Multiple Sodium Channel Isoforms and
Mitogen-Activated Protein Kinases Are
Present in Painful Human Neuromas
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Objective: Although axons within neuromas have been shown to produce inappropriate spontaneous ectopic discharges, the
molecular basis for pain in patients with neuromas is still not fully understood. Because sodium channels are known to play
critical roles in neuronal electrogenesis and hyperexcitability, we examined the expression of all the neuronal voltage-gated
sodium channels (Nav1.1, Nav1.2, Nav1.3, Nav1.6, Nav1.7, Nav1.8, and Nav1.9) within human painful neuromas. We also
examined the expression of two mitogen-activated protein (MAP) kinases, activated p38 and extracellular signal-regulated kinases
1 and 2 (ERK1/2), which are known to contribute to chronic pain, within these human neuromas.
Methods: We used immunocytochemical methods with specific antibodies to sodium channels Nav1.1, Nav1.2, Nav1.3,
Nav1.6, Nav1.7, Nav1.8, and Nav1.9, and to activated MAP kinases p38 and ERK1/2 to study by confocal microscopy control
and painful neuroma tissue from five patients with well-documented pain.
Results: We demonstrate upregulation of sodium channel Nav1.3, as well as Nav1.7 and Nav1.8, in blind-ending axons within
human painful neuromas. We also demonstrate upregulation of activated p38 and ERK1/2 MAP kinases in axons within these
neuromas.
Interpretation: These results demonstrate that multiple sodium channel isoforms (Nav1.3, Nav1.7, and Nav1.8), as well as
activated p38 and ERK1/2 MAP kinases, are expressed in painful human neuromas, indicating that these molecules merit study
as possible therapeutic targets for the treatment of pain associated with traumatic neuromas.
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Injury to peripheral nerves associated with trauma, amputation, compression, or surgery can lead to the formation of painful neuromas, tangled masses of blindending axons, and proliferating connective tissue.1 In
humans, these neuromas can be debilitating, causing
chronic and severe pain, which is frequently refractory
to medical treatment. Axons in both experimental and
human neuromas have been shown to produce spontaneous ectopic discharges,2– 4 which have been implicated in neuropathic pain,5 but the molecular
mechanisms responsible for this pain-producing hyperexcitability in neuromas are not fully understood.
Considerable attention has been focused recently on
understanding the contribution of voltage-gated sodium channels in the pathogenesis of neuropathic
pain.6,7 It is now clear that there are nine distinct isoforms of sodium channels, with different amino acid

sequences and distinct physiological profiles.8 Sodium
channel isoforms Nav1.3, Nav1.7, Nav1.8, and Nav1.9
have been shown to exhibit physiological properties
and patterns of expression within the nervous system
that poise them to play important roles in chronic
pain. Significantly, Nav1.3 is present at very low levels,
if at all, in adult rat dorsal root ganglia (DRG) neurons, but the expression of Nav1.3 is upregulated at
the transcriptional level after peripheral axotomy of
DRG neurons9,10 or inflammation in their peripheral
projection fields.11 Nav1.3 produces persistent currents
and depolarizing responses that amplify small stimuli
close to resting potential, and recovers rapidly from inactivation, thereby increasing neuronal excitability
when expressed at higher than normal levels.12–14
Nav1.7 produces a depolarizing response to small, slow
stimuli such as generator potentials,15 thus setting the
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gain on nociceptors.16 Consistent with a prominent
role for this channel in nociception, Nav1.7 is expressed in 85% of functionally identified nociceptive
neurons within DRG17 and has been localized to sensory nerve endings.18 Gain-of-function mutations in
Nav1.7 have been shown to produce severe chronic
pain,15,19 whereas loss-of-function mutations in this
channel produce profound insensitivity to pain in humans.20 –22 Nav1.8, which is present within approximately 90% of C- and A␦-nociceptive DRG neurons,23 produces a majority of the current underlying
the upstroke of the action potential in these neurons
and supports repetitive firing when these cells are depolarized.24 To date, two studies have examined expression of Nav1.7 and Nav1.8 in human neuromas.25,26 However, there have been no studies on the
expression of Nav1.3 and other sodium channel isoforms within human neuromas.
Mitogen-activated protein kinases (MAPKs) transduce extracellular stimuli into intracellular posttranslational and transcriptional responses in a variety of cell
types.27 Current evidence has implicated activation of
MAPK signaling pathways as a major contributor to
the development and persistence of pain.28,29 It has recently been demonstrated that sodium channels can be
direct targets of activated MAPK. The activities of
Nav1.6,30 Nav1.7,31 and Nav1.832,33 have been shown
to be modulated by MAPK. However, at this time, it is
not known whether activated MAPKs are present in
human painful neuromas.
Although the effect of surgical excision of neuromas
is controversial, several studies in amputees have reported good results.34 –36 One goal of such neuroma
surgeries is moving the nerve stump to a deeper location so that if a new neuroma re-forms, as it often

