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Primary Motor Neurons Fail To Up-Regulate
Voltage-Gated Sodium Channel Na_ 1.3/
Brain Type III Following Axotomy Resulting

From Spinal Cord Injury
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Epilepsy occurs in a small proportion of patients with
spinal cord injury (SCI), but whether it is due to concom-
itant traumatic head injury or to changes in cortical motor
neurons secondary to axotomy within the spinal cord is
not known. Na,1.3/brain type lll sodium channel expres-
sion is up-regulated following peripheral axotomy of dor-
sal root ganglion (DRG) and facial motor neurons, but, to
date, Na, 1.3 expression has not been examined in upper
(cortical) motor neurons following axotomy associated
with SCI. In the present study, we examine Na,1.3 ex-
pression in upper motor neurons within rat primary motor
cortex following midthoracic (T9) dorsal column transec-
tion, which severs the axons of those cells. Axotomized
pyramidal cells were identified by retrograde transport of
fluorogold. Immunolabeled cells were confined to layer V
of the primary motor cortex and exhibited low levels of
Na,1.3 staining. After axotomy, no significant changes
were detected in Na, 1.3 density or distribution in injured
or uninjured cells, compared with control brains, in con-
trast to up-regulation of Na,1.3 in ipsilateral DRG neu-
rons after sciatic nerve transection. These results do not
preclude a role for voltage-gated sodium channels in
post-SCI epilepsy but suggest that up-regulated expres-
sion of Na,1.3 channel is not involved.
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Voltage-gated sodium channels are responsible for
the generation and propagation of action potentials in
neurons, and various subtypes of these channels are pref-
erentially expressed at different stages of development in
the nervous system. In the rat brain, at least four different
subtypes are widely expressed to varying degrees (see
Goldin et al., 2000; Novakovic et al., 2001), including the
tetrodotoxin (TTX)-sensitive (TTX-S) Na,1.3/brain type
III sodium channel. Na 1.3 mRNA is expressed at rela-
tively high levels in embryonic dorsal root ganglion
(DRG) neurons but is barely detectable by postnatal day
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30 (Waxman et al., 1994; Felts et al., 1997). In the adult rat
brain, only low levels of Na 1.3 are detectable (Beckh et
al., 1989; Brysch et al., 1991; Furuyama et al., 1993).

After injury, however, changes in channel deploy-
ment and distribution can occur in adult neurons. For
example, up-regulated expression of Na,1.3 mRNA and
protein is observed in DR G neurons of adult rats follow-
ing axotomy of their peripheral projections (Waxman et
al.,, 1994; Dib-Hajj et al., 1996; Black et al., 1999) and
after tight spinal nerve ligation (Kim et al., 2001). Facial
nerve transection also results in increased Na 1.3 mRNA
in secondary lower motor neurons within the facial nu-
cleus (Iwahashi et al., 1994). This reconfiguration of so-
dium channel subtypes likely contributes to the develop-
ment of abnormal spontaneous discharges (Devor et al.,
1992; Matzner and Devor, 1992). Indeed, axotomy of
adult DRG neurons results in the up-regulation of a
TTX-S current associated with Na_1.3 that exhibits rapid
repriming, which allows firing at higher-than-normal fre-
quencies (Cummins and Waxman, 1997; Cummins et al.,
2001).

The relative contribution of Na,1.3 to neuronal
excitability has not been studied in other forms of nervous
system trauma. After brain (Bush et al., 1999; Graber et al.,
1999) and spinal cord (Topka et al., 1991) injury (SCI),
cortical neurons can become hyperexcitable, raising the
possibility that sodium channel dysregulation underlies
changes in their firing properties. As the major projection
neurons of the cerebral cortex, pyramidal cells, including
pyramidal neurons of the primary motor cortex (M1), send
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axon collaterals to local cortical regions (Aroniadou and
Keller, 1993; Deuchars et al., 1994; Landry et al., 1994)
that play an important role in the collective electrical
activity of cortical neuron ensembles and in the establish-
ment and spread of seizure activity during epilepsy
(Franceschetti et al., 1995; Prince and Jacobs, 1998; Bush
et al., 1999; Hablitz and DeFazio, 2000; Kharazia and
Prince, 2001). Given that sodium channels have been
implicated in certain forms of epilepsy (Bartolomei et al.,
1997; Escayg et al., 2000; Whitaker et al., 2001; for review
see Moulard et al., 2001) and that antiepileptic drugs target
sodium channels (for reviews see Ragsdale and Avoli,
1998; White, 1999), we tested the hypothesis that expres-
sion of Na 1.3 channels would be up-regulated in M1
pyramidal cells following injury to their axons within the
spinal cord.

