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Na+*+ Channel Immunolocalization in Peripheral Mammalian Axons and
Changes following Nerve Injury and Neuroma Formation
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Nerve injury frequently triggers hyperexcitability and the ec-
topic initiation of impuises in primary afferent axons. An im-
portant consequence is neuropathic paresthesias and pain.
Electrogenesis in normal afferents depends on appropriate
Na+ channel concentrations. Therefore, we have asked
whether injury might trigger changes in axolemmal Na+ chan-
nel distribution that could account for neuropathic hyper-
excitability. We used an Na+* channel-specific antibody, 7493,
to immunolocalize Na+*+ channels ultrastructurally in mem-
branes of normal rat axons, and to assess remodeling fol-
lowing nerve section and neuroma formation. Selective la-
beling of nodal axolemma and, more weakly, of Schwann
cell membrane, confirmed the efficacy of our immunolabel-
ing protocol. In neuromas at postoperative times associated
with peak ectopic activity, we found clear evidence of Na*
channel accumulation. Specifically, soon after myelin was
stripped from large-diameter axons, the exposed, formerly
internodal axolemma became immunopositive. Small-di-
ameter unmyelinated axons and axon sprouts in the neuroma
were also marked with 7493 IgG. Activated phagocytic mac-
rophages and endothelial cells were 7493 negative. Both
large- and small-diameter axons in neuromas end in swollen,
organelle-packed “end bulbs.” Most, but not all, of these
acquired Na* channel immunolabeling. We propose that re-
modeling results from a modification of the normal process
of Na+ channel turnover in neural membranes. Na+ channel
protein accumulates in preterminal axolemma and neuroma
end bulbs due to a combination of permissive factors (es-
pecially myelin removal) and promotional factors (removal
of normal downstream targets). This accumulation is a likely
precursor of afferent hyperexcitability in injured nerve.

[Key words: ectopic hyperexcitability, membrane remod-
eling, nerve injury, neuroma, pain, sodium channels]

The ability of neurons to initiate trains of action potentials
depends on the presence of transmembrane proteins that serve
as regulated channels for ionic current flow. A uniquely impor-
tant one in this process is the voltage-sensitive Na+ channel
(Hille, 1984). Most vertebrate neurons have a localized, Na+
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channel-rich membrane patch that serves to encode integrated
depolarizations from dendritic and somatic inputs into an ap-
propriate firing pattern. Usually this encoding region lies near
the cell soma: the axon hillock or the first node of Ranvier
(Dodge and Cooley, 1973; Waxman and Quick, 1978; Matsu-
moto and Rosenbluth, 1985; Wollner and Catterall, 1986). An
exception is the primary afferent neuron, in which this zone is
displaced to the far distal end of the peripheral axon, often
centimeters or even meters from the cell soma. Here it serves
as a sensory transducer ending.

The sensory end of afferent axons is highly specialized for
translating stimulus-evoked depolarizations (generator poten-
tial) into spike trains. This capability is absent over the rest of
the axon. For example, mechanical or thermal stimulation in
mid-nerve, or even direct injection of depolarizing current
through an intracellular microelectrode, does not yield sustained
firing (Ruiz et al., 1981).

In contrast to the midnerve part of intact axons, many chron-
ically injured afferents are able to sustain repetitive discharge.
This ectopic rhythmic firing capability develops with time at
formerly mid-nerve sites, yielding foci of abnormal evoked and
spontaneous afferent discharge (Koschorke et al., 1991; Devor,
1993). In recent years a good deal of evidence has accumulated
establishing activity originating at such ectopic neural pace-
maker sites as an important cause of neuropathic paresthesias
and pain in nerve injured patients (Nystrom and Hagbarth,
1981; Ochoa et al., 1982; Nordin et al., 1984; Devor, 1993).

These indications of a causal link between abnormal neural
activity and neuropathic pain motivate a search for the cellular
mechanism responsible for the development of ectopic firing
capability in afferents. Since impulse initiation at normal lo-
cations is dependent on Na+* channels, we have used an Na+
channel-specific antibody to look for possible changes in Na+
channel distribution at sites of nerve injury associated with
ectopic firing.

Materials and Methods

Subjects and surgery. We used adult (>300 gm) male Wistar-derived
Sabra strain rats. Work followed ethical guidelines of the International
Association for the Study of Pain (IASP), and university and national
regulations on humane use of research animals. Under Nembutal an-
esthesia (50 mg/kg, i.p.), the sciatic nerve was exposed in the popliteal
fossa and tightly ligated with 5-0 silk. The nerve was then cut across
about 1 mm distal to the ligature, and about 5 mm of the distal stump
was excised. Alternatively, the L4 and L5 dorsal roots (DRs) were ex-
posed in a lumbar laminectomy, tightly ligated with 6-0 silk =3-5 mm
from their point of entry into the spinal cord, and cut between the
ligature and the cord. In some rats both lesions were carried out. In-
cisions were closed in layers, and topical and systemic antibiotics ad-
ministered. Recovery was uneventful. This nerve/DR injury, designed



to suppress regeneration and promote neuroma formation, is identical
to that used in our prior electrophysiological and anatomical studies of
experimental neuromas (reviewed in Devor, 1993).

The rats were maintained postoperatively under standard colony con-
ditions. At appropriate times they were deeply anesthetized and perfused
transcardially with saline followed by 4% paraformaldehyde in 0.1 M
PO, buffer (37°C, pH 7.4). After =30 min postfixation in situ, tissue
was removed and postfixed for an additional 2-3 hr at 4°C. In addition
to neuromas and proximal nerve and DR segments, control samples of
intact contralateral nerves and DRs were also taken.

Immunostaining. The results are based primarily on DR and sciatic
nerve neuromas from rats that survived 7 and 13 d postoperatively, the
interval corresponding to the peak of neuroma A-fiber hyperexcitability
(Papir-Kricheli and Devor, 1988). Short segments of fixed nerve, DR,
and neuroma segments were quartered longitudinally using a fresh #11
blade, and desheathed. They were then rinsed (3 x 5 min buffer, 3 x
5 min buffer with 0.1 M glycine, 4°C), transferred to blocking medium
[1 x 10 min glycine/buffer containing 2% normal goat serum (Sigma),
20°C], and incubated overnight in primary antibody in blocking medium
(20°C, gentle agitation).

The following day tissue was rinsed in glycine/buffer and then buffer
alone (both 5 x 3 min, 20°C), incubated for 1-2 hr (20°C) in biotinylated
goat anti-rabbit IgG, buffer rinsed (5 x 10 min), and reacted in ABC
reagent (Elite kit, Vector Labs) followed by NiCl-intensified diamino-
benzidine (DAB). Tissue was then postfixed in 3% glutaraldehyde, buffer
rinsed overnight (4°C), osmicated (1% OsO,, 4°C), dehydrated in as-
cending alcohols (4°C) and then propylene oxide (20°C), and embedded
in LX-araldite. Longitudinal thin sections were picked up on copper
grids and viewed in a JEOL 100CX. We usually avoided counterstaining
and instead used a small (40 um) aperture and low accelerating voltage
(40 or 60 kV) to enhance contrast.

Antibodies. Immunolocalization was carried out using 7493, a poly-
clonal antibody that recognizes mammalian CNS and PNS Na+ chan-
nels. Anti-Na+ channel IgG was prepared by immunizing rabbits with
Na+ channel protein purified from rat brain and subsequent isolation
of the IgG fraction from the serum by DEAE-Afhi-Gel blue affinity
chromatography as described by Elmer et al. (1990). This antibody has
high affinity and selectivity for Na* channel protein in rat, cat, and
human brain and peripheral nerve membranes. For example, in rats, it
selectively recognizes the 260 kDa Na+* channel a-peptide at dilutions
up to 1:10,000 on immunoblots, 1:1000 in immunoprecipitations, and
1:200 in fluorescence immunocytochemistry (Elmer et al., 1990).

For the present experiments 7493 IgG was affinity purified by passage
through a column to which purified Na+* channel protein (specific ac-
tivity > 2600 pmol *H-saxitoxin binding/mg protein) was coupled (El-
mer et al., 1990). The aim was to remove from the IgG fraction any
non-Na+* channel-recognizing antibodies. Unbound IgG was removed
by washing the column with Tris-buffered saline. Purified Na* channel-
specific antibodies were then rapidly eluted with ice-cold 4 M MgCl,
and diluted 100-fold with Tris-buffered saline. After dilution, the affin-
ity-purified antibodies that emerged from the column recognized the
260 kDa Na+ channel a-peptide at dilutions of 1:100 on immunoblots,
1:50 in immunoprecipitations, and 1:10-20 in the present electron mi-
croscopic immunocytochemical study (see Results). Thus, compensat-
ing for dilution, affinity purification somewhat improved the specific
IgG titer. Biochemical characterization has confirmed that 7493 rec-
ognizes the polypeptide portion of the Na*+ channel with no reactivity
toward the carbohydrate portion (K. Angelides, unpublished observa-
tions).

Tissue underwent primary incubation alternatively using 7493 IgG
(“primary 7493 IgG™), or affinity-purified 7493 IgG. To monitor for
nonspecific immunolabeling, control samples underwent primary in-
cubation in the absence of any antiserum (“no primary”), by using
preimmune serum from rabbit 7493 (“preimmune 7493”), or using
“preabsorbed 7493 IgG” that emerged from the Na* channel column
prior to elution of affinity purified antibodies.

Results

Overall structure of neuroma preparations

Nerve ends divided roughly into four contiguous zones (Fried
etal., 1991). (1) At >3 mm proximal to the ligature, axons were
largely intact, with only minor changes in diameter, and myelin
and nodal structure. (2) Between 3 mm and =300 um was a
“zone of dysmyelination.” Here, the myelin sheath of most
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axons was disrupted and undergoing active phagocytosis, while
in others new myelin was being laid down. This zone was rich
in demyelinated preterminal axon segments, swollen organelle-
packed terminal “end bulbs,” and at later survival times, nu-
merous preterminal axon branches and fine unmyelinated
sprouts. (3) In the 300 um nearest the ligature was a “zone of
demyelination” in which myelin was removed without renewal.
Most axon end bulbs occurred within this region, which also
had many demyelinated axons, and a gradually increasing pop-
ulation of axons sprouts. (4) Finally, under the ligature, was a
“compression zone” that contained few, if any, neuronal pro-
cesses. In the present study we focused on Na+ channel im-
munolocalization within the zones of dys- and demyelination
in the distal 3 mm of the injured nerve.

Immunolabel specificity and the heterogeneous distribution of
Na* channel epitopes in normal axons

Specificity. Immunolabeling using 7493 IgG occurred consis-
tently on some cell types and membrane locations, avoiding
others completely (see below). There was no intracellular la-
beling. Primary 7493 IgG yielded the most intense immuno-
labeling of membranes, although with this material there was
always some decoration of basal lamina (e.g., open arrow in
Figs. 34, 64). Most of this can be attributed to antibodies present
in the preimmune serum, as this labeled basal lamina with little
or no binding to membranes recognized specifically by 7493
antibodies. The marking of basal lamina was essentially elim-
inated by affinity purification of the 7493 IgG (e.g., Fig. 3C).

Tissue incubated without primary antibodies, or using preim-
mune serum, yielded no labeling of membranes that were con-
sistently 7493 positive, including nodes of Ranvier and sprouts
(Fig. 1E; see Figs. 4FE, 8F). In tissue exposed to preabsorbed
7493 IgG, the specific Na+ channel signal was essentially elim-
inated, but the labeling of basal lamina persisted (see Figs. 3D,
8D). Typically, Na+ channel-specific marking was discernible
even in the presence of the impurity that marked basal lamina
(see Figs. 34, 6.4). Nonetheless, all of the illustrations and con-
clusions in this article are based on the affinity purified 7493
IgG, except in the few instances specifically noted.

Nodes of Ranvier. To gain confidence in our immunolabeling
regimen, we began by examining nodes of Ranvier. Nodal ax-
olemma is known from electrophysiological, biochemical, and
structural (affinity and immunoprobe) studies to be rich in Na+
channels (Waxman and Ritchie, 1985). Within the zone of an-
tibody penetration the nodal membrane of al/ nodes showed
heavy immunolabeling using primary or affinity-purified 7493
IgG (Fig. 1B-D; see Fig. 8E). Moving from nodal to paranodal
membrane, there was a sharp boundary, marked by the last
adaxonal paranodal Schwann cell loop, beyond which there was
no detectable labeling whatsoever. Similarly, internodal axo-
lemma was never marked (e.g., Figs. 1C,D; 4C; 8). We did not
recognize any obvious differences between 7493 labeling of nodes
in intact axons versus those proximal to neuromas, or between
nerve and DR preparations.

Schwann and other non-neural cells. The limiting membrane
of Schwann cells was consistently 7493 positive, albeit much
less intensely so than nodal axolemma. Labeling was roughly
homogeneous (not patchy), and it was of similar intensity on
Schwann cell membrane external to myelin, at paranodal loops,
and on the mesaxonal sheaths surrounding bundles of unmy-
elinated axons (e.g., Fig. 1C, small arrow; see Fig. 4). Compact
myelin itself, including the innermost layer adjacent to inter-
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nodal axolemma, was not labeled. Adjacent to nodes and at
Schmitt-Lantermann incisures, at least, lanthanum has access
to these targets (Mackenzie et al., 1984). Since this tracer is
thought to move in the form of colloidal La(OH), with dimen-
sions similar to those of IgG molecules (Revel and Karnovsky,
1967), antibody access is not unlikely. These membranes also
failed to label in experiments in which they were fully exposed
and access was unequivocal (see below, Fig. §).

In some axons, paranodal Schwann cell “brush border” villi
occupy the nodal gap (Berthold and Rydmark, 1983). Interest-
ingly, the distal ends of these villi, adjacent to the axolemma,
appeared to label heavily (Fig. 14,B). Macrophages (Fig. 2) and
vascular endothelial cells were consistently immunonegative.

Na+ channel accumulation, and axolemmal remodeling in
neuromas

Axonal branch points. Within the zone of dysmyelination
we occasionally encountered axon bifurcations. Most were
Y-shaped, where the stem branch was the larger in diameter
and had the more mature-looking myelin, as might be expected
of the parent axon (p in Fig. 94). The two daughter branches
were of smaller diameter, and one or both were either unmy-
elinated, or had thin myelin suggestive of recent (re)myelination
(d,, d, in Fig. 94). The Y-shaped nodal axolemma was heavily
labeled with 7493 IgG up to the beginning of the myelin sheath.
On daughter branches that were not myelinated, axolemmal
labeling continued, if at substantially reduced intensity, under
the enveloping layer of Schwann cell cytoplasm. Labeling along
these branches was much like that associated with demyelinated
preterminal axon branches.

Demyelinated preterminal axon branches. We frequently en-
countered relatively large-diameter (>1 pm) axons, stripped of
myelin, on which active macrophages still adhered (Fig. 2). Loops
of basal lamina left over from the original myelinating Schwann
cell were usually visible externally (e.g., inset in Fig. 24). On
the basis of the stage of myelin debris breakdown in digestion
vacuoles in the cytoplasm of these macrophages (dv in Fig. 24, B)
one could roughly gauge how recently demyelination had taken
place (Beuche and Friede, 1986; Fried et al., 1991).

In early demyelination, when myelin lamellae could still be
recognized in the intravacuolar debris, axolemma under the
macrophage soma was usually 7493 negative. Moving out from
under the macrophage toward regions ensheathed by Schwann
processes, however, the axonal membrane was labeled. There
was no indication of a diffusion (access) barrier where label

began, suggesting that this gradient of 7493 labeling reflected a
true gradient in the density of Na+ channels (Fig. 24). In axons
where myelin digestion was more advanced, presumably indi-
cating the passage of more time since myelin removal, axolem-
mal labeling was seen also under the macrophage (Fig. 2B).

Large-diameter axons (> 1 um) that had lost their myelin also
occurred without an adherent macrophage, especially in the zone
of demyelination <300 um from the nerve end. These were
always ensheathed by Schwann cell processes with loose loops
of residual basal lamina externally (arrow in Fig. 3C,D). The
axolemma of many of these axons labeled evenly or patchily
with 7493 (Fig. 3). Although less dense than at nodes, the la-
beling was distinct; clearly different from the lack of axolemmal
labeling underneath compact myelin. Some demyelinated axons
appeared not to be labeled even though nearby ones clearly were
(Fig. 3F, a, vs a,).

Fine unmyelinated axons and axon sprouts. In intact nerve
regions unmyelinated axons (<1 um diameter) ran in parallel
“Remak” bundles, with individual axons separated by a mes-
axonal sheath (a lamella of Schwann cell cytoplasm). The entire
bundle, which typically contained 5-20 axons, was wrapped
externally by a Schwann cell (Berthold, 1978). Within neuromas,
some of the axons in such bundles were closely apposed (sep-
arated by an ~130 A cleft without an intervening glial process),
and they often appeared to be intertwined rather than parallel
(Fig. 44,D). Many such profiles were probably outgrowing
sprouts.

The axolemma of fine neuroma fibers was almost always 7493
positive, usually in a continuous manner, but sometimes in
patches. This was so whether or not mesaxonal wrapping was
present (Fig. 4). Labeling intensity was usually greater than that
of nearby large-diameter demyelinated axons, but it was clearly
less than nodal axolemma. As with demyelinated axons, there
was individual variability in labeling intensity, even among
neighboring fibers in a bundle (e.g., Fig. 44,B).

The membrane of unmyelinated axons within apparently nor-
mal Remak bundles was also immunopositive. Qur impression
was that these fibers tended to be less intensely labeled than
neuroma sprouts (compare Fig. 44, D with 4B,C). However, due
to variability in the tissue samples, and the generally nonquan-
titative nature of DAB-based immunohistochemistry, we hes-
itate to draw a firm conclusion.

Neuroma end bulbs. End bulbs were instantly distinguishable
from preterminal axon segments due to the composition of their
cytoplasm (Figs. 34, eb; 5-7), densely packed with membrane-
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Figure 1.

Na+* channel immunolabeling with antibody 7493 at normal nodes of Ranvier from rat DR L4,5 axons. 4, Tangential section through

“brush border” villi near the nodal axolemma. Arrows indicate immunolabeling on villi and paranodal Schwann cell membrane. B, Longitudinal
section through a node (same axon as in C) showing detail of labeled “brush border” villi and axolemma. C, Longitudinal section through a node.
Labeled nodal axolemma and Schwann cell membrane are indicated by large and small arrows. D, 7493 immunolabeling of a node without “brush
border” villi. E, Control tissue showing absence of nodal staining using preimmune 7493 IgG (arrows). Tissue in all of the figures was processed
with affinity-purified 7493 antibody diluted 1:10 or 1:20 except where noted otherwise. Scale bars, 1 um.

Figure 2. A, A macrophage (m), filled with fresh myelin-filled digestion vacuoles (@v), has recently demyelinated this axon (a). The inset highlights
the area of transition from 7493-immunonegative to immunopositive (solid arrow) axolemma. Labeling follows the axolemma, not the macrophage
(open arrows). B, Like A but myelin breakdown within digestion vacuoles (dv) is more advanced. There is now 7493 immunolabeling on the
axolemma under the adjacent macrophage soma (arrows). The membrane of the macrophage itself is immunonegative. 7 d DR neuroma. Scale

bars, 1 um.

Figure 3. 7493 immunolabeling of demyelinated preterminal axons (diameter > 1 um). 4 shows several immunopositive axons, one ending in a
neuroma end bulb (eb). For this image, primary 7493 IgG was used, accounting for the weak labeling of the basal lamina (open arrow). B and C,
Patchy labeling of axolemma (small arrows). Affinity-purified 7493 was used, and loose residual basal lamina loops (open arrow) are immunonegative.
D, Using preabsorbed 7493, basal lamina was labeled (open arrow), but not axolemma (Fig. 8D). E, Transverse section showing three labeled axons
that are closely apposed (4,, a,, a;). The numerous mitochondria in g, suggest proximity to the axon’s end bulb. F, Longitudinal section through
two closely apposed axons. Only one of the two (,) is immunopositive (arrows). 4-D and F, 7 d DR neuromas; E, 13 d DR neuroma. Scale bars,
1 pm.
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bound organelles (Zelena et al., 1968; Morris et al., 1972; Fried
et al., 1991). Virtually all were circumferentially wrapped in a
thin sheath formed of one, or sometimes a few lamellae of
Schwann cell cytoplasm, covered externally by basal lamina.

The axolemma of most end bulbs was labeled with 7493 IgG,
usually in localized patches (Figs. 5-7). Labeling intensity was
similar to that associated with demyelinated preterminal axon
branches, although individual patches sometimes labeled quite
heavily. In favorably oriented end bulbs the stem axon was
visible. Usually this had the labeling characteristics of a de-
myelinated (> 1 um) or unmyelinated (<1 pm) preterminal axon
(e.g., Figs. 34, 54, 6D). A fine stem axon (e.g., Fig. 5) probably
means that the end bulb formed at the end of a fine parent axon
(e.g., a nociceptive C-fiber), although such a stem axon could
also be a preterminal sprout of a myelinated parent axon. Oc-
casionally, compact myelin and a 7493-labeled heminode iden-
tified the end bulb unequivocally as belonging to an A-fiber (Fig.
7). Moving from the heminode in the direction of the end bulb,
the intensity of 7493 labeling always fell off, but in most cases
label persisted onto the axolemma of the short demyelinated
stem axon and the end bulb itself.

In a significant minority of end bulbs (=30%) the axolemma
was not recognizably labeled, even though adjacent 7493-pos-
itive nodes of Ranvier and Schwann cells confirmed that there
had been exposure to the 7493 antibody (Fig. 7). Failure to label
was not associated with any obvious peculiarity of the axon or
its glia.

Acutely cut axon ends. For comparison, we examined the ends
of some normal axons that had been cut acutely (after fixation)
and then incubated in primary 7493 IgG. In these preparations
the axon membrane was breached, and the cytoplasm and ax-
olemma were freely accessible to the incubation medium. My-
elin at the cut end was sometimes torn from the axon, and
usually it was macerated (Fig. 84-C). Its presence, however,
was sufficient to identify the transection site as internodal.

The cytoplasm was diffusely labeled for about 10 um from
the cut end (Fig. 84,B). However, we hesitate to ascribe this to
intracytoplasmic Na+ channels, as similar, but weaker, labeling
also appeared in tissue incubated with preimmune antiserum
(Fig. 8C). There was a hint of preferential marking of neurofila-
ments and neurotubules, the subaxolemmal filamentous matrix,
and small lucent vesicles (Fig. 84,B). More salient to the present
topic was the observation that neither the external face of the
(internodal) axolemma, the adjacent face of Schwann cell mem-
brane, nor exposed leaves of compact myelin labeled (Fig. 84, B).
Acute transection clearly provided the antibodies with access
to these membrane surfaces. Positive labeling of nearby nodal
axolemma (Fig. 8E) confirmed adequate tissue processing.

Remyelination. As noted above, there were axons in chronic
neuroma preparations that had well formed, but very thin com-
pact myelin suggestive of recent remyelination. This interpre-
tation is supported by the observation of similar thin myelin
on the daughter branches of bifurcating neuroma axons (d, and
d, in Fig. 94), and on axons with very closely spaced nodes of
Ranvier (Fig. 9C; Hildebrand, 1989). Whenever compact my-
elin was present, including these axons, the underlying axolem-
ma was free of 7493 immunolabeling.

Several examples were encountered of closely spaced nodes
of Ranvier with a very short (tens of micrometers) internodal
segment between them, occupied by a single Schwann cell (Fig.
9B,C). This configuration is typical of the early stages of myelin
remodeling in regenerating and remyelinating axons (Hilde-
brand et al., 1986; Hildebrand, 1989). As remyelination pro-
ceeds, the Schwann cells on the short internodes are excluded,
and the two adjacent internodes expand until they meet at a
new shared node of Ranvier. This implies the dynamic remod-
eling of axolemmal channel content, a process we believe we
have captured in Figure 9, B and C.

Figure 9C shows two well-formed nodes of Ranvier (arrows)
with a short (10 um) intercalated Schwann cell that has formed
about five lamellae of adaxonal myelin (arrow m). Na+ channel
immunolabeling is restricted to the nodes and does not extend
under any of the three segments of para/internodal axolemma
that are visible. Figure 9B is similar, except that the intercalated
Schwann cell appears to be withdrawing. No myelin is present,
and patches of axolemma have been abandoned and exposed
to the extracellular medium. Significantly, both the exposed
patches of (formerly internodal) axolemma, as well as axolemma
under the remnants of the Schwann cell, are 7493 positive
(straight arrows, Fig. 9B). This labeled membrane forms a bridge
10 um in length between the two labeled nodes of Ranvier
(curved arrows). If the process were to proceed to completion
(unlikely in a neuroma), a single mature node might eventually
form at this location.

Discussion

Immunolocalization

We have used a newly developed polyclonal anti-Na+ channel
antibody, 7493, to immunolocalize Na+ channels in membranes
of normal peripheral nerve axons, and to assess remodeling
following nerve section and neuroma formation. Qur main aim
was to determine whether nerve injury triggers changes in ax-
olemmal Na+ channel distribution that could account for the
ectopic hyperexcitability of afferent axon endings trapped in
neuromas. With this in mind, nerve/DR samples were taken at
the time of peak neuroma hyperexcitability (Devor, 1993). We

—

Figure 4. Small-diameter unmyelinated axons and sprouts. 4, A rope of fine immunopositive axons, probably neuroma sprouts. B, Transverse
section through a bundle of unmyelinated axons within a mesaxonal sheath. Some are (weakly) 7493 positive (e.g., arrows) and some are not. C,
An unlabeled myelinated axon (a,, open arrow) beside two labeled nonmyelinated axons (a,, a;, solid arrows). In both cases the ensheathing Schwann
cell membrane is weakly labeled. D, A bundle of fine immunopositive axons, many of which are in intimate contact. E, Membrane labeling is
absent in this bundle of sprouts (like D) from a control neuroma sample incubated in preimmune 7493 serum. 4, C, and D, 13 d DR neuroma; B
and E, 13 d sciatic nerve neuroma. Scale bars: A-C and £, 1 ym; D, 0.5 um.

Figure 5. Neuroma end bulb with patchy 7493 immunolabeling (arrows). A segment of the preterminal axon (inset in A) and the end bulb itself

(B) are shown at higher magnification. 7 d DR neuroma. Scale bars, 1 um.

Figure 6. Neuroma end bulbs. Sample areas of 7493 membrane immunolabeling are indicated by arrows. 4, A large end bulb. In this panel (only)
primary 7493 IgG was used. Note marking of loose basal lamina remnants (open arrow). B and C, In some places the Schwann cell sheath has
separated from the end bulb membrane (some arrows, asterisk,) confirming independent labeling of the axolemma. D, Long, spindle-shaped end
bulb with demyelinated stem axon. The framed part of the end bulb is enlarged in E. 4, D, and E, 7 d DR neuroma; B, 13 d sciatic nerve neuroma;

C, 13 d DR neuroma. Scale bars, 1 um.
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found clear evidence of Na* channel accumulation in neuromas,
especially in demyelinated axons and end bulbs.

The specificity of 7493 for marking Na* channels in mam-
malian peripheral nerve has been demonstrated previously on
the basis of immunoblotting, immunoprecipitation, and im-
munolabeling experiments (Elmer et al., 1990). The present study
extends these data by showing that (1) affinity-purified 7493
selectively marks membranes known to contain Na+ channels
at significant densities, and (2) it fails to mark membranes that
do not. Consistent with earlier observations using 7493 and
other Na* channel markers (Ellisman and Levinson, 1982; Hai-
movich et al., 1984; Waxman and Ritchie, 1985; Black et al.,
1990; England et al., 1990; Ritchie et al., 1990), as well as ample
electrophysiological and biochemical data (reviewed by Wax-
man and Ritchie, 1985), we found that the axolemma at nodes
of Ranvier is heavily labeled. On the other hand, macrophage
and endothelial cell membranes were 7493 negative, as was
para- and internodal axolemma even though a low density of
Na+ channels (<4% of nodal density) appears nonetheless to
be present in the latter two (Grissmer, 1986; Chiu and Schwartz,
1987). It could be argued that the failure to label internodal
membrane resulted from inability of the antibodies to gain ac-
cess to the space between compact myelin and the axolemma.
However, even when this space was opened and access assured
(early stages of demyelination and acute nerve cut), the axolem-
ma remained immunonegative (Figs. 24, inset; 84, B).

Also consistent with extensive prior evidence (Gray and Rit-
chie, 1985; Barres et al., 1990; Black et al., 1990; Ritchie et al.,
1990) was our observation of weak 7493 immunolabeling of the
limiting membrane of Schwann cells. The apparently intense
labeling of the adaxonal ends of paranodal ““brush border” villi
(Fig. 14,B) suggests a special role for this complex in the reg-
ulation of the local ionic milieu (Berthold and Rydmark, 1983;
Gray and Ritchie, 1985). However, although we believe this
indicates a high density of Na+ channels, we cannot rigorously
exclude the possibility of artifactual diffusion of DAB reaction
product from the nearby nodal membrane.

Tissue samples were incubated in 7493 antibody after alde-
hyde fixation, but without membrane permeabilization. These
conditions are expected to exclude active (endocytotic) and pas-
sive (leak) entry of antibody into the cytoplasm. Indeed, except
in preparations in which we imaged axon ends cut acutely after
fixation, we did not see intracytoplasmic immunolabeling with
7493 in any cell type (Ritchie et al., 1990).

On the other hand, 7493 labeling was consistently present on

the axolemma of de- and unmyelinated axons, sprouts, and
neuroma end bulbs. Since the axonal profiles were usually ad-
jacent to Schwann cells or macrophages, it is important to assure
that the labeling was indeed associated with the axolemma. We
can be certain of this for two reasons. First, adjacent membranes
occasionally separated for short distances. When such gaps oc-
curred between a neuron and a Schwann cell, it was clear that
both membranes were labeled (e.g., arrows in Figs. 3B,C; 4). At
gaps between neurons and macrophages, labeling clearly fol-
lowed the neuron (Fig. 24, B, open arrows in insets). Second, as
has been noted previously (Bernstein and Pagnanelli, 1982; De-
vor and Bernstein, 1982; Vahle-Hinz et al., 1987), there were
many instances in which a Schwann cell ensheathed two or more
axons or end bulbs as a unit, with no intervening glial process
(e.g., Figs. 3E,F; 44,D). Labeling where the membrane of such
adjacent axons touched guarantees that at least one was im-
munopositive.

Demyelination and remyelination

Many large-caliber axons were stripped of myelin by activated
macrophages. The exposed axolemma was unlabeled in cases
where the state of intravacuolar digestion of myelin debris in
the macrophage indicated that myelin removal had occurred
recently. Where more time had elapsed and vacuolar digestion
was more advanced, the axolemma was 7493 positive. Likewise,
only a short distance away from the macrophage, where the
axon had presumably been denuded of myelin some time earlier,
the axolemma had already acquired 7493 immunoreactivity
(Fig. 2). These observations indicate that Na* channel density
increases in a spatial (and temporal) gradient from less to more
recently demyelinated regions. Similar remodeling of axolem-
mal Na* channel content was evidenced in the removal of in-
tercalated Schwann cells during the process of remyelination,
and at bifurcation points in branched neuroma axons (Fig. 9).
We interpret these observations to mean that local Na+ channel
density is regulated dynamically; in para- and internodal axo-
lemma it can increase quite rapidly (days or perhaps hours) after
myelin removal.

Even in the absence of attached macrophages, unmyelinated
axon profiles >1 um in diameter can be identified as formerly
myelinated fibers. Could the observed 7493 labeling in such
fibers represent residual nodal Na+ channels? In normal my-
elinated axons, nodal axolemma is only 1-2 um in length, has
a distinct undercoating, and occupies only about 0.1% of the
linear extent of the axon (Fig. 1; Berthold, 1978). Since much

—

Figure 7. A, Large neuroma end bulb that has formed adjacent to a labeled heminode. Note myelin (m) of the first internode to the /eft, and the
soma of the ensheathing Schwann cell (far right). B, Higher magnification of the end bulb showing heavy labeling of axolemma at the heminode
(arrows), but virtually none of the adjacent end bulb axolemma. The Schwann cell membrane is weakly marked. 13 d DR neuroma. Scale bars, 1
um.

Figure 8. Ends of axons that were cut acutely prior to immunostaining. Note that myelin (m) was macerated in the process, exposing internodal
axolemma, internal myelin leaflets, and the inner Schwann cell membrane. 4, B, and E, Using primary 7493 IgG, there was diffuse cytoplasmic
labeling, with a hint of labeling of (some) cytoplasmic vesicles (open arrow in B), but no labeling of axolemma (solid arrows), myelin, or inner
Schwann cell membranes. The immunopositivity of axolemma at nearby nodes of Ranvier (open arrow in E) confirms adequate processing. C and
F, Preimmune 7493 IgG yielded weak diffuse cytoplasmic labeling, and no labeling of neuronal or Schwann cell membranes, including at nodes
of Ranvier. D, Nodal axolemma failed to label using preabsorbed antiserum, depleted of Na+* channel-recognizing antibodies. Arrowheads in D—
F indicate the limits of nodal axolemma. A4, B, and E, DRs; C, D, and F, sciatic nerve. Scale bars, 1 um.

Figure 9. Branch points and remyelination in a neuroma. 4, Longitudinal section through a bifurcation in which a myelinated parent axon (p)
yields two newly (thinly) myelinated (/) daughter branches (d,, 4;). Heavy 7493 immunolabeling of the axolemma at the complex node of Ranvier
(arrows) falls off sharply at the perinodes. B, Two closely spaced immunopositive nodes (curved arrows). The intervening axolemma, which is
associated with an apparently withdrawing Schwann cell and no myelin, is weakly labeled (straight arrows). As often occurs at such sites (Morris
et al., 1972; Hildebrand et al., 1986; Chan et al., 1989; Hildebrand, 1989), part of the axon in this area is swollen and vacuolated (asterisk). C,
The Schwann cell between this pair of closely spaced nodes of Ranvier (curved arrows) has formed a thin layer of myelin (m), and the subjacent
axolemma is 7493 negative. 4 and C, 13 d DR neuroma; B, 7 d DR neuroma. Scale bars, 1 um.
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longer stretches of labeled axolemma were often seen, and they
did not have an undercoat, they could not all have been former
nodal axolemma. We conclude that myelin stripping triggers/
permits the insertion (accumulation) of Na* channel proteins
that were not there previously, resulting in a net increase in Na*
channel density. The identical argument also holds for end bulbs.

Axon sprouts

Unmyelinated neuroma profiles <1 um in diameter, which in-
clude mature unmyelinated axons, sprouts, and perhaps shrunk-
en demyelinated axons (Aitken and Thomas, 1962), were usu-
ally 7493 positive. Indeed, their immunolabeling tended to be
more intense than that of large-diameter profiles. Unfortunately,
the methods used did not permit us to establish whether the
Na+ channel density of neuroma sprouts was significantly in-
creased from that of unmyelinated axons in normal nerve.

Neuroma end bulbs

The evidence of Na+ channel accumulation on end bulb axo-
lemma is consistent with our prior light and electron micro-
scopic evidence of Na* channel immunolocalization in neu-
romas in the lateral line nerve of Apteronotus using fish-specific
anti-Na+ channel antibodies (Devor et al., 1989). Likewise, since
Na+ channels yield large-diameter intramembranous particles
(IMPs) in freeze-fracture replicas (Ellisman, 1979; Ellisman et
al., 1983; Rosenbluth, 1983; Small et al., 1984; Stricharz et al.,
1984), it is consistent with the observed shift of IMP sizes in
rat neuroma end bulb axolemma to larger values (Fried et al,
1991).

Unlike neuroma sprouts and Schwann cells, large-caliber de-
myelinated axons and neuroma end bulbs often showed patchy
7493 labeling. Axolemma at the edges of immunopositive patches
appeared the same as contiguous unlabeled axolemma, and glial
ensheathment at these borders was unremarkable. We therefore
presume that the patchy immunolabeling indicates true patchy
distribution of Na* channels. This may reflect regional channel
insertion (see below) with limited mobility in the membrane
plane (Angelides et al., 1988; Joe and Angelides, 1992, in press).
Alternatively, mobile channels may have been trapped by sub-
axolemmal anchoring molecules not resolved in our material
(Pappone and Cahalan, 1985; Srinivasan et al., 1988; Kordel et
al., 1990).

Even in tissue areas where the adequacy of antibody access
and immunocytochemical processing were unequivocal, at least
30% of demyelinated preterminal axons and neuroma end bulbs
were not immunolabeled with 7493 IgG (e.g., Figs. 3E,F; 7).
We propose that this indicates intrinsic variability among dif-
ferent functional classes of axons. For example, among injured
afferents the likelihood and frequency of spontaneous ectopic
firing is related to sensory receptor type (Devor et al., 1990;
Johnson and Munson, 1991; Koschorke et al., 1991). Likewise,
injured somatic and presumably postganglionic sympathetic
motor axons rarely generate ectopic discharge (Devor, 1993).
On the grounds that ectopic electrogenesis appears to be a direct
consequence of axolemmal Na+ channel accumulation (see be-
low), the 7493-negative profiles may simply represent neurites
of motor neurons (sciatic neuromas), and/or afferent types that
do not develop hyperexcitability (sciatic or DR neuromas).

The process gf Va* chianrel (ncorporariorn tr Heuramas

Na+ channel protein is synthesized in the cell soma (Schmidt
and Catterall, 1986; Brismar and Gilly, 1987) and conveyed

from there to the axon end. Over short distances Na* channels
might migrate by lateral diffusion in the membrane plane (Pfen-
ninger, 1982; Small et al., 1984; Strichartz et al., 1984; but see
Joe and Angelides, 1992, in press). However, given their brief
half-life (probably 1-3 d; Schmidt and Catterall, 1986; Brismar
and Gilly, 1987), and their heterogeneous, rather than gradient-
like, distribution along (myelinated) fibers many centimeters in
length (Waxman and Ritchie, 1985), this transport mechanism
is precluded. Rather, like most membrane-bound proteins, Na*+
channels are presumably conveyed by rapid axoplasmic trans-
port (Lombet et al., 1985; Wonderlin and French, 1991) and
incorporated into the axolemma by exocytotic vesicle fusion
(Villegas and Villegas, 1981; Hammerschlag and Stone, 1982;
Fried et al., 1991). The turnover cycle is presumably closed by
internalization and reuse or degradation.

We propose that a shift in the local equilibrium of Na* chan-
nel insertion and internalization forms the basis for the remod-
eling of 7493 immunolabeling observed here. There are two
main factors responsible for this shift: one permissive and one
promotional. The principle permissive factor is the loss of my-
elin. In the presence of myelin, Na* channels are largely ex-
cluded from the subjacent axolemma. Demyelination, even when
not accompanied by axotomy, permits their insertion (Waxman
and Ritchie, 1985; England et al., 1990, 1991; Black etal., 1991).
Contact with Schwann cell cytoplasm may be a key signal, as
such contact is known to promote axolemmal Na+ channel ac-
cumulation in vitro (Joe and Angelides, 1992, in press), while
the presence of even a small number of insulating myelin la-
mellae appears to suppress it (Fig. 9C). The neuroglial signaling
system cannot rely exclusively on Schwann cell contact, how-
ever, as Na* channels are excluded from paranodal membrane
despite intimate contact with the Schwann cell cytoplasm in
paranodal loops, and they are incorporated into axolemma un-
der macrophages in the absence of close contact with Schwann
cells.

While local demyelination and sprouting in neuromas permits
ectopic insertion of Na+ channels, a second factor may actively
promote it. Specifically, in the normal economy of axons large
numbers of Na* channels are transported centrifugally to sub-
serve protein turnover at downstream nodes of Ranvier. This
1s particularly so for afferents, especially slowly adapting affer-
ents, that have the extra burden of maintaining an Na+ channel-
rich impulse encoder at their sensory transducer ending (Katz,
1950; Quick et al., 1980; Seidel et al., 1990; Matzner and Devor,
1992). Following axotomy, many of these downstream targets
no longer exist. As a result, in-transit channels are shunted into
whatever membrane remains that is competent to receive them.
The formerly internodal membrane at neuroma endings is a
natural target, as it is both Na+* channel impoverished and newly
competent following myelin stripping. The combination of these
two factors may account for the facts that neuromas are more
hyperexcitable than patches of demyelination, and that sensory
endings in neuromas are more hyperexcitable than motor end-
ings (Devor, 1993).

Upstream from the neuroma, proximal nodes of Ranvier may
also receive some of the now excess Na* channel protein, but
probably not much as nodes are already close to saturation
(Brismar et al., 1986). Finally, there may be extra Na* channel
incorporation into the neurolemma at the level of the cell soma
and, for motor neurons, on somatic dendrites. This could ac-
count for the hyperexcitability of these cells following axotomy
(Wall and Devor, 1983; Burchiel, 1984; Titmus and Faber, 1990;



but see Gilly et al., 1990). It has yet to be determined whether
Na+ channel gene expression in the cell soma is upregulated (or
downregulated) following axotomy (Sherman et al., 1985). How-
ever, proliferating Schwann cells at the injury site and distal to
it release large quantities of NGF (Heumann et al., 1987), which
is known to promote the upregulation of Na* channel expression
on outgrowing neurites (Pollock et al., 1990).

Na* channel accumulation, and ectopic neural firing

We suggest that the appearance of 7493 immunoreactivity in
formerly 7493-negative axolemma reflects the insertion of new
functional voltage-sensitive Na* channels rather than, say, the
marking of functional channels that were present previously but
undetected, or the insertion of immunoreactive, but nonfunc-
tional, channels. This assumption is supported by autoradio-
graphic evidence for the accumulation of en-TTX binding sites
in neuromas (Lombet et al., 1985), and electrophysiological
evidence of elevated voltage-sensitive Na+ conductance at cut
axon ends and growth cones in invertebrate neurons (Belardetti
et al., 1986; Gilly et al., 1990). Na* channels are an essential
substrate of electrical excitability in peripheral nerve fibers (Hille,
1984). Moreover, we have shown using numerical simulation
that increasing axolemmal Na+ channel density, without any
other change in active or passive membrane properties, can shift
a neuron into a state of hyperresponsiveness to stimuli, and
even from silence to a state of spontaneous repetitive discharge
(Matzner and Devor, 1992). Thus, the observed accumulation
of Na+* channels at the end of transected nerves could, in itself,
account for both the hyperexcitability of neuroma afferents, the
resulting ectopic neural discharge and consequent neuropathic
paresthesias and pain. Remodeling of other membrane associ-
ated channels and receptors, by the analogous process, could
contribute to the anomalous mechano-, chemo-, and thermo-
sensitivity associated with nerve injury sites (Devor, 1993).
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