does, it will not be so superficially located and vulnerable to mechanical stimulation. In this study, we have
examined the expression of all the neuronal sodium
channels, Nav1.1, Nav1.2, Nav1.3, Nav1.6, Nav1.7,
Nav1.8, and Nav1.9, and activated MAPKs p38 and
extracellular signal-regulated kinases 1 and 2 (ERK1/2)
within painful neuromas that were surgically extirpated
from five patients. We demonstrate that Nav1.3, which
is not detectable in control nerve, is accumulated together with Nav1.7 and Nav1.8 in human painful neuromas. We also show that activated p38 and ERK1/2
are accumulated in the majority of human painful neuromas. These results identify Nav1.3, as well as Nav1.7
and Nav1.8, and MAPKs p38 and ERK1/2 as potential
therapeutic targets in painful human neuromas.
Patients and Methods
Patients
Patients with verified peripheral nerve injury and palpable
neuromas, referred by other physicians because of intractable
pain to the neuropathic pain clinic at Aarhus University
Hospital, were eligible to enter the study. The patients had
tried a range of medications, including tricyclic antidepressants and anticonvulsants, but most of them wanted to stop
these medications either because of side effects or because of
lack of effect of treatment. The decision to operate and remove neuromas was made after discussion with a specialist in
hand surgery, before patients consented to participate in the
research study, and was based on the clinical status of patients, including elicitation of severe pain after palpation/percussion of the neuroma. Patients were told that removal of
such neuromas and the subsequent burying of the excised
nerve stump in surrounding muscle might result in reduced
evoked pain, but that there was also a risk for worsened pain.
Six patients were enrolled in the study (Table 1). Patients
were informed about the study, and written informed con-

Table 1. Patient Baseline Characteristics
Patient
No.

Sex/Age
(yr)

Cause of Pain/
Location

Injured Nerve

Previous Neuroma
Removal

Pain Duration
(mo)

Spontaneous Pain
(NRS, 0-10):
Stump/Phantoma

1

M/37

Amputation
(transmetacarpal)/5th
finger, right hand

Ulnar

2

M/58

Amputation/4th
finger, left hand

3

M/61

4

Analgesic Treatment

2003, 2004

71

9.4/6.7

None

Ulnar and
median

—

24

6.1/5.2

None

Amputation/2nd
finger, right hand

Median
(common and
proper palmar
digital
branches)

—

19

4.3/3.9

Pregabalin

F/26

Fracture and
subsequent surgery/
right volar wrist

Radial

2004

28

1

5

M/38

Fracture and
subsequent surgery/left
volar wrist

Median

—

82

5.3

6

F/57

Amputation/2nd
finger, right hand

Median

1994, 1996

192

7.7/6.1

None

Oxycodone, ibuprofen
(Ibumetin)
Tramadol,
paracetamol

a
NRS ⫽ numeric rating scale (0 ⫽ no pain; 10 ⫽ worst possible pain). Intensity of pain was calculated as a mean of the previous
seven daily pain scores.
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sent was obtained. The protocol was approved by the regional ethics committee (No. 2006-0044; Aarhus, Denmark).