MATERIALS AND METHODS

Animal Care

Experiments were carried out in accordance with Na-
tional Institutes of Health guidelines for the care and use of
laboratory animals, and all animal protocols were approved by
the Yale University Institutional Animal Care and Use Com-
mittee. Male Sprague-Dawley rats (150—-175 g) were used for
this study. Animals were housed under a 12 hr light-dark cycle
in a pathogen-free area, with free access to water and food, at the
VA Healthcare System (West Haven, CT).

Sciatic Nerve Axotomy and Dorsal Column Lesions

For sciatic nerve axotomy, adult male Sprague-Dawley
rats (n = 6) were anesthetized with a mixture of ketamine (80
mg/kg) and xylazine (5 mg/kg) intraperitoneally. The right
sciatic nerve was exposed at the midthigh level, tightly ligated
with 4-0 silk suture near the sciatic notch proximal to the
pyriform ligament, transected distal to the ligature, and the
proximal stump was placed in a silicon cuff to prevent regener-
ation (Waxman et al. 1994). The cuff contained the active
ingredient in fluorogold, hydroxystilbamine methanesulfonate
(4% wt/vol in dH,O; Molecular Probes, Eugene, OR), for
retrograde labeling of axotomized DRG neurons. The intact
contralateral sciatic nerves served as controls. The overlying
muscles and skin were closed in layers with 4-0 silk sutures and
skin staples, respectively, and the animal was allowed to recover.

Selective lesioning of the dorsal column (DC), which
contains the descending axons of upper (cortical) motor neurons
in M1, was performed in different animals (n = 6). Six addi-
tional animals underwent laminectomy only and served as con-
trols. After induction of deep anesthesia and a T9 laminectomy,
the area between the dorsal root entry zones was transected with
ophthalmic microscissors, producing a complete bilateral DC
lesion (Neumann and Woolf, 1999). Care was taken not to
injure adjacent blood vessels. Gelfoam (Pharmacia and Upjohn,
Kalamazoo, MI) impregnated with 5 wl hydroxystilbamine
methanesulfonate (4% in dH,O) was carefully placed into the
lesion cavity to label axotomized corticospinal tract (CST) neu-
rons retrogradely, and the surgical site was closed. This surgery
resulted in paraparesis in all animal subjected to the procedure
but did not prevent locomotion or impair eating, drinking, or
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elimination; weight loss was only transient. The extent of the
lesion laterally and in a dorsoventral direction down to the
central canal was confirmed at the end of the study by histology.

Seven to eleven days after sciatic nerve injury or DC
transection surgery, rats were sacrificed with an overdose of
ketamine/xylazine and perfused with 0.9% saline, followed by
4% paraformaldehyde in 0.14 M Sorensen’s phosphate buffer
(pH 7.4). Brain and L4-L6 DRG tissue was collected after
30 min of fixation. Tissue cryopreserved in 30% sucrose was
used for immunocytochemical studies.

Antibody Characterization

A site-directed polyclonal antibody (16153#3) was generated
against a polypeptide sequence [(CYHLEGNHRADGDREFP;
511-524] within the intracellular loop connecting domains I and
IT of the rat Na,1.3 sodium channel. The peptide was conju-
gated with KLH and injected into rabbits (Zymed, South San
Francisco, CA). The antiserum was purified on a peptide aftinity
column prior to use. Antibody specificity was established by
immunostaining Na 1.3-transfected human embryonic kidney
(HEK) cells; preadsorption of the antibody with cognate peptide
eliminated Na,1.3 immunolabeling.

Immunocytochemistry

Thin cryosections (12 wm) of L4-L6 DRG and brain
tissue from perfused rats were mounted on Fischer Superfrost/
Plus glass slides and run in parallel for detection of Na,1.3
protein. Slides were incubated sequentially at room temperature
in 1) blocking solution consisting of phosphate-buffered saline
(PBS) containing 5% normal goat serum, 2% bovine serum
albumin (BSA), 0.1% Triton X-100, and 0.02% sodium azide,
30 min; 2) primary Na,1.3 antibody (16153#3, 1:2,000), over-
night in blocking solution; 3) PBS, six times for 5 min each; 4)
goat anti-rabbit IgG-Cy3 (1:3,000; Amersham Pharmacia Bio-
tech, Piscataway, NJ) in blocking solution, 2 hr; and 5) PBS,
six times for 5 min each. Slides were mounted with Aqua-
Polymount (Polysciences, Warrington, PA). Control experi-
ments included incubation without primary or secondary anti-
bodies, which yielded only background levels of signal.

