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Chronic axonal damage of sensory neurons often results in

painful and dysaesthetic sensations. These positive sensory

symptoms of peripheral nerve injury are produced by

ectopic nerve impulses in the damaged neurons generated

at the site of injury by sprouting axons (known as a

neuroma) and also at the soma. The molecular

mechanisms underlying spontaneous electrogenesis in

neuromas after axonal damage are unknown, but there is

evidence for the involvement of voltage-gated sodium

channels, including those containing the tetrodotoxin-

resistant a subunit Nav1.8.

Sodium channels accumulate at the sites of sprouting after

axonal damage (Devor et al. 1993) and pharmacological

experiments reveal an important role for voltage-gated

sodium channels in spontaneous electrogenesis in

neuromas (Matzner & Devor, 1994). A selective

accumulation of Nav1.8 in injured nerve fibres in the rat

(Novakovic et al. 1998) and in damaged nerves and skin

from patients with painful neuropathy (Coward et al.
2000; Yiangou et al. 2000) has been shown using subtype-

specific antibodies.

All these data suggest that Nav1.8 may play a role in the

generation of spontaneous activity after axonal injury and

therefore contribute to neuropathic pain. This hypothesis

is reinforced by the observation that inhibiting the

expression of Nav1.8 protein using antisense oligo-

nucleotides reverses thermal and mechanical hyperalgesia

produced by spinal nerve ligation in rats (Porreca et al.
1999; Lai et al. 2002). In the present study we investigated

the involvement of Nav1.8 in ectopic impulse generation

by examining spontaneous activity and ectopic

mechanosensitivity in neuromas formed by section of the

saphenous nerve in wild-type and Nav1.8 null mice. For

these experiments we developed a preparation for

recording single unit activity from mouse saphenous nerve

neuromas in vitro.

METHODS 
Adult mice of either sex (n = 19, body weight 20–35 g) were used.
Mice homozygous for the disrupted allele (_/_ or null) were
compared with littermate wild-type (+/+) mice (Akopian et al.
1999). European Union and Spanish State legislation regulating
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animal experiments was followed and the Animal Care
Committee of the University of Alcala (Madrid, Spain) approved
the experimental protocols. Statistical analyses were performed
using ANOVA with post hoc tests, or Mann-Whitney U tests or
Student’s t tests, as appropriate. The level of statistical significance
was set at P < 0.05.

Neuroma formation
These methods were adapted from those described in rats by
Rivera et al. (2000). Under deep anaesthesia with halothane
(2–4 % in pure O2) and with sterile precautions, the saphenous
nerve was exposed at the level of the mid-thigh, dissected free and
tightly ligated with 8–0 silk. The nerve was cut distal to the ligature
and the cut end inserted into a 5 mm long silicone tube (0.45 cm

internal diameter) to prevent lateral innervation of surrounding
tissue. The tube was tied in place with the same piece of 8–0 silk so
that the cut end of the nerve was ~2 mm from the distal end of the
tube. The distal end of the tube was left open and ~5 mm of the
distal nerve stump was excised to prevent reinnervation. The
incision was closed in layers. The animals were housed in groups
of two to four and inspected daily for infections or abnormal
behaviour. The mice had access to water and food ad libitum. In
nine mice (3 wild-type and 6 Nav1.8 null) neuromas were made in
either one or both saphenous nerves. In the remaining animals (5
wild-type and 5 Nav1.8 null), one neuroma were formed in the
saphenous nerve and another was formed in the sciatic nerve of
the same limb. Only the saphenous nerve neuromas of all animals
were used for the electrophysiological experiments. None of the
animals showed any signs of autotomy of the denervated tissue.