same slides, and were immersed for 5 minutes in 4% paraformaldehyde in 0.14M Sorensen’s phosphate buffer, pH
7.4, rinsed several times in phosphate-buffered saline (PBS),
and incubated in blocking solution (PBS with 5% normal
goat serum, 1% bovine serum albumin, 0.1% Triton X-100
[Sigma, St. Louis, MO], 0.02% sodium azide) for 30 minutes at room temperature. Sections were then incubated individually or in combination with primary antibodies [rabbit
anti-Nav1.1 (1:100; Alomone, Jerusalem, Israel), rabbit antiNav1.2 (1:100, Alomone), rabbit anti-Nav1.3 (#16153;
1:500),38 rabbit anti-Nav1.6 (PN4; 1:100; Sigma), rabbit
anti-Nav1.7 (Y083, 1:250; generated from rat a.a. sequence
514 –532), rabbit anti-Nav1.8 (1:200; Alomone), rabbit antiNav1.9 (#6464; 1:500),39 mouse anti-phosphorylated and
anti-nonphosphorylated neurofilament (each 1:10,000; SMI
31 and SMI 32; Covance, Princeton, NJ), and guinea pig
anti-Caspr (1:2,000)40] for 24 to 48 hours at 4°C. Sections
were subsequently washed with PBS, incubated in appropriate secondary antibodies [goat anti–mouse IgG Alexa Fluor
488 or 633; 1:1,000; Molecular Probes, Eugene, OR), goat
anti–guinea pig IgG Alexa Fluor 488 (Molecular Probes),
and goat anti–rabbit IgG Cy3 (1:2,000, Amersham, Piscataway, NJ)] for 12 to 24 hours at 4°C, washed with PBS, and
coverslipped with Aqua Poly mount (Polysciences, Warrington, PA).

Assessment of Pain
During the study period, the intensity of pain was recorded
during the evening for a 1-week period commencing at 7
days before the operation and at 1, 3, and 6 months after the
operation. A numerical rating scale with 0 as “no pain“ and
10 as “worst possible pain“ was used. Amputees recorded
both stump and phantom pain; stump pain was defined as
pain localized to the region of the stump, and phantom pain
was defined as pain experienced in the missing part of the
limb. Mean intensity of pain was calculated from the previous seven daily pain scores (Table 2).

Surgery and Handling of Neuromas
Patients underwent general anesthesia or axillary brachial
plexus blockade, and the same hand surgeon performed all
operations. The surgical approach was as follows: (1) any
previous skin scar was reopened and excised; (2) the nerve
lesion was shown, and soft tissue scars were carefully excised;
(3) the nerve was mobilized from the scar tissue and the
nerve-end neuroma excised; and (4) the mobilized nerves
were wrapped in a sheet of Divide®, (Johnson, Johnson, Birkerod, Denmark) an adhesion barrier used to prevent scar
adherences in areas close to joints, if considered appropriate
by the surgeon. The neuromas were not locally anesthetized
with lidocaine or similar agents. A small area of normalappearing nerve trunk located approximately 2cm proximal
to the neuroma was excised in most cases, providing nerve
tissue outside of the neuroma from the same patient, to serve
as control tissue.
Control and neuroma tissue were immediately snap-frozen
in dry ice. Within 20 minutes after removal, the tissue was
transferred to a freezer and stored at ⫺80°C until shipping
from Denmark to Connecticut. During shipping, the tissue
was kept frozen in dry ice.

Tissue Analysis
To validate sodium channel antigenicity within control and
neuroma samples, we initially reacted sections from all samples with antibodies to Nav1.6 and Caspr. Nav1.6 is the predominant sodium channel at nodes of Ranvier where it is
expressed at a high density41 and Caspr demarcates paranodal regions.42 Samples that did not exhibit Nav1.6 labeling
at nodes, as identified by paranodal Caspr staining, were not
further examined for this study. Using this criterion, we included in our analyses five of six control samples from four
patients and seven of nine neuroma samples from five patients (patients 1, 2, 3, 5, 6). For analyses of control and
neuroma sections, multiple images were accrued with a Nikon C1 confocal microscope (Nikon USA, Melville, NY).
Imaging settings were selected with control tissue, and images of neuroma immunolabeling were acquired with the
same settings. Control and neuroma images were composed
and processed in parallel with enhanced contrast using
Adobe Photoshop (Adobe Systems, Mountain View, CA).

Immunocytochemistry
Ten-micrometer cryosections were processed for immunocytochemistry from six control nerves, and nine painful neuromas were removed from six patients as described previously.37 Control and neuroma tissue were processed in parallel.
Sections of control and neuroma tissue were mounted on the

Table 2. Intensity of Pain (NRS: 0-10) before Surgery and after 1, 3, and 6 Months
Patient No.