Quantitative Analysis

A Nikon Eclipse E800 light microscope was used for
sample observation using 20X objective lenses. Fluorescent im-
ages were digitally captured with a Dage-MTI DC330 camera.
Quantitative microdensitometry was performed (see Black et al.
1997; Fjell et al. 1999b) using IPLab Spectrum software (Scana-
lytics, Fairfax, VA). Fluorescent signal intensity was obtained by
manually outlining individual cells (n = 20—40 cells per DRG
or brain per animal) and using IPLab integrated densiometry
functions to calculate the mean signal intensity for the selected
area. In DRG tissue, cells were sampled only when the nucleus
was visible within the plane of section. Background levels of
signal were subtracted, and control and experimental conditions
were evaluated in identical manners. Images were arranged with
Adobe Photoshop 5.5. Superimposition of cortical layers with
specific brain regions was performed from anatomical landmarks
using stereological atlas images (Paxinos and Watson, 1998).
Statistical comparisons of control and experimental groups were
performed with a two-sample f-test using an alpha level of
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Fig. 1. Antibody 16153#3 immunolabeling of sodium channel Na_1.3-transfected HEK cells. Non-
transfected HEK cells exhibit only background levels of immunofluorescence (A), whereas HEK cells
stably transfected with Na 1.3 exhibit robust immunolabeling with antibody 16153#3 (B). Pread-
sorption of antibody 16153#3 with cognate peptide eliminated immunostaining in stably transfected
HEK cells (C). A" and C’ show differential interference contrast images of fluorescent images shown
in A and C, respectively.

significance of 0.05 and were plotted using Jandel Sigmaplot
2001 software (version 7.0). All data are expressed as mean *
standard deviation (SD).

RESULTS
Antibody Characterization

To establish the specificity of antibody 16153#3
against sodium channel Na 1.3, HEK cells stably trans-
fected with Na 1.3 were immunoreacted with the anti-
body. Nontransfected HEK cells exhibited only back-
ground levels of immunofluorescence with antibody
16153#3; in contrast, Na,1.3-transfected HEK cells dis-
played robust immunolabeling with the antibody (Fig.
1A,B). Preadsorption of antibody 16153#3 with 200-fold
molar excess of cognate peptide eliminated immunolabel-
ing of the transfected cells (Fig. 1C). Moreover, cryosec-
tions of adult rat cerebellum and spinal cord reacted with
antibody 16153#3 did not display immunofluorescence
above background levels (data not shown).

Immunocytochemistry and Quantification

Bilateral transection of the spinal cord DC at T9
results in robust retrograde labeling of the cell bodies of
these axons within the primary motor cortex (M1) from
Bregma —0.3 through —1.3 at 7-11 days following axo-
tomy (Fig. 2A). Fluorogold-positive backfilled cells dem-
onstrated morphologies consistent with their classification
of pyramidal cells, characterized as pyramid-shaped cell
bodies that give rise to a singular apical dendrite and
smaller basal dendrites (Fig. 2B), and were confined to the
inner pyramidal layer (layer V) of M1 (Fig. 2C).

Representative images documenting Na 1.3 staining
in control and axotomized DR G, and control and brain
from spinally injured animals are shown in Figure 3. In
DRG neurons ipsilateral to the sciatic nerve axotomy (Fig.
3A) but not in the contralateral DR G (Fig. 3B), increased

levels of Na 1.3 immunoreactivity are observed 7 days
after sciatic nerve ligation and transection. Extremely
weak Na 1.3 immunoreactivity is observed within all cor-
tical layers in control brains, and it appears to be expressed
in all cell types at very low levels (Fig. 3C). In brains
examined 7-11 days after midthoracic transection SCI,
Na 1.3 immunoreactivity is relatively unchanged within
the M1 region of the cortex (Fig. 3D). In injured animals,
neither density nor distribution of Na_ 1.3-positive neu-
rons appears to be different compared with uninjured
controls.

Quantification reveals that, after sciatic nerve lesion,
Na,1.3 staining intensity is significantly (P < 0.01) in-
creased in the ipsilateral DRG neurons (61.22 = 13.93
arbitrary units) compared with neurons within the unin-
jured contralateral side (19.68 = 6.702 units; Fig. 4A). In
contrast, no significant changes (P = 0.496) are observed
in Na,1.3 staining intensity in the brain following midtho-
racic DC axotomy in either nonbackfilled or fluorogold-
positive backfilled cells (30.21 * 14.66 and 29.18 = 15.10
units, respectively) compared with control animals (28.93 =+
9.065 units; Fig. 4B).

