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Low concentrations of amitriptyline inhibit nicotinic
receptors in unmyelinated axons of human
peripheral nerve

A Freysoldt’, J Fleckenstein?, PM Lang?, D Irnich? P Grafe' and RW Carr!

Unstitute of Physiology, University of Munich, Munich, Germany, and *Department of Anaesthesiology, University of Munich,
Munich, Germany

Background and purpose: Amitriptyline is often prescribed as a first-line treatment for neuropathic pain but its precise mode
of analgesic action remains uncertain. Amitriptyline is known to inhibit voltage-dependent ion channels and also to act as an
antagonist at ligand-gated ion channels, such as nicotinic acetylcholine receptors (NAChRs). In the present study, we tested the
effect of amitriptyline on nicotinic responses of unmyelinated axons in isolated segments of human peripheral nerve. In
particular, a comparison was made between the concentrations of amitriptyline necessary for inhibition of nAChRs and those
required for inhibition of the compound C-fibre action potential.

Experimental approach: Isolated axon fascicles were prepared from short segments of human sural nerve, and multiple
measures of axonal excitability were recorded using computer-controlled threshold tracking software.

Key results: Amitriptyline (ECso 2.6 uM) reduced the nicotine-induced increase in C-fibre excitability but only slightly altered
the amplitude and latency to onset of the compound action potential. In contrast, tetrodotoxin produced a clear reduction in
the amplitude and a prolongation of action potential onset latency but was without effect on the nicotine-induced increase in
axonal excitability.

Conclusions and implications: These data demonstrate that low concentrations of amitriptyline suppress the response of
human peripheral C-type axons to nicotine by directly inhibiting nAChRs. Blockade of tetrodotoxin-sensitive, voltage-
dependent sodium channels does not contribute to this effect. An inhibitory action of amitriptyline on nAChRs in unmyelinated
nociceptive axons may be an important component of amitriptyline’s therapeutic effect in the treatment of neuropathic pain.
British Journal of Pharmacology (2009) 158, 797-805; doi:10.1111/j.1476-5381.2009.00347.x; published online 19
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Introduction

Amitriptyline is often used in the treatment of neuropathic
pain (Vadalouca etal.,, 2006; Saarto and Wiffen, 2007);
however, its mode of analgesic action is uncertain. Effects in
the CNS include an inhibitory effect on the re-uptake of 5-HT
and noradrenaline that may reduce pain by enhancing syn-
aptic inhibition in the spinal cord or brain stem (Sacerdote
et al., 1987; Onghena and Van, 1992). Amitriptyline may also
alleviate neuropathic pain via its action in the peripheral
nervous system. For example, application of amitriptyline to
the surface of the skin or by subcutaneous injection leads to
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elevated sensory thresholds to mechanical, heat and cold
stimuli in human subjects (Duale et al., 2008) and produces
prolonged cutaneous analgesia in rats (Khan et al., 2002). This
effect on peripheral neurons is typically attributed to amitrip-
tyline’s inhibition of voltage-dependent sodium (Nau et al.,
2000; Brdu et al., 2001; Wang et al., 2004; Dick et al., 2007;
Leffler et al., 2007) and potassium channels (Galeotti et al.,
1997; Punke and Friederich, 2007).