Before

After 1 Month

After 3 Months

After 6 Months

Effect of Surgery on Pain

1

9.4/6.7

9.6/7.3

9.7/6.6

9/6.7

7

2

6.1/5.2

4.9/3.3

7.9/5.3

7/5.6

23

3

4.3/3.9

1.7/2.7

2.1/2

2.1/3.1

2

4

1

1.6

2.6

5.4

1

5

5.3

4.4

4.1

ND

3

6

7.7/6.1

3.6/3

1.6/1.4

2.4/3

2

Intensity of pain (stump/phantom in patients with amputations) was calculated as a mean of the previous 7 daily pain scores.
NRS ⫽ numeric rating scale (0 ⫽ no pain; 10 ⫽ worst possible pain); ND ⫽ not determined.
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Results
Six patients with neuropathic pain after peripheral
nerve injury, not adequately controlled by medications,
and palpable neuromas participated in the study (see
Table 1). Nine nerve-end neuromas and six control
samples were obtained from these six patients. All neuromas were painful. Movement exacerbated pain in all
patients, but Tinel’s sign could not be elicited at locations proximal to the neuroma. Three patients had previously undergone neuroma removal, but the painattenuating effect of that surgery was transient. Medical
treatment had limited or no effect on the painful neuromas analyzed in this study.
Voltage-Gated Sodium Channels
In this study, we analyzed seven painful human nerveend neuromas from five patients who met our criterion
for preserved sodium channel antigenicity. As exemplified in Figure 1, neurofilament-positive axons, which
run in parallel within the nerve trunk, course in a disorganized pattern throughout neuroma, which often
becomes club shaped. Some of the axons within the
neuroma are grouped into mini-fascicles, which consist
of both myelinated and unmyelinated fibers.

axons in neuromas (Fig 2). Nav1.3 was present within
the blindly ending tips of axons within these neuromas
but did not appear to be confined to the tips of axons
and was generally also present more proximally within
the neuroma (see Fig 2).
NAV1.7 AND NAV1.8 ARE UPREGULATED IN HUMAN PAINFUL NEUROMAS.

In agreement with previous observations,25 we detected
substantially increased Nav1.7 and Nav1.8 immunofluorescence within axons in painful neuromas compared
with that exhibited in control samples (Fig 3). Increased Nav1.7 immunoreactivity was always detected
in the neuromas examined (7/7), whereas increased
Nav1.8 immunolabeling was observed in 3 of 7 (43%)
of the neuromas.
Similar to the observation of Nav1.8 localization at
nodes of Ranvier in normal human tooth pulp,43 we
observed Nav1.8 immunoreactivity at nodes in our
control human tissue (see Fig 3, inset); approximately
50% (16/31) of the nodes exhibited Nav1.8 immunolabeling. Nav1.8 was also observed at nodes within
painful neuromas, where 60% (21/35) of the nodes
displayed Nav1.8 immunoreactivity.

NAV1.3 IS UPREGULATED IN HUMAN PAINFUL NEUROMAS.

Previous work with rat experimental neuromas demonstrated an accumulation of Nav1.3 within the distal
axon stumps.10 Because Nav1.3 produces persistent
and ramp currents, and recovers rapidly from inactivation,13,14 the expression of Nav1.3 in injured neurons
and their extensions has been suggested to contribute
to their hyperresponsiveness.7,12 In this study, we asked
whether Nav1.3 was accumulated within painful human neuromas. Nav1.3 was not detectable in control
nerves but was clearly present within axons in four of
seven (approximately 60%) of the neuromas. In
double-label immunofluorescence studies, Nav1.3 immunolabeling was colocalized with neurofilament labeling, consistent with the accumulation of Nav1.3 within

NAV1.1, NAV1.2, NAV1.6, AND NAV1.9 ARE NOT UPREGULATED IN HUMAN PAINFUL NEUROMAS.

Nav1.1 was present at low levels in both control nerves
and neuromas, with no qualitative differences in the
level of expression (Fig 4). Only background levels of
Nav1.2 immunolabeling were observed in control
nerves and neuromas (see Fig 4). Nav1.9 immunoreactivity was detected in neuromas at low levels, where its
level of expression was similar to that in control nerves
(see Fig 4). Nodes of Ranvier in both control nerve
and neuromas displayed strong Nav1.6 immunoreactivity (eg, Fig 5), with no apparent difference in the
degree of immunoreactivity. Faint immunolabeling for
Nav1.6 along nonmyelinated axons was present in

Fig 1. Human painful neuroma. A montage of low-magnification images of a neurofilament-labeled section from a human painful
neuroma. Neurofilament-positive axons within the nerve trunk (right side of montage) are parallel in orientation, whereas within
the club-shaped nerve-end neuroma, the axons are tangled and disorganized.
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Fig 2. Sodium channel Nav1.3 accumulates in human painful neuromas. Control human tissue exhibits low levels of Nav1.3 immunolabeling. Painful neuromas display substantially increased Nav1.3 immunoreactivity (red) compared with control tissue. Colocalization (magenta) of neurofilament (blue) and Nav1.3 (red) demonstrates that Nav1.3 is present within axons. At increased
magnification (bottom two panels), axons (blue) within neuromas display Nav1.3 immunolabeling. Nav1.3 immunolabeling is exhibited by an apparently blind-ending axon (bottom right panel).

both control nerve and neuromas, but there were no
apparent differences in the level of labeling.

MAPK, and there was a tendency (3/7) for both p38
and ERK1/2 to be expressed in the same neuroma.

ACTIVATED P38 AND EXTRACELLULAR SIGNAL-REGULATED
KINASES 1 AND 2 ARE UPREGULATED IN PAINFUL HUMAN
NEUROMAS.

Discussion
The mechanisms underlying pain associated with nerve
injury, including that seen after limb amputation, are
not fully understood; the available evidence suggests,
however, that both peripheral and central mechanisms
may contribute.45 Although it is clear that ectopic impulse activity in neuromas can contribute to chronic
pain, the molecular basis for this hyperexcitability is not
fully understood. In this study, we examined the expression of neuronal voltage-gated sodium channels Nav1.1,
Nav1.2, Nav1.3, Nav1.6, Nav1.7, Nav1.8, and Nav1.9,
and the activated MAPK p38 and ERK1/2 in painful
human neuromas. Consistent with previous reports,25,26
we detected enhanced expression of Nav1.7 and Nav1.8
in human neuromas compared with control tissue obtained more proximally from the same nerves. In addition, we report novel observations of accumulation of
Nav1.3 and activated MAPK in painful neuromas.
Current evidence strongly supports a major role for

MAPK pathways have been implicated as contributing
to the development of pain syndromes,28,44 and modulation of sodium channels by p38 MAPK30,32,33 and
ERK1/231 has been reported. We therefore asked
whether the expression of activated p38 and ERK1/2
was increased in painful human neuromas. We could
not detect activated p38 or ERK1/2 in control nerve. In
contrast, immunofluorescence for both activated p38
and ERK1/2 were clearly present in neuromas (Fig 6).
Double-label immunofluorescence studies with antibodies to activated p38 or ERK1/2 and neurofilament demonstrated that these activated MAPKs were expressed
within axons. In favorable sections, activated p38 and
ERK1/2 were detected in apparently blind-ending axons
(see Fig 6, inset). Accumulations of activated p38 and
ERK1/2 were observed in 4 of 7 neuromas for each
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Fig 3. Nav1.7 and Nav1.8 accumulate in human painful
neuromas. Control human tissue exhibits low levels of both
Nav1.7 and Nav1.8 immunoreactivity. Human painful neuromas display increased Nav1.7 and Nav1.8 immunolabeling
(red) compared with control tissue. At increased magnification,
both Nav1.7 and Nav1.8 immunolabeling (red) is displayed
in apparently blind-ending axons (blue) within neuromas
(bottom right panels for Nav1.7 and Nav1.8); colocalization
is indicated by magenta color. (insets) Nav1.8 (red) immunolabeling is displayed at nodes of Ranvier (bounded by Casprpositive (green) paranodes) in both control nerve and
neuromas.

sodium channels6,7,46,47 and MAPK pathways28,29 in
the cause of neuropathic pain. The presence of sodium
channels Nav1.3, Nav1.7, and Nav1.8, and activated
p38 and ERK1/2 within these neuromas, at greater levels than within control tissue more proximally from these
nerves, suggests that these proteins participate in the
pathogenesis of pain associated with human neuromas.
Each of the neuromas examined in this study was
associated with pain. Consistent with the neuroma per
se being the site of ectopic impulse activity, the level of
pain was reduced by one point or more on the numerical rating scale at the first postoperative assessment (1

month) in three of the six patients studied (Patients 2,
3, and 6); in one of these three patients (Patient 2),
pain subsequently returned, consistent with development of a new neuroma or development of hyperexcitability at a more proximal site. In three of the six patients (Patients 1, 4, and 5), pain was not ameliorated
after excision of the neuroma. We did not find an association between the presence or absence of any particular sodium channel isoform or MAPK and the degree of pain or response to neuroma excision.
Although it might be argued that our use of nerve
tissue obtained more proximally from the nerve causing
the neuroma introduces the possibility of retrograde
changes in the control tissue, we would stress that our
use of this tissue as a control permitted comparison of
axons within the neuroma, and axons outside of the
neuroma, that were obtained nearly simultaneously
from the same patient and processed in an identical
manner. Importantly, we found that expression of
Nav1.3, Nav1.7, Nav1.8, and activated p38 and
ERK1/2 were increased within the neuroma compared
with the tissue obtained more proximally, where these
channels and kinases were undetectable using our
methods. Thus, although we cannot exclude the possibility that other channels such as Nav1.1 or Nav1.2
may have been upregulated in both the neuroma and
more proximal parts of the nerve, our results demonstrate an accumulation of Nav1.3, Nav1.7, Nav1.8,
and activated p38 and ERK1/2 within the neuroma.
Ectopic spontaneous action potential discharges have
been reported in experimental3,4,48 and human2 neuromas, and in humans with peripheral neuropathies and
paresthesias.49,50 Evidence that sodium channels contribute to the spontaneous ectopic discharges is provided by
studies in which sodium channel blockers, including tetrodotoxin, lidocaine, and carbamazepine, inhibit the
spontaneous activity in experimental neuromas.51–53
Our study examined, for the first time, expression of
Nav1.3 within human neuromas and demonstrates a
distinct upregulation of Nav1.3 in more than half of
the painful neuromas that we studied. These results extend observations in experimental rat neuromas, in
which increased Nav1.3 immunolabeling was detected
in the distal stumps of transected rat sciatic nerves,10
and a report of increased Nav1.3 immunoreactivity in
injured axons within peripheral nerve trunks.54 Significantly, contactin, which has been shown to associate
with Nav1.3 and to increase the density of this channel
at the cell surface, has also been observed in experimental neuromas.55 Nav1.3 exhibits several properties
that can contribute to neuronal hyperexcitability, including rapid recovery from inactivation, which can
support high-frequency firing, and production of persistent current and ramp responses to small, slow depolarizations.12–14 In conjunction with their unique
physiological properties, the localization of Nav1.3
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Fig 4. Nav1.1, Nav1.2 and Nav1.9 are not accumulated in neuromas. Control and neuroma tissue sections were reacted with
isoform-specific antibodies to Nav1.1, Nav1.2 and Nav1.9. Low levels of Nav1.1 immunolabeling are exhibited in both control
nerves and neuromas, whereas only background levels of Nav1.2 labeling are present in control tissue and neuromas. Low levels of
Nav1.9 immunolabeling are present in control nerves and neuromas. NF ⫽ neurofilament.

channels within blind-ending axons of painful human
neuromas suggests that these channels can participate
in the generation of ectopic discharges associated with
chronic pain. We detected Nav1.3 in four of seven
painful neuromas; whether Nav1.3 was present within
the other three neuromas, at levels too low for immunocytochemical detection but high enough to support
electrogenesis,56 is not known.
We also detected increased immunoreactivity for sodium channels Nav1.7 and Nav1.8 in painful human
neuromas compared with control tissue, but not for
Nav1.1, Nav1.2, Nav1.6, or Nav1.9. Our observations
extend previous reports of accumulation of Nav1.7
and Nav1.8 in human neuromas.25,26 Interestingly,
Kretschmer and colleagues25 reported that painful neu-
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romas of peripheral nerves exhibited greater Nav1.7 labeling than nonpainful neuromas, whereas no difference was detected between painful and nonpainful
human lingual nerve neuromas.26 In our study, all
seven neuromas, which were always from the upper extremity and were all painful, displayed enhanced
Nav1.7 immunoreactivity.
The prevalence of Nav1.7 within painful neuromas,
coupled with its voltage dependence and kinetic properties, support a major contributory role for this channel in neuroma neuropathic pain. Nav1.7 is highly
expressed in DRG neurons, where 100% of
C-nociceptive and 93% of A␦-nociceptive neurons exhibit Nav1.7 immunolabeling.17 The slow closed-state
inactivation and voltage dependence of Nav1.7 chan-