DISCUSSION

In the present study, we examined changes in Na 1.3
expression in upper (cortical) motor neurons following
midthoracic DC transection as occurs following SCI. We
present data showing that Na 1.3 protein is not up-
regulated in these axotomized cells at 7-11 days after
injury; time points at which changes are observed to peak
in DRG cells (Dib-Hajj et al., 1996; Black et al., 1999).

The very low level of expression of Na 1.3 protein
in our study agrees with the weak expression of Na 1.3
mRNA reported in the cerebral cortex by in situ hybrid-
ization (Brysch et al., 1991; Furuyama et al,. 1993). In
these studies, Na, 1.3 detection is confined to neither



Fig. 2. Schematic representation of a coronal atlas section (Paxinos and
Watson, 1997) of rodent brain corresponding to Bregma —0.3 illustrat-
ing the location of fluorogold-positive backfilled neurons 7-11 days
following dorsal column transection (A). High magnification shows a
large apical dendrite emerging dorsally from pyramidal cells in this
region of typical morphology (B). Cells are clustered and confined to
layer V (V) of the primary motor cortex (M1), shown in relation to
adjacent structures, such as the secondary motor cortex (M2), primary
somatosensory cortex (S1), caudate putamen (Cpu), lateral ventricle
(LV), and corpus callosum (CC). Photodocumentation demonstrates
robust retrograde labeling of pyramidal neurons in layer V (C). Scale
bars = 20 pm in B; 100 pm in C.

particular cortical layers nor particular cell types and is
observed in layers II-IV, although a subcellular localiza-
tion is as yet unknown. It can be inferred that pyramidal
cells in layer V express very low levels of Na 1.3 based on
the unique morphological features of this cell class, which
include an apical dendrite that extends toward the cortical
surface, oblique dendrites that extend laterally from the
shaft, and basal dendrites that exit the lower aspects of the
cell. Some cells that appear to be nonpyramidal also display
weak Na 1.3 immunolabeling. In the human central ner-
vous system, Na_1.3 has recently been studied. The struc-
ture of Na 1.3 and its distribution in the human brain
resembles that in the rat brain, although levels of expres-
sion are seemingly more abundant in adult human brain
compared with rat brain (Chen et al., 2000; Whitaker et
al,, 2000). One report suggests that Na 1.3 protein is
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Fig. 3. Photomicrographs of Na 1.3 immunoreactivity in L4-L6
DRGs of the ipsilateral (A) and contralateral (B) sides 7 days following
sciatic nerve ligation, and transection and of coronal sections through
M1 motor cortex in control animals (C) and 7-11 days following T9
dorsal column transection SCI (D). After sciatic nerve injury, signal
intensity is increased in the ipsilateral DR G, whereas, on the contralat-
eral side, very little signal is detectable. A low level of Na 1.3 immu-
nostaining is observed in both control and injured brains within the M1
region of the cortex, which is relatively unchanged after DC lesion.
Scale bar = 50 pm.
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Fig. 4. Quantification of mean * SD Na 1.3 signal intensity 7 days
following sciatic nerve ligation and transection (A) and 7-11 days
following T9 dorsal column transection SCI (B). In the ipsilateral
L4-L6 DRG, Na,1.3 staining is significantly (*P < 0.01) increased
compared with the uninjured contralateral side (n = 6 animals; 20—40
cells per DRG per animal). In contrast, atter DC lesion, there were no
significant changes (P = 0.496) in Na_1.3 staining density observed in
M1 motor cortex, in either backfilled [FG(+)] or nonbackfilled [FG(-)]
cells, relative to control (n = 6 animals per group; 20—40 cells per brain
per animal).

up-regulated in injured human nerves but not in injured
TrkA-positive DRG cells (Coward et al., 2001).

The failure of axotomized upper motor neurons to
up-regulate Na_,1.3 contrasts with the increased Na, 1.3
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mRNA and protein expression that occur in DRG neu-
rons following both axotomy (Waxman et al., 1994; Dib-
Hajj et al., 1996; Black et al., 1999) and ligation (Kim et
al., 2001) of the sciatic nerve and in facial motor neurons
after transection of their axons within the facial nerve
(Iwahashi et al., 1994).

The lack of Na_ 1.3 up-regulation in primary motor
neurons following axotomy, in comparison with DRG
and facial nucleus neurons, may reflect differing effects of
the injuries on the availability of neurotrophic factor(s). In
particular, nerve growth factor (NGF) has been shown to
modulate sodium channel expression. After peripheral
nerve injury, levels of NGF (Korsching and Thoenen,
1985; Nagata et al.,, 1987; Zhou et al., 1994) and its
high-atfinity TrkA receptor (Li et al., 2001) are decreased
in DR G neurons, presumably because of interrupted pe-
ripheral transport. