca2q channels in the spinal
effect of nicotine.

Although neuronal nicotinic receptors found throughout
the brain and peripheral nervous system have high Ca2q

Žpermeability Barrantes et al., 1994; Castro and Albu-
querque, 1995; Mulle et al., 1992; Vijayaraghavan et al.,

. w 2qx1992 , we report here for the first time a rise in Ca i

following the activation of spinal nicotinic receptors. Bind-
ing studies have shown nicotinic receptor sites to be
present in the spinal cord, in particular the ventral and the

Ždorsal horns Gillberg and Aquilonius, 1985; Khan et al.,
.1994 . Two classes of binding sites differing in affinities

and total number of binding sites were reported in the
Ž . w3 xspinal cord membranes using " - H -epibatidine as a

radioligand. Molecular biology studies confirmed the pos-
sible existence of multiple nicotinic receptors in the spinal

Ž .cord. Indeed, Wada et al. 1989 conducted a very exten-
sive analysis of a , a , a , and b mRNA localization in2 3 4 2

the brain. Although a small portion of this study was
directed to the spinal cord, transcripts for these subunits
were detected in the spinal cord. In another study, no
signal was detected for b mRNA in the spinal cord4
Ž .Dineley-Miller and Patrick, 1992 .

The present data demonstrate that Ca2q channels antag-
onists and CaM kinase II inhibitors were capable of attenu-
ating nicotine-induced antinociception at the spinal level.
These data are consistent with the hypothesis that nicotine
binding to nicotinic receptors leads to channel opening and
depolarization responses with an influx of Ca2q ions,
which would reach sufficient levels to activate Ca2q-de-
pendentrCaM kinase II. The Ca2q-dependent protein ki-
nase can influence down-stream events such as serotonin
andror norepinephrine release and thus provide mecha-
nisms for nicotine’s antinociceptive effect at different sites
of the CNS. However, our data cannot rule out that
activation of nicotinic receptors results in neurotransmitter
release in the spinal cord which then evokes Ca2q signals
postsynaptically, resulting in CaM kinase II activation.

Several neurotransmitter systems are involved in medi-
ating the antinociceptive effects of nicotinic agonists. Acti-
vation of nicotinic receptors may lead to the activation of
multiple, descending inhibitory pathways which involve

Žrelease of acetylcholine which activate spinal muscarinic
. Žreceptors , norepinephrine which activate spinal a 2

. Žadrenoceptors and serotonin which activate serotonergic
. Žspinal receptors Iwamato, 1991; Iwamoto, 1989; Iwamoto

.and Marion, 1993; Rogers and Iwamoto, 1993 . Such
descending pathways explain nicotinic antinociceptive ef-
fects observed in the tail-flick test in which a spinal reflex
initiated does not require the involvement of higher CNS
regions. In fact, nicotine receptors both pre- and post-syn-
aptic neural elements may mediate the local regulation of
transmitter release. We recently reported that changes in
Ca2q homeostasis could modulate nicotine-induce
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antinociception in mice. Indeed, i.t. administration of Ca2q

channel blockers, such as nifedipine and nimodipine, atten-
uate nicotine-induced antinociception, whereas Ca2q, thap-
sigargin and BAYK 8644, a calcium channel agonist,

Ždramatically potentiate the effect of nicotine Damaj et al.,
.1993; Damaj and Martin, 1993 .

In summary, our results suggest that intracellular Ca2q

concentrations and Ca2q-dependent events in the spinal
cord play an important role in mediating nicotine-induced
antinociception.
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