Electrophysiological procedures
The mice were humanely killed by cervical dislocation, the
saphenous nerve with the neuroma was dissected and the silicon
tube around the neuroma was carefully removed. The nerve trunk
and the neuroma were excised and placed in a chamber and
superfused with oxygenated synthetic interstitial fluid (SIF) with
the following composition (mM): 108 NaCl, 3.48 KCl, 0.7 MgSO4,
26 NaHCO3, 1.7 NaH2PO4, 1.53 CaCl2, 9.6 sodium gluconate,
5.55 glucose, 7.6 sucrose (Cervero & Sann, 1989). Temperature
was monitored with a thermocouple and maintained at 35 ± 1 °C
by means of a Peltier device. The proximal end of the nerve was
electrically isolated in a second chamber filled with paraffin oil
and positioned on top of a splitting platform where the distal
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Figure 1. Examples of original recordings of fibres with spontaneous activity recorded from
neuromas taken from wild-type mice 22 days post-operatively
The discharge rate is represented as instantaneous frequency.  A, an example of regular ongoing discharge in
a C-fibre. The inset shows the spike shape averaged from the spontaneous firing and the response to electrical
stimulation of the neuroma. The arrow indicates the stimulus artefact. The recording distance was 9.5 mm.
B, an example of bursting discharge in an Ad-fibre. The inset shows the spike shape averaged from the
spontaneous firing.
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stump was teased into small filaments suitable for recording
activity from identified single fibres. When a second neuroma
from the same animal was used, it was stored in oxygenated SIF at
4 °C until required. There were no detectable differences in results
between the first and second neuromas studied.

Once a filament was teased it was left for a minimum of 2 min in
order to record spontaneous activity (defined as a discharge rate ≥
1 spikes min_1). Then the neuroma was gently probed with a
smooth-tipped glass rod (diameter = 1 mm) to search for fibres
with mechanosensitivity. ‘Trains’ of 10 tap stimuli of > 1 s at ~1 s
intervals (measured using a metronome) were also applied.
Finally, controlled electrical pulses of variable strength and
intensity (0.2–0.5 ms pulse width, maximum strength 10 V) were
delivered to the neuroma via a tungsten bipolar stimulating
electrode, in order to identify the number of A- and C-fibres
present in the filament and to establish the identity of the
mechanical and spontaneous units. The electrical activity was
recorded with a low-noise AC-coupled amplifier and a
monopolar platinum wire electrode. The signals were monitored
on an oscilloscope and the recordings were digitized and stored
using a digital tape-recorder. The data was analysed off-line on a
computer (running Spike 2 software, CED Ltd, UK). The spike
shape of a spontaneous fibre was averaged (at least three action
potentials) and then the shape was superimposed on the recording
obtained with the electrical stimulation to identify spontaneous
fibres. An experimenter unaware of genotype reviewed the data
analysis independently.

The electrophysiological experiments were conducted over two
different time periods after nerve section. A first group of animals
was studied between 8–11 days (median 10 days) after nerve
section, referred to as 10 days post-operatively. A second group of
mice was studied after 19–29 days (median 22 days), referred to as
22 days post-operatively.

RESULTS
A total of 522 identified axotomized fibres were recorded,

in 24 neuromas, eight from wild-type and 16 from Nav1.8

null mice. No differences between neuromas from male

and female mice were noted. In neuromas from both wild-

type and Nav1.8 null mice the fibres were classified off-line

according to their conduction velocity as A-units (CV

(conduction velocity) > 1 m s_1) or C-units (CV < 1 m s_1).

There were no statistically significant differences in the

conduction properties of the fibres overall between the

two groups of mice (see Table 1). However, in both groups

of neuromas a proportion of the action potentials

recorded (52 of 234 or 22 % in wild-type and 40 of 288 or

14 % in Nav1.8 null mice) were not identified by electrical

stimulation but by their spontaneous activity or their

responsiveness to mechanical stimulation. In our

preparation the conduction distance was ~10 mm

(range = 9.5–11 mm), and the stimulus artefact obscured

the first 1–1.5 ms of the record. Therefore, it would have

been impossible to record the electrically evoked action

potential of any fibre conducting faster than 10 m s_1.

Thus it is likely that the population of fibres not identified

electrically were either Ab-fibres or the faster Ad-fibres

(Cain et al. 2001).

Spontaneous activity develops over time in wild-
type mice
In wild-type neuromas studied 10 days post-operatively,

none of the filaments recorded showed any signs of

spontaneous firing. In these experiments, 42 fibres were

identified. In contrast, neuromas from wild-type mice

examined 22 days post-operatively showed a substantial

incidence of repetitive spontaneous firing. Of the 192

fibres identified, 38 showed spontaneous activity. These

38 units included 10 C-fibres (mean CV 0.45 ± 0.03 m s_1)

and 16 A-fibres (mean CV 2.4 ± 0.9 m s_1). The remaining

12 fibres were not electrically identified. Two distinct

patterns of repetitive firing were found; 30 fibres showed

irregular ongoing discharges throughout the recording

period and eight fibres fired in bursts. Examples of these two

patterns are shown in Fig. 1. When the group of spontaneous

fibres with ongoing discharges was analysed according to

their conduction velocity, C-units had significantly greater

firing rates than the A-units and the unidentified units (Fig.

2). Within the group of fibres with a known conduction

velocity, there was an inverse correlation between the

discharge rate and conduction velocity.

Nav1.8 is essential for the development of
spontaneous activity
When the presence of spontaneous firing was compared in

wild-type and Nav1.8 null mice, we found that the

incidence of spontaneous activity in Nav1.8 null mice was

almost zero, in sharp contrast to neuromas taken from

wild-type mice (Fig. 3A). None of the 50 fibres studied at

10 days post-operatively in Nav1.8 null neuromas showed

any kind of spontaneous firing. Only one fibre of the 238

fibres identified in neuromas from Nav1.8 null mice

studied 22 days post-operatively showed ongoing

spontaneous activity. This fibre was classified as a C-unit

and fired at a rate of 0.6 Hz.

Nav1.8 and ectopic electrogenesis in neuromasJ Physiol 550.3 923

Figure 2. Firing rate of fibres from the neuroma
Firing rate of the fibres with regular (non-bursty) spontaneous
activity recorded from neuromas taken from wild-type mice 22
days post-operatively shown according to fibre class. A, A-fibres;
C, C-fibres; ?, electrically unidentified fibres. The C-fibres showed
significantly higher rates of firing than A d-units and electrically
unidentified fibres.
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Nav 1.8 has a role in the expression of ectopic
mechanical responsiveness at early time points
In neuromas taken from wild-type mice studied 10 days

post-operatively, more than half the identified fibres were

excited by mechanical stimulation of the neuroma (Fig. 3).

These fibres included 20 that were not electrically

identified, along with two Ad-fibres and one C-fibre.

Neuromas taken from Nav1.8 null mice 10 days post-

operatively showed a significantly lower incidence of

mechanoresponsive fibres; less than 20 % of units

responded to mechanical stimulation of the neuroma (Fig.

3B). Of these, three units were Ad-fibres, three were

C-fibres and the remaining three units were not identified

electrically. However, in neuromas studied at 22 days

post-operatively from both wild-type and null mice, there

was a similar incidence of mechanosensitive fibres in both

groups of mice (Fig 3). The mechanosensitive fibres had

significantly faster conduction velocities than the non-

mechanically sensitive fibres in both groups of mice (see

Table 1). A proportion of the spontaneously active fibres

recorded in wild-type mice at 22 days post-operatively

were also mechanosensitive (20 of the 38 spontaneously

active fibres). These fibres that showed both

mechanosensitivity and ongoing activity included 13

Ad-fibres, three C-fibres and four fibres that were not

identified electrically. However, the single spontaneously

active C-fibre recorded in a Nav1.8 null neuroma was not

affected by mechanical stimulation.

Nav 1.8 is not required for the expression of
afterdischarges
In uninjured nerves, afferent fibres almost never show

more than one action potential to a single electrical

stimulus. Similarly, repetitive firing after application of a

brief mechanical stimulus is very rare. However, after

axotomy, afterdischarges are present in 2–5 % of A-fibre

cell bodies recorded in the dorsal root ganglion (see Amir

et al. 2002). In the present study a small number of fibres

with afterdischarges were recorded in neuromas taken

from both wild-type and Nav1.8 null mice. In wild-type

neuromas studied 10 days post-operatively, one fibre of

the 42 recorded showed signs of afterdischarges. This fibre

was an A-fibre that showed variable bursting after-

discharges after electrical stimulation. In wild-type

neuromas recorded at 22 days post-operatively, two

A-fibres showed occasional afterdischarges during the

recording period related to either mechanical or electrical

stimulation. Similarly, in Nav1.8 null neuromas recorded

at 22 days post-operatively, two A-fibres showed after-

discharges after electrical stimulation.

DISCUSSION
In the present study we found that 19 % of the axotomized

fibres ending in a neuroma in wild-type mice ~22 days

after surgery showed spontaneous firing. In contrast, in

neuromas taken from Nav1.8 null mice ~22 days post-

operatively, only one fibre showed low grade spontaneous

firing. The spontaneous activity developed over time in the

wild-type animals, since no activity was seen 10 days post-

operatively. At 10 days, a significantly higher proportion

of fibres was mechanosensitive in wild-type (54 %)

compared to Nav1.8 null neuromas (18 %). However by

22 days, a similar proportion of fibres was mechano-

sensitive in wild-type and Nav1.8 null neuromas.

Nav 1.8 is essential for the development of
spontaneous activity
Only one fibre in Nav1.8 null neuromas showed ongoing

firing, giving an extremely low incidence of spontaneous

activity of 0.4 %. This fibre was a C-fibre that discharged at

a rate of 0.6 Hz. In normal animals without nerve lesions,

occasional C-fibres are encountered with low frequency

ongoing activity. These fibres usually respond to cooling.

For example Cain et al. (2001) found one such fibre in a

study of 225 fibres recorded in the normal mouse tibial

nerve. Thus the incidence of spontaneous activity in the

Nav1.8 null neuromas was in the range found in a normal,

undamaged nerve innervating the skin. In contrast,

neuromas from wild-type mice showed a much higher

incidence of spontaneous activity (19 %), as expected from

previous work (for review see Devor & Seltzer, 1999).

The present observations strongly suggest that the

accumulation of Nav1.8 protein in neuromas revealed

using subtype-selective antibodies (Novakovic et al. 1998;
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Figure 3. Spontaneous activity and mechanosensitivity
of neuroma fibres
Percentage of spontaneously active (A) and mechanoresponsive
(B) fibres recorded from neuromas at 10 and 22 days post-
operatively in wild-type and Nav1.8 null mice. p.t., post trauma.
* P < 0.05. 
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Coward et al. 2000; Yiangou et al. 2000) is required for the

spontaneous activity. The expression of tetrodotoxin-

sensitive sodium channels in the dorsal root ganglion cell

body is increased in Nav1.8 null mice (Akopian et al. 1999),

which in principle could contribute to the absence of

spontaneous firing in neuromas in these mice. However,

pharmacological evidence supports the hypothesis that

sodium channels in damaged axonal endings are the

substrate for spontaneous firing (Matzner & Devor, 1994;

Omana-Zapata et al. 1997), thus it seems unlikely that the

compensatory increase in tetrodotoxin-sensitive sodium

channel expression prevents ectopic firing. Furthermore, the

intensity of Nav1.8 expression in normal dorsal root

ganglion neurons is inversely correlated with the conduction

velocity of the axon (Fang et al. 2001). In the present study,

we also found that the rate of spontaneous activity in wild-

type mice was greater in fibres with slower conduction

velocities, suggesting that dense accumulations of Nav1.8

channels may increase the probability of higher rates of

spontaneous firing. It is striking that the accumulation of

Nav1.8 protein is unrelated to the lower levels of mRNA

encoding the Nav1.8 protein in DRG somata that occur in

a variety of neuropathic pain models (Okuse et al. 1997).

Nav1.8 mRNA is expressed in 69 % of cell bodies in normal

rat dorsal root ganglion (Novakovic et al. 1998). However,

here only 19 % of all fibres showed spontaneous activity

22 days after injury. Two factors may account for this

apparent mismatch. Firstly, Nav1.8 appears to be

necessary but may not be sufficient to provoke

spontaneous electrogenesis in a damaged axon. Secondly,

the proportions of fibres developing spontaneous activity

after complete nerve section varies widely depending on

the species, the nerve and the time post-injury examined

(for review see Devor & Seltzer, 1999). The expression of

Nav1.8 and/or the subcellular redistribution of Nav1.8

that occurs after axonal injury may also vary depending on

the species, peripheral nerve, time after injury and type of

nerve injury (Dib-Hajj et al. 1996; Novakovic et al. 1998).

Nav 1.8 contributes to the expression of ectopic
mechanosensitivity at early time points
Ectopic mechanosensitivity is proposed to be due to the

incorporation in the axonal terminal of transducer

proteins destined for the normal receptor ending of the

fibre (Devor & Goran-Lippman, 1983; Korschorke et al.
1991; Michaelis et al. 1999). This is consistent with our

observation that the conduction velocity of the

mechanosensitive population of fibres was greater than

those that did not exhibit mechanosensitivity, because in

normal, undamaged nerves, mechanically sensitive

afferent fibres tend to have more rapidly conducting

axons. Mechanosensitivity of sectioned axons can be

detected only a few hours after injury, before spontaneous

firing develops (Michaelis et al. 1999). Our data show that

mechanosensitive terminals do occur in the absence of

Nav1.8, so Nav1.8 is not essential. However, voltage-gated

sodium channels control membrane excitability and

action potential generation. The accumulation of Nav1.8

in the terminals may increase excitability and reduce firing

thresholds, enabling the activation of the fibre by

mechanotransducers. The mechanosensitive sites within a

fibre are located very close to the sites of spontaneous

electrogenesis (Chen & Devor, 1998), supporting this

possibility. In the present study, the absence of Nav1.8

reduced mechanosensitivity at 10 days after injury but not

thereafter, suggesting that with time mechanotransducers

accumulate or other sodium channel subtypes compensate

for the lack of Nav1.8. In human neuromas, a positive and

painful Tinel’s sign (sensation produced by tapping the

injured nerve) is associated with intense staining for

Nav1.8 (Coward et al. 2000; Yiangou et al. 2000).

Potential role of Nav1.8 in neuropathic pain
Spontaneous impulse discharge from axonal sprouts clearly

produces positive sensory symptoms including pain in

patients with chronic sensory axonal damage (see Rizzo et al.
1996; Waxman et al. 1999) and our data strongly suggest that

Nav1.8 is essential for this spontaneous electrogenesis. Several

sodium channel blockers are effective analgesics in the clinic,

but they lack specificity and so their effects on other excitable

membranes are dose-limiting. Nav1.8 is exclusively expressed

in primary afferent neurons and in the light of our data is thus

an extremely attractive target for drug development.

The most direct sensory consequence of spontaneous

impulse generation in the neuroma is likely to be

continuous dysaesthetic and paraesthetic sensation (Rizzo

et al. 1996), although this discharge may also maintain

hyperalgesia and allodynia (e.g. Gracely et al. 1992).

Experiments testing the participation of Nav1.8 in

spontaneous pain-related behaviour after nerve injury

have not been reported. Nonetheless, mechanical and

thermal hyperalgesia in rats after spinal nerve ligation is

reversed by treatment with Nav1.8 antisense (Porreca et al.
1999; Lai et al. 2001), strongly supporting a role for Nav1.8

in hyperalgesia of neuropathic origin. A very recent report

(Gold et al. 2003) describes redistribution of Nav1.8 in

uninjured axons following nerve injury and suggests a

prominent role of Nav1.8 in neuropathic pain.

However, Nav1.8 null mice showed normal hyperalgesia

in a different model of peripheral nerve injury, partial

ligation of the sciatic nerve (Kerr et al. 2001). The

behavioural experiments were performed 3–14 days after

nerve injury (Kerr et al. 2001), when no spontaneous

activity is observed in the neuroma in wild-type animals

(present data). This suggests that at these early time points,

hyperalgesia is maintained by other mechanisms, for

example, spontaneous discharge from the soma of

damaged axons (Devor & Seltzer, 1999), or from adjacent,

undamaged axons (e.g. Wu et al. 2001). Spontaneous

activity from these alternative sources has an earlier onset

Nav1.8 and ectopic electrogenesis in neuromasJ Physiol 550.3 925
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than spontaneous activity in the neuroma (see Devor &

Seltzer, 1999; Wu et al. 2001). Nav1.8 is not the strongest

candidate for mediating spontaneous activity arising from

the soma, since after some (although not all) types of axonal

injury its expression in the soma is markedly reduced (Dib-

Hajj et al. 1996; Okuse et al. 1997; Novakovic et al. 1998).

However, it is also possible that Nav1.8 plays a partial role in

the expression of neuropathic hyperalgesia, but that

compensatory over-expression of tetrodotoxin-sensitive

sodium channels in the null mutant mice masks the full

Nav1.8 null phenotype (Akopian et al. 1999). This type of

phenotype masking occludes a deficit in thermal

hyperalgesia due to intraplantar carrageenan in these mice

(Akopian et al. 1999).
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