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Abstract: Activation of cholinergic receptors in the spinal cord increases the intraspinal release of acetylcholine (ACh)
and produces potent analgesia. The mechanisms that regulate the release of spinal ACh are not fully known. In the present
study, we investigated the role of nicotinic ACh receptors in the regulation of intraspinal ACh release. Using an in vivo
intraspinal microdialysis technique, nicotine was administered alone and in combination with the nicotinic antagonists
mecamylamine (50 mM), dihydro-b-erythroidine (DbE) (500 mM) and methyllycaconitine (MLA) (40 nM). Administration
of nicotine (1 mM–1 mM) produced a dose dependent increase of intraspinal ACh release, while 10 mM nicotine resulted
in dramatic increase in ACh release followed by a decrease to baseline. Administration of mecamylamine or DbE also
induced an increased ACh release while MLA caused a decreased release. Mecamylamine and DbE, but not MLA pretreat-
ment attenuated the stimulatory effect of 100 mM nicotine on intraspinal ACh release. It is suggested that spinal ACh
release is regulated by different nicotinic ACh receptors. These receptors may tonically regulate spinal ACh release either
directly or indirectly via inhibitory interneurones. Some of these receptors may be desensitised by high nicotine concen-
trations leading to a reduction of ACh release.

Activation of cholinergic receptors in the spinal cord with
both muscarinic agonists such as oxotremorine and carba-
chol as well as nicotinic agonists such as nicotine and epiba-
tidine produces potent antinociception (Christensen &
Smith 1990; Naguib & Yaksh 1997; Khan et al. 1998; Mach-
elska et al. 1999). Several mechanisms have been suggested
for cholinomimetic-induced antinociception including re-
duced activity in secondary nociceptive fibres (Jurna et al.
1993), decreased release of primary nociceptive fibre trans-
mitters such as substance P (Smith et al. 1989) and glutam-
ate (Li & Zhuo 2001), and modulation of release of trans-
mitters in descending pain inhibitory pathways (Meyer et
al. 2000; Rogers & Iwamoto 1993).

Recently, it was shown that both oxotremorine and epiba-
tidine increase the intraspinal release of acetylcholine (ACh)
(Höglund et al. 2000). This finding is consistent with the
observation that intrathecal administration of the cholin-
esterase inhibitor neostigmine produces antinociception
(Bouaziz et al. 1995; Hama et al. 2001). This finding is how-
ever paradoxical since it would mean that the release of
ACh induces an even further release of the transmitter itself,
but this is not the case. As determined by microdialysis,
the intraspinal ACh release is stable for long periods when
Ringer’s solution containing neostigmine is administered
(Höglund et al. 2000). When oxotremorine or epibatidine is
administered, ACh release is increased but the release is
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soon stabilised at a higher level. These observations indicate
that intraspinal ACh release from interneurones or from
descending pathways (Bouaziz et al. 1996; Cordero-Eraus-
quin & Changeux 2001) is tonically regulated, possibly by
some of the other transmitters known to be present in the
spinal dorsal horn e. g. norepinephrine and serotonin,
which are released from descending pain-transmission in-
hibitory pathways (Fürst 1999).

Acetylcholine may have an important role in the regula-
tion of the spinal cord pain threshold since not only admin-
istration of oxotremorine and epibatidine (Höglund et al.
2000), but also potent analgesics such as morphine (Bouaziz
et al. 1996) and clonidine (Klimscha et al. 1997), increase
intraspinal ACh release. This suggestion is strengthened by
the fact that administration of the cholinergic antagonists,
atropine or mecamylamine, or the choline uptake inhibitor,
hemicolinium-3 attenuates the analgesic action of morphine
(Chen & Pan 2001). It is therefore of importance to study
which mechanisms regulate the intraspinal release of ACh.
Previously, we have shown that activation of spinal muscar-
inic receptors increases the intraspinal release of ACh and
that inhibition of these receptors decreases ACh release
(Höglund et al. 2000). In the present study, we investigated
the regulatory role of intraspinal nicotinic acetylcholinergic
receptors (nAChRs).