Fig 5. Nav1.6 is expressed at nodes of Ranvier in control nerves and neuromas. Sections of control nerves and neuromas were triple
immunolabeled for Nav1.6, neurofilament (NF), and Caspr. Left column shows Nav1.6 (red) signal only, whereas the right column
shows merged image of Nav1.6 (red), NF (blue), and Caspr (green) images. Nodes (arrows) in both control nerves and neuromas
exhibit Nav1.6 immunolabeling. Nonmyelinated axons (arrowheads) in control nerves and neuromas display a low level of Nav1.6
immunoreactivity. There is no apparent accumulation of Nav1.6 in neuromas compared with control nerves.

nels permit them to produce relatively large responses
to small, subthreshold depolarizations,57,58 and thus
poise these channels to set the gain on nociceptors.16
Point mutations that hyperpolarize the activation voltage dependence and slow deactivation of Nav1.7 have
been linked to the human pain disorder erythromelalgia,15,19 whereas impaired inactivation has been linked
to paroxysmal extreme pain disorder.59 Recently, lossof-function mutations in Nav1.7 have been shown to
produce insensitivity to pain.20 –22 These observations
provide strong evidence that Nav1.7 is essential to nociception in humans and suggest that the aberrant accumulation of Nav1.7 within neuromas plays a role in
the onset and/or maintenance of pain associated with
the neuromas.
Accumulation of Nav1.8 is also expected to make
axons within neuromas hyperexcitable. Nav1.8 has
been shown to produce the majority of the inward current responsible for the action potential upstroke in the
DRG neurons in which it is expressed and produces
high-frequency firing of the cells when they are depolarized.24 Moreover, experimental expression of
Nav1.8, in cells that do not normally express it, markedly enhances the excitability of these cells.60,61
MAPKs are a family of serine/threonine protein kinases that transduce extracellular stimuli into cellular
responses via transcriptional and posttranslational modifications.27,62 MAPKs have received considerable at-

tention for their involvement in nociception and sensitization.28,63,64 For instance, ERK1/2 plays an
important role in inflammatory responses,65,66 and p38
activation is induced by noxious stimuli.67 Recently, it
has been demonstrated that sodium channels are substrates for MAPKs, which can modulate their activities.
Phosphorylation of Nav1.8 by activated p38 significantly increases the current density of this channel in
DRG neurons32,33 and would be expected to enhance
the excitability of these cells. It has also been demonstrated that phosphorylation by ERK1/2 hyperpolarizes
the activation curve of Nav1.7,31 lowering the threshold for activation of this channel.
In summary, our observations of upregulation of
Nav1.3, as well as Nav1.7 and Nav1.8, in conjunction
with the localization of activated p38 and ERK1/2
within painful neuromas, implicate MAPKs and at
least three isoforms of sodium channels as contributors
to the pain associated with neuromas. Our results add
to the evidence supporting the development of
subtype-specific sodium channel blockers as potential
treatments for neuropathic pain and suggest that, together with sodium channels, MAPKs may be opportune therapeutic targets for chronic pain after traumatic nerve injury in humans.
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Fig 6. Mitogen-activated protein (MAP) kinases accumulate
in human painful neuromas. Control human tissue displays
low levels of activated (phosphorylated) p38 and extracellular
signal-regulated kinases 1 and 2 (ERK1/2). In contrast, painful neuromas exhibit substantially increased immunolabeling
for p38 and ERK1/2 compared with control tissue. (insets) At
increased magnification, activated p38 and ERK1/2 are localized within neurofilament-positive (blue) axons. In favorable
section, activated p38 is accumulated at an apparent axon
end-bulb.
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