Amitriptyline is also an antagonist at ligand-gated ion
channels (Rammes and Rupprecht, 2007). For example, inhi-
bition of nicotinic acetylcholine receptors (nAChRs) by ami-
triptyline has been described (Connolly et al., 1992; Gumilar
et al., 2003). Interestingly, it has been noted that this effect
requires only sub-micromolar concentrations in contrast to
the micromolar concentrations necessary to inhibit voltage-
dependent sodium channels (Park ef al., 1998). nAChRs are
also expressed functionally in both the axons (Douglas and
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Ritchie, 1960; Keele and Armstrong, 1964; Tanelian, 1991;
Steen and Reeh, 1993; Schmelz et al., 2003; Zhang et al., 2004;
Moalem et al., 2005) and cell bodies (Liu et al., 1993; Flores
etal., 1996; Liu etal., 1998; Genzen et al., 2001; Lips et al.,
2002) of a sub-population of peripheral sensory neurons,
some of which are nociceptors. The pharmacological profile
and the functional activity of nAChRs in the axonal mem-
brane of unmyelinated human nerve fibres have both been
characterized (Lang et al., 2003). From that study, the rank
order of potency for nicotinic agonists was epibatidine >
5-iodo-A-85380 > 1,1-dimethyl-4-phenylpiperazinium iodide
> nicotine > cytosine > acetylcholine. Blockade of nAChRs in
human axons could be achieved with mecamylamine and,
albeit at higher doses, by application of methyllycacontine
and dihydro-B-erythroidine. In the present study, we have
examined the effect of amitriptyline on the responses to nico-
tine of unmyelinated axons in peripheral human nerve. In
particular, a comparison was made between the concentra-
tions necessary for inhibition of nAChRs and for changes in
amplitude and latency of compound action potentials (CAPs).

Methods

Preparations

Approval for the experimental use of human tissue was
granted by the Ethics Committee of the University of Munich,
and patients were informed about the operation by an anaes-
thetist prior to the procedure. Segments of sural nerve were
removed from patients already scheduled for sural nerve
biopsy, and each patient gave their written consent to the
removal of an additional portion of nerve for research pur-
poses. Experiments were carried out on 18 isolated fascicles of
human sural nerve from seven patients (all male) with a
median age of 66 years and ranging from 44 to 84 years.

As described previously (Lang et al., 2003) individual nerve
fascicles were carefully extracted from an isolated segment of
sural nerve (ca. 15-25 mm long) by grasping them with jew-
ellers forceps and gently pulling them free. Each end of the
nerve fascicle was drawn into a glass suction electrode within
the organ bath and embedded in Vaseline to establish both a
mechanical and a high resistance electrical seal. The organ
bath (volume 1 mL) was continuously superfused at a rate of
6-8 mL-min™' with physiological solution of the following
composition (in mM) NaCl 118, KCl 3.0, CaCl, 1.5, MgCl, 1.0,
D-glucose 5.0, NaHCO; 25 and NaH,PO, 1.2, and was bubbled
with 95% 0,/5% CO, to pH 7.4. The temperature of the
solution perfusing the bath was held constant at 32°C.

Electrophysiological analysis

The nerve fascicle was stimulated extracellularly with a con-
stant current stimulator (A395, WPI, Sarasota, FL, USA). A
silver wire inside the suction electrode served as the anode
and a second silver wire, wound around the suction pipette,
served as the cathode. Extracellular signals were recorded over
the sealing resistance of the second suction electrode using a
differential amplifier (NPI, Tamm, Germany). The signal was
typically amplified with a gain of 1000x and filtered, low pass
1.3 kHz and high pass 3 Hz. The distance between stimulating
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and recording electrodes varied for each fascicle and was in
the range 3-6 mm. Axonal excitability was assessed using
QTRAC software (© Institute of Neurology, London, UK).
QTRAC is a flexible, stimulus-response data-acquisition pro-
gramme, originally written for studies of human nerves in vivo
(Bostock et al., 1998), but it is also suitable for electrophysi-
ological recordings from isolated peripheral nerves. In the
present study, QTRAC was used to record CAPs of C-fibres as
well as to generate timed stimuli. The isolated fascicles were
stimulated with constant current pulses of fixed duration
(1 ms) and varying amplitude. Stimulus frequency was invari-
ably 0.5 Hz. For threshold tracking experiments, the current
amplitude was automatically adjusted to maintain the C-fibre
CAP response at constant amplitude (40% of the maximum,
defined as ‘threshold’).

Statistics

Data plotted in Figures 5 and 7 are shown as means = SEM of
n = number of observations. Significance of differences
between means was assessed by paired Student’s t-test
(Figure 7). Curve fitting to determine values of ECs, was per-
formed in IgorPro (Wavemetrics, Lake Oswego, OR, USA)
which uses the Levenberg-Marquardt algorithm for least-
squares minimization (Figure SA).

Drugs

Nicotine hydrogen tartrate, tetrodotoxin (TTX) and
amitriptyline hydrochloride were purchased from Sigma
(Taufkirchen, Germany). The desired concentration was
achieved by dilution of stock solutions on the day of each
experiment.

Results

Effects of nicotine on axonal excitability

The effect of amitriptyline on unmyelinated axons in isolated
fascicles of human sural nerve was tested by monitoring the
compound C-fibre action potential response to electrical
stimulation. A representative example of the CAP response is
illustrated in Figure 1. An Ao/B peak corresponding to the
activation of large-diameter myelinated axons occurred at
short latency in response to low stimulus strengths (stimulus
duration 0.1 ms). This peak is designated Ac/p because, while
in the majority of people the sural nerve is exclusively
sensory, in some individuals it may contain both cutaneous
AP afferents as well as Ao axons comprising efferent moto-
neurons and Ia and Ib muscle afferents (Haupts and Amoiri-
dis, 2007). At slightly higher stimulus intensities, small-
diameter thinly myelinated axons were activated producing
an Ad peak at slightly longer latency. Further increases in
stimulus intensity and duration (1 ms) activated unmyeli-
nated axons and produced the C peak. In some human nerve
fascicles, two classes of unmyelinated axon are discernible in
the compound response, a lower threshold, more rapidly con-
ducting class giving rise to the C, peak and a higher threshold,
more slowly conducting C, peak. Quantitatively, the ampli-
tude of the C-fibre compound potential varied between 0.1
and 1.5 mV.
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Figure 1T Components of the compound action potential (CAP)

recorded from a segment of human sural nerve: an Ac/p peak cor-
responding to action potentials in large-diameter myelinated axons
occurred at short latency in response to low stimulus strengths
(12.5 pA, 0.1 ms). At slightly higher stimulus intensities (62.5 pA,
0.1 ms), small-diameter thinly myelinated axons were activated pro-
ducing an A3 peak at longer latency. Further increases in stimulus
intensity (1 ms) activated two populations of unmyelinated axons.
The fibre population contributing to the C; peak had faster conduc-
tion velocities and lower electrical activation thresholds (37.5 A,
1 ms) than the axonal population producing the C; peak (112.5 pA,
1 ms). The distance between stimulus and recording electrode was
6 mm. Multiple measures of excitability were recorded by using the
CAP (peak-to-peak) within the time window indicated by the
horizontal bars.

The effect of nicotine on multiple measures of C-fibre excit-
ability was then examined (Figure 2). Nerve fascicles were
stimulated at a constant frequency of 0.5 Hz, and the follow-
ing parameters (Figure 2A) were tested by means of a time
window used to separate the C-fibre CAP from other compo-
nents such as stimulus artefact and the A-fibre response: (i)
the amplitude and latency of the maximal C-fibre CAP; (ii)
the ‘threshold’ current necessary to maintain the amplitude
of the C-fibre CAP at 40% of its maximum; and (iii) axonal
electrical excitability 30 ms after a conditioning supra-
maximal stimulus (post-spike excitability). Addition of nico-
tine (10 uM) to the bathing solution resulted in a slight
decrease of the maximal C-fibre amplitude and an increase in
axonal excitability, as indicated by the reduction in current
required to maintain the test potential at 40% of the
maximum (Figure 2B). In addition, nicotine strongly altered
post-spike excitability (Figure 2B lowermost panel). The post-
spike super-excitability of about 10% in the control solution
was reversed to a post-spike sub-excitability of about 2-3%
during application of nicotine. This change from super-
excitability to sub-excitability induced by nicotine is consis-
tent with membrane depolarization (Moalem-Taylor et al.,
2007).
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Amitriptyline reduces the effects of nicotine on

axonal excitability

The effect of amitriptyline on several electrophysiological
C-fibre parameters was also examined. First, we investigated
whether amitriptyline modifies the increase in C-fibre excit-
ability produced by bath application of nicotine (Figures 3
and 4). To this end, the effect of nicotine on axonal excitabil-
ity was monitored using ‘threshold tracking’ as described
above. Second, recordings were made of amitriptyline-
induced changes in the amplitude and latency of the maximal
C-fibre action potential (Figure 4B). This was examined
because of the known blocking effect of amitriptyline on
voltage-dependent sodium channels (see Infroduction), a
feature that is likely to bring about changes in the shape and
latency of the compound C-fibre action potential.

In control experiments (n = 11), nicotine was applied for
90 s periods at intervals of 20 min, during which the bath was
perfused with physiological solution (Figure 3A). We did not
observe any tachyphylaxis of the axonal response to nicotine
across repeat applications using such time intervals. In further
experiments, the effect of amitriptyline on the axonal
response to nicotine was examined, and a representative
example is shown in Figure 3B. Amitriptyline (3 uM) reduced
the nicotine-induced increase in axonal excitability by more
than 50%. The population statistics for this effect are shown
in Figure 5A, and from these data an ECs, for amitriptyline’s
inhibition of the response to nicotine of 2.6 * 0.2 uM was
calculated. The suppression of the nicotine response by
amitriptyline was long lasting and apparent for up to
40 min following the beginning of amitriptyline washout
(Figure 3Ba).

The effects of amitriptyline in concentrations ranging from
1 to 10 uM on the amplitude and latency of the compound
C-type action potential and on the increase in the excitability
of unmyelinated axons produced by bath application of nico-
tine are illustrated in Figure 4. Amitriptyline (1 uM) reduced
the increase in excitability produced by bath application of
nicotine without a clear effect on either the amplitude or
latency of the compound C-fibre action potential response to
electrical stimulation. At higher concentrations of amitrip-
tyline (3-10 uM) the nicotine-induced increase in axonal
excitability was further reduced (Figure 4A), and additionally
the amplitude and latency of the C-type CAP were also mar-
ginally altered (Figure 4B). The quantitative analysis revealed
differences between the lowest concentration of amitriptyline
(1 uM) necessary for inhibition of the nicotine-induced
changes in membrane threshold and that required to bring
about changes in the CAP (Figure 5). Amitriptyline (1 uM)
produced a clear reduction of the ‘nicotinic response’ (33.7 =
3.0%; mean * SEM, n = 5), while changes in the CAP at this
concentration of amitriptyline were not significant (decrease
in peak amplitude: 3.3 = 2.8%; increase in latency: 1.2 =
1.7%; mean = SEM, n =35).

The response of unmyelinated axons to nicotine is differentially
affected by amitriptyline and TTX

In another series of experiments, the effects of amitriptyline
(10 uM) on the C-fibre response to nicotine were compared
with those of TTX (10 nM). A representative example is
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Figure 2 The effect of nicotine on unmyelinated axons in segments of human nerve is illustrated by representative examples of compound
action potentials (CAPs) evoked by each of the three stimuli used in the stimulus paradigm to monitor excitability. To monitor the entire
population (100%) of unmyelinated axons activated by electrical stimulation the peak-to-peak amplitude of the C-fibre CAP response to
supra-maximal stimulation was monitored (A and B, upper trace). Amplitude was taken as the difference between the maximum and minimum
excursions of the recorded signal within the time window indicated by upper and lower horizontal bars. The current (duration 1 ms) required
to maintain a compound C-fibre action potential amplitude at 40% of the CAP evoked by supra-maximal stimulation (100%) was the second
parameter monitored (A, middle trace). This parameter is used to monitor changes in the electrical activation threshold of the unmyelinated
C-fibre population (‘threshold current’). To assess post-spike excitability, the current required to maintain a CAP amplitude at 40% of the
supra-maximal response was monitored at a fixed delay of 30 ms after a preceding CAP of maximal amplitude had been evoked (A, lower
trace). Each of these parameters was monitored sequentially at 2 s intervals during the recording period. (B) Upon application of nicotine
(10 uM) the amplitude of the 40% CAP increases, that is, nicotine has an excitatory effect. The tracking software reduces the current ‘threshold’
(B, lower panel) to maintain the 40% amplitude. In addition, the normal post-spike super-excitability that follows an action potential is reversed
to sub-excitability in the presence of nicotine, which is consistent with nicotine depolarizing the axons.
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Figure 3 Amitriptyline reduces the magnitude of the nicotine effect on C-fibre excitability. Nicotine (10 uM) produces a robust increase in
the electrical excitability of C-fibres as illustrated in panel Aa for three consecutive applications at 20 min intervals. There is no indication of
tachyphylaxis. The inset to the right (Ab) shows an example of the C-fibre CAP recorded in response to supra-maximal stimulation.
Amitriptyline (3 pM) substantially reduces the increase in excitability produced by nicotine (10 uM) as shown in the recording from a second
isolated human nerve segment in B. At a concentration of 3 uM amitriptyline’s action is restricted to an inhibition of the excitability increase
brought about by nicotine (Ba), with only a small effect on the amplitude and latency to onset of the C-fibre response to supra-maximal
stimulation (Bb, inset right).
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Figure 4 Amitriptyline affects the nicotine-induced increase in excitability as well as the amplitude and latency of the C-fibre CAP response
to supra-maximal stimulation. (A) Amitriptyline (1-10 uM) inhibits concentration-dependently the increase in C-fibre excitability induced by
nicotine (10 uM). In addition, amitriptyline (1-10 uM, B) produces a rather modest concentration-dependent decrease in the absolute
amplitude (peak-to-peak) and an increase in the latency to half-maximum amplitude of the compound C-fibre action potential response to

supra-maximal electrical stimulation.
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Figure 5 Quantitative analysis of the effects of amitriptyline on nicotine-induced (10 uM) increases in excitability and the amplitude and
latency to onset of the C-fibre compound action potential (CAP) response to supra-maximal stimulation. In concentrations from 1 to 10 uM,
amitriptyline reduced, concentration-dependently, the nicotine-induced (10 uM) increase in excitability in unmyelinated human axons. An
ECso for this effect of 2.6 = 0.2 uM was calculated. In addition, in concentrations above 1 uM, amitriptyline concentration-dependently
reduced the amplitude and increased the latency to half-maximum amplitude of the C-fibre CAP. However, these changes are much less
prominent than the reduction of the nicotine-induced increase in axonal excitability observed in the presence of amitriptyline.

shown in Figure 6. Changes in axonal excitability following
the addition of nicotine (10 uM) to the bathing solution were
tested twice under control conditions (Figure 6B). Exposure of
the nerve fascicle to TTX (10 nM) produced a clear decrease in
the amplitude and an increase in the latency to onset of the
compound C-fibre action potential (Figure 6A) but did not
affect the nicotine-induced decrease in ‘threshold current’.

The effects of TTX were reversible, and axonal excitability
returned to the resting values within about 20 min of
washout. In contrast, amitriptyline (10 uM) reduced only
marginally the amplitude and latency of the compound
C-fibre potential (Figure 6B), but it produced a substantial
reduction of the ‘threshold current’ response to nicotine. The
pooled data (five individual fascicles from three patients) for
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Figure 6 Amitriptyline (10 uM) but not tetrodotoxin (TTX) (10 nM) reduces the nicotine-induced increase in axonal excitability. The effect
of both amitriptyline and TTX on the compound action potential (CAP) response to electrical stimulation of unmyelinated axons is shown for
a single human nerve fascicle. In this recording nicotine (10 uM, 90 s, thick bars) was added to the bathing solution at regular intervals of
20 min. Over the 20 min period preceding the third application of nicotine, TTX (10 nM) was added to the bathing solution and during the
interval between the fourth and fifth application of nicotine, amitriptyline (10 uM) was added to the solution perfusing the bath. TTX reduced
the amplitude and prolonged the latency to half-maximum amplitude of the CAP response to supra-maximal stimulation and increased the
current required to maintain a CAP response of 40% maximum (left panel A and B) but was without effect on the increase in excitability seen
in the presence of nicotine (10 uM). Amitriptyline (10 uM) however considerably reduced the increase in excitability produced by nicotine
(10 uM) but only marginally reduced the amplitude and prolonged the latency to half-maximum amplitude of the CAP response to
supra-maximal stimulation. Amitriptyline (10 uM) was without effect on the current required to evoke a 40% maximum CAP.