The presence of nAChRs has been demonstrated in both
ascending nociceptive pathways and descending pain
modulatory pathways including the spinal dorsal horn (Ro-
berts et al. 1995), nucleus raphe magnus (Bitner et al. 1998;
Iwamoto 1991), periaqueductal grey matter (Adem et al.
1989), pedunculopontine tegmental nucleus (Iwamoto
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1991), and thalamus (Ryan & Loiacono 2000). It is not yet
clear which subunit combinations are of relevance for
modulation of nociception. A primary site for the analgesic
action of nicotinic agonists also remains to be defined. Ad-
ministration of nicotine, epibatidine, or epibatidine deriva-
tives systemically or by microinjection into the nucleus ra-
phe magnus and the pedunculopontine tegmental nucleus
produces antinociception in animals (Iwamoto 1991;
Decker et al. 1998). In the spinal cord, nicotinic agonists
can produce both antinociceptive and pronociceptive effects
(Khan et al. 1998 & 2001). The different actions of nicotinic
agonists in the spinal cord and in the brain have been pro-
posed to be related to expression of different nAChRs in
these tissues (Khan et al. 1994).

In the present study the effect of nicotine and nAChR
antagonists on intraspinal ACh release was studied using
our previously described in vivo intraspinal microdialysis
technique (Höglund et al. 2000). The antagonists mecamyl-
amine, dihydro-b-erythroidine (DbE) and methyllycaconiti-
ne (MLA), which have different affinities and modes of ac-
tion on nAChRs, were used both alone and in combination
with nicotine.

Nicotine, mecamylamine and DbE administration in-
creased the intraspinal release of ACh whereas MLA de-
creased ACh release. Mecamylamine and DbE pretreat-
ments were found to attenuate the effect of nicotine on
intraspinal release of ACh. Administration of 10 mM nic-
otine initially caused a dramatic increase of spinal ACh re-
lease followed by a reduction to the basal level.

Materials and Methods

Rats. Male outbred Sprague-Dawley rats (B&K Universal, Sollen-
tuna, Sweden) weighing 330 g–380 g were provided with free access
to food (R36, Ewos, Vadstena, Sweden) and tap water at all times.
The animals were kept on a 12 hr light/dark cycle one week before
use in transparent polycarbonate cages (L590¿W385¿H200 mm)
with aspen wood shavings as bedding material. Room temperature
was 21∫1 æ and relative humidity was between 40 – 60%. All experi-
ments were approved by the animal ethics committee in Uppsala,
Sweden.

Drugs and chemicals. Neostigmine bromide, acetylcholine chloride,
choline, nicotine, mecamylamine, dihydro-b-erythroidine (DbE),
and methyllycaconitine (MLA) were purchased from Sigma Sweden
AB (Stockholm, Sweden). The salts NaCl, CaCl2, KCl, Na2HPO4,
were purchased from Kebo lab (Spånga, Sweden).

Microdialysis. Anaesthesia was induced with 4.5% isoflurane (Ab-
bott Scandinavia AB, Solna, Sweden) in 100% oxygen. Intubated
rats were connected to a Harvard ventilator (Harvard Apparatus
inc., South Natick, MA, USA) and placed on a heated pad to main-
tain perirectal temperature at 37.5 æ. Anaesthesia was continued
with 2.5–3.5% isoflurane during surgery and at 1.5% during micro-
dialysis. The end-tidal pCO2 was at all times kept at 4 kPa.

For insertion of the microdialysis probe (Marsil Scientific, San
Diego, CA, USA) a midline incision was made at the back of the
skull (Marsala et al. 1995). The neck muscles were removed care-
fully and the dura and pia mater were cut at cisterna magna. The
spinal microdialysis probe was inserted intraspinally so that the tip
was at about the C5 level dorsally. The probe was constructed from
a hollow fibre with 300 mm outer diameter that has a cut-off at 11

kDa molecular weight. The dialysis membrane was bent to form
a U-shaped loop with a length of 12 mm. After insertion of the
microdialysis probe, the rats rested for 40 min. before the spinal
microdialysis was commenced. The probe was perfused with
Ringer’s solution (147 mM NaCl, 2.4 mM CaCl2, 4.0 mM KCl)
containing 10 mM neostigmine to prevent degradation of ACh at a
flow rate of 2.5 ml/min. ACh was quantified on line by HPLC as
described previously (Höglund et al. 2000). The use of neostigmine
is an experimental necessity to enable HPLC detection of ACh and
the administration of neostigmine does not influence drug-receptor
studies (Damsma et al. 1987 & 1988), neither in brain where the
muscarinic M2 receptor function as an autoreceptor (Billard et al.
1995; Moor et al. 1995; Roth et al. 1996) nor in the spinal cord
where the ACh release is suggested not to be autoreceptor regulated
(Höglund et al. 2000).

In each experiment in vitro pre- and post-recovery of the probes
were assessed by dialysis of a 10 pmol standard to make sure that
the probes were not damaged during the experiment.

Doses of drugs. Before administration of drugs, the basal release of
ACh was determined by collecting five 10 min. cycles with Ringer’s
solution. The drugs were dissolved in Ringer’s solution and adminis-
tered via the dialysis probe using a syringe pump with 2.5 ml/min.
flow rate. To measure the effect of nicotine on ACh release, nicotine
was used in a dose range from 1 mM to 10 mM. The antagonists
mecamylamine (50 mM), DbE (500 mM) and MLA (40 nM) were
used to investigate the influence of an antagonism of nAChRs on
ACh release. 100 mM nicotine was used for administration after
mecamylamine, DbE or MLA. These concentrations were based on
previous experiments on spinal cord (Khan et al. 1994; Cordero-
Erausquin & Changeux 2001).

As we used a microdialysis probe for drug administration, tissue
drug concentration would be lower than the dialysed concentrations.
We found in in vitro experiments, in which ACh was administered via
the probe, that the concentration of ACh in an external volume of
30 ml gradually increased and was stabilised at 45% of the dialysed
concentration, 50 min. after start of administration. This in vitro ex-
periment indicates that small molecules such as nicotine and nicotinic
antagonists used in the present experiments maximally can reach 45%
of the dialysed concentrations. In a previous microdialysis experi-
ment, in which a higher perfusion rate was used (5 ml/min.) Lawand
et al. (1999) estimated the transfer of mecamylamine out of the dialy-
sis fibre to ,15%. This estimate corresponds with our findings. De-
pending on fat solubility and other factors influencing distribution,
the tissue concentration of the dialysed drugs may be lower than the
concentration in the dialysis probe.

Statistics. All statistical analyses were performed using SPSS ver-
sion 10.0.5 (SPSS Inc., Chicago, Illinois, USA). The effect of the
various substances was expressed as percent change from baseline

Fig. 1. Effects of microdialysis administration of 1mM (number of
experimentsΩ4), 10 mM (nΩ5), 100 mM (nΩ6), 1 mM (nΩ4) and
10 mM (nΩ4) concentrations of nicotine on the intraspinal release
of acetylcholine (ACh). A * represents P,0.05 according to one-
way ANOVA with Dunnett’s post-hoc test versus basal ACh release.
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Fig. 2. A curve-fit analysis of the effect on intraspinal ACh release,
measured 20 min. after start of administration, of the various nic-
otine concentrations administered intraspinally. Goodness of fit
(R2) was 0.99 and EC50Ω1.7 mM.

defined as the mean release of ACh during five 10 min. sampling
periods during which the microdialysis probe was perfused with
Ringer’s solution only. Analysis of variance with Dunnett’s post-
hoc test was used to calculate the statistical significance of effects
of individual substances, against baseline release of ACh. Repeated
measures analysis was used to calculate the statistical difference of
intraspinal ACh release between substances and between substances
and controls.

Results

Nicotine (1 mM–1 mM) microdialysis caused a dose de-
pendent increase in intraspinal ACh release. Administration
of 10 mM nicotine caused an initial increase of the ACh
release followed by a reduction to the basal level (fig. 1).
The effect of nicotine on ACh release was dose dependent
with ED50Ω1.7 mM (fig. 2).

Administration of the non-selective non-competitive nic-
otinic antagonist mecamylamine as well as the presump-
tively a4b2 nAChRs selective, competitive antagonist DbE
also resulted in an increased ACh release (fig. 3). Mecamyla-

Fig. 3. Effects of 50 mM mecamylamine (MEC, nΩ6) and 500 mM
dihydro-b-erythroidine (DbE, nΩ6) on the intraspinal ACh release
in comparison to dialysis with Ringer’s solution (Control, nΩ5).
The effect of MEC and DbE was significantly different (P,0.05)
from control administration of Ringer’s solution, according to re-
peated measures analysis.

Fig. 4. Effects of 40 nM methyllycaconitine (MLA, nΩ5) on the
intraspinal ACh release in comparison to dialysis with Ringer’s
solution (Control, nΩ5). The effect of MLA was significantly differ-
ent (P,0.05) from control administration of Ringer’s solution, ac-
cording to repeated measures analysis.

mine induced on average a 143% increase of ACh release
from baseline between 50–70 min. after start of administra-
tion. DbE induced on average a 139% increase in ACh re-
lease from baseline between 50–70 min. after start of admin-
istration.

The specific nicotinic a7 receptor antagonist, MLA pro-
duced a 16% decrease in ACh release from baseline between
50–70 min. after start of administration (fig. 4). Different
concentrations of MLA were tried. The 40 nM concen-
tration was found to produce the maximal reduction in
ACh release, and was later used to antagonize the effect of
nicotine. Higher doses such as 1mM resulted in a small in-
crease in ACh release (data not shown).

Pre-treatment with either 50 mM mecamylamine or 500
mM DbE attenuated the effect of 100 mM nicotine (fig. 5).
MLA (40 nM) pretreatment did not inhibit the ACh release
stimulatory effect of 100 mM nicotine.

Discussion

The present data confirm that the net effect of nicotinic
agonists administered via microdialysis to the spinal cord is

Fig. 5. Effects of 100 mM nicotine on intraspinal ACh release after
50 mM mecamylamine (MEC, nΩ4), 500 mM dihydro-b-erythroidine
(DbE, nΩ8), 40 nM methyllycaconitine (MLA, nΩ4) pre-treatment
in comparison to the effect of 100 mM nicotine administered in
Ringer’s solution (NIC100 mM, nΩ5). Repeated measures analysis
showed that MEC and DbE, but not MLA pre-treatment signifi-
cantly reduced the effect of 100 mM nicotine (P,0.05) on intra-
spinal ACh release.
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an increased release of intraspinal ACh (Höglund et al.
2000). In addition, we unexpectedly found that the nicotinic
antagonists, mecamylamine, and DbE also induced an in-
creased intraspinal ACh release. These results suggest that
nicotine and the antagonists mecamylamine and DbE may
act on different mechanisms to cause an increased release
of intraspinal ACh.

There is abundant evidence for the presence of nAChRs
in the spinal cord, particularly in the superficial laminae of
the dorsal horn where nociceptive Ad and C fibres termin-
ate (Gillberg et al. 1988; Roberts et al. 1995; Khan et al.
1996; Marubio et al. 1999) and in other parts of the no-
ciceptive system (Adem et al. 1989; Iwamoto 1991; Bitner
et al. 1998; Flores 1998; Ryan & Loiacono 2000). There is
also good evidence that the substances we used interact with
nAChRs (Khan et al. 1994 & 1997; Sullivan et al. 1994).

Although some yet undiscovered interactions, between
the drugs we used and transmitter release regulatory mech-
anisms, might confound our interpretation, one possible ex-
planation of the observed effects is that nicotine and the
antagonists mecamylamine, DbE, and MLA act on differ-
ent nAChRs. This suggestion is supported by recent find-
ings. Damaj et al. (1998) suggested after comparing the ef-
fects of mecamylamine and DbE on nAChR agonist in-
duced antinociception that a4B2, but not a-bungarotoxin
sensitive nAChRs, are of importance for mediation of the
antinociceptive effect of nicotine. Khan et al. (2001) also
found evidence for differently localised spinal nAChRs of
which some regulate transmitter release from adrenergic
bulbospinal terminals. More closely related to the present
results are the findings presented by Cordero-Erausquin &
Changeux (2001) that nicotine and the antagonists, meca-
mylamine and DbE all increased the release of serotonin.
Cordero-Erausquin & Changeux (2001) suggested the pres-
ence of three different nAChR subtypes that, directly or
indirectly via regulation of the activity in inhibitory inter-
neurones, modify intraspinal serotonin release.

Intraspinally administrated nicotine (1 mM–1 mM) in-
duced a dose-dependent increase in ACh release. This indi-
cates that the nAChR nicotine acts on was not maximally
stimulated by the endogenous ACh release, despite the inhi-
bition of acetylcholine esterase by neostigmine. Since it is
unlikely that a cholinergic receptor would mediate an in-
creased ACh release from cholinergic neurons in the central
nervous system, these results indicate that this particular
receptor (Rec1) is localised on non-cholinergic neurones
that subsequently increase intraspinal ACh release. Since
Cordero-Erausquin & Changeux (2001) showed that nic-
otine in this concentration range causes an increased release
of serotonin it is possible that serotonin is one regulatory
transmitter of ACh release.

The nicotinic antagonists mecamylamine and DbE pre-
sumably inhibit nAChRs. To produce an increased ACh re-
lease after inhibition, this particular nAChR subtype (Rec2)
would function as an autoreceptor or reside on inhibitory
interneurones that indirectly, tonically, modify ACh release.
Since nicotine increased the release of ACh it is however

unlikely that, as we also observed when muscarinic agonists
were dialysed (Höglund et al. 2000), spinal ACh release is
autoreceptor regulated. These antagonists appear also to in-
teract with Rec1, since mecamylamine or DbE pre-treat-
ment attenuated the effect of 100 mM nicotine on ACh re-
lease. It is obvious that nicotine also may interact with
Rec2, but the affinity of nicotine for Rec2 may be less than
for Rec1.

MLA microdialysis, contrary to DbE and mecamylami-
ne, decreased ACh release below the basal level. This sug-
gests that a third MLA sensitive nAChR subtype (Rec3)
might be involved in the regulation of basal ACh release.
However, the fact that pre-administration with MLA did
not influence the effect of 100 mM nicotine on ACh release
the present data do not allow us to speculate about a third
nAChR subtype.

After administration of 10 mM nicotine, the ACh release
was initially increased dramatically but later decreased to a
very low level. A similar effect of nicotine has previously
been observed in microdialysis in the hippocampus and
frontal cortex in rats by (Tani et al. 1998) who suggested
that this is an effect of desensitisation. The present data
may explain the relatively short antinociceptive effect of
spinally administered epibatidine (Khan et al. 1998), and
the reduction in pain sensitivity observed in both animal
and human subjects exposed to nicotine chronically (Mil-
grom Friedman et al. 1983; Mousa et al. 1988).

In conclusion, the present study shows that nicotine, me-
camylamine and DbE, but not MLA, increase intraspinal
ACh release. One plausible explanation for these effects is
that different subtypes of nAChRs present in spinal cord
tonically regulate spinal ACh release either directly or in-
directly via inhibitory interneurones. Some of the spinal
nAChRs may be desensitised at high agonist concen-
trations, an effect that needs to be considered while devel-
oping analgesic agents targeting these receptors.
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