this effect is shown in Figure 7. Amitriptyline (10 uM)
changed the shape of the compound C-fibre action potential
considerably less than TTX (10 nM), but the reduction of the
nicotine-induced increase in axonal excitability was much
more pronounced than that of TTX.

Discussion

The key observation of the present study is an inhibition of
nAChRs expressed in human unmyelinated axons by low
concentrations of amitriptyline. Amitriptyline’s effect on
the response to nicotine of unmyelinated human axons
resembles that previously reported for mecamylamine, a
potent blocker of nAChRs (Lang et al., 2003). It has long been
known that the depolarizing action of acetylcholine on
unmyelinated axons can be blocked not only by specific
antagonists of nAChRs but also by substances such as tetra-
ethylammonium, local anaesthetics and morphine (Ritchie
and Armett, 1963). It has been suggested, therefore, that all
compounds with a quaternary or tertiary nitrogen atom in
their structure are able to antagonize the action of acetylcho-
line on C-fibres (Ritchie and Armett, 1963). Amitriptyline
seems to be another example consistent with this interpreta-
tion. However, amitriptyline also has effects on other ion
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channels (see Introduction). The small changes in latency and
amplitude of the compound C-fibre action potential pro-
duced by amitriptyline may indicate that a reduction in the
availability of voltage-dependent Na* channels contributes to
the amitriptyline-induced inhibition of the effects of nico-
tine. However, in the presence of TTX, pronounced changes
in the shape of compound C-fibre action potential were seen
without any concomitant effect on the response to nicotine.
This indicates that amitriptyline has a direct action on
nAChRs.

It seems possible that TTX-resistant sodium channels in
unmyelinated peripheral axons could contribute to the
observed interaction between the effects of nicotine and ami-
triptyline. Amitriptyline can inhibit the TTX-resistant
voltage-dependent sodium channel (TTXr Na,) in rat dorsal
root and trigeminal ganglion cells (Brdu et al., 2001; Hur et al.,
2008). If this action of amitriptyline were to contribute to its
observed blockade of axonal responses to nicotine, the action
of nicotine would itself need to be in part mediated by Nays.
While nicotine affects cell expressed TTXr Na,1.5 (hH1) cur-
rents (Liu et al., 2004), it does so at concentrations in the
millimolar range, and with an inhibitory mode of action.
Notwithstanding the differences in concentration, it is diffi-
cult to envisage how nicotine and amitriptyline, both of
which would be expected to block TTXr Nay, might be able to
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Figure 7 Quantitative analysis of the effects of amitriptyline
(10 uM) and tetrodotoxin (TTX) (10 nM) on the C-fibre compound
action potential response to electrical stimulation of human nerve
fascicles. TTX (10 nM) reduced the amplitude and prolonged the
latency to half-maximum amplitude of the C-fibre response to supra-
maximal stimulation. These effects of TTX on the C-fibre response
were significantly more pronounced than those of amitriptyline
(10 uM). In contrast, amitriptyline (10 uM) produced a significantly
stronger inhibition of the reduction in threshold produced by nico-
tine (10 uM).

interact to account for the observation here, namely that
amitriptyline can suppress the excitatory action of nicotine
on unmyelinated axons. Furthermore, the observation that
amitriptyline blocks nAChR-mediated responses in skeletal
muscle (Gumilar et al., 2003), a tissue in which TTX-resistant
sodium channel isoforms are not expressed, suggests that
TTXr Na, are not essential for amitriptyline-induced blockade
of responses to nicotine. The alternative proposal, namely
that amitriptyline is one of a large number of compounds
with a chemical structure appropriate for blockade of nAChRs
(Ritchie and Armett, 1963; Arias et al., 2006), seems consider-
ably more reasonable to explain our findings.

Clinical relevance of concentrations used

The effect of nicotine on axonal excitability was reduced by
concentrations of amitriptyline of around 1uM
(314 ng'-mL™), and this is consistent with a previous report
illustrating the high sensitivity of nicotinic responses to ami-
triptyline (Park etal.,, 1998). Studies in human subjects
suggest that plasma levels of amitriptyline after single or
multiple oral doses range from 20 to 150 ng-mL™ (ca.
70-540 nM; Schulz et al., 1985). It is therefore possible that
nicotinic receptors on sensory axons are inhibited during
treatment of neuropathic pain with amitriptyline. In fact,
amitriptyline in moderate doses reduces the quantitative
sudomotor axon reflex in human subjects (Low and Opfer-
Gehrking, 1992), and nicotinic receptors on sympathetic
axons are thought to contribute to this sweat response (Wada
etal., 1952).

nAChRs and neuropathic pain
The findings of the present study indicate a possible contri-
bution of nAChRs to the pathogenesis of neuropathic pain.
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There are previous reports that indicate such a connection: (i)
The expression of nAChRs is altered following peripheral
nerve lesions with nicotinic acetylcholine binding sites
increasing on both sides of dorsal root ligation sites in rats
(Gillberg and Askmark, 1991); (ii) an up-regulation of o5
subunit immunoreactivity in nerve fibres of the outer dorsal
horn was observed after spinal nerve ligation (Vincler and
Eisenach, 2004); and (iii) knock down of the a5 nAChR
subunit is able to alleviate the mechanical allodynia usually
accompanying spinal nerve ligation in rats (Vincler and Eisen-
ach, 2005).

There are also pharmacological observations to support the
involvement of nAChRs in the pathogenesis of neuropathic
pain. Interestingly, anti-nociceptive effects of both nicotinic
agonists (Marubio et al., 1999; Vincler, 2005; Meyer, 2006)
and antagonists (Livett et al., 2006; Vincler et al., 2006) have
been reported. The mechanism underlying the effect of nico-
tinic agonists is not entirely clear but is most probably attrib-
utable to an activation of o4 subunits of nAChRs on
inhibitory neurons in supraspinal pain pathways (Marubio
et al., 1999; Meyer, 2006). However, it is also possible that the
anaesthetic property of nicotine can be due to inhibition of
TTXr Na,s without activation of nAChRs (Liu et al., 2004). The
analgesic effects of antagonists seem plausible in situations
where a direct, local excitatory effect of acetylcholine on
afferent nociceptive neurons may be involved (Livett et al.,
2006).

There are several possible sources of acetylcholine in the
periphery. A likely candidate is lymphocytes because these
cells release acetylcholine according to their degree of differ-
entiation and activation (Rinner etal., 1998). Invasion of
dorsal root ganglia by lymphocytes after peripheral nerve
lesions has been reported (Hu and McLachlan, 2002; Klein-
schnitz et al., 2006; Moalem and Tracey, 2006) and, as lym-
phocytes themselves express nAChRs (Kawashima and Fujii,
2003), amitriptyline may be able to exert a direct action on
lymphocytes.

Together, the present data indicate that the functional
activity of nicotinic receptors expressed on primary afferent
nociceptive neurons is blocked by amitriptyline. This mode of
action of amitriptyline may explain, at least in part, amitrip-
tyline’s therapeutic action in the treatment of neuropathic
pain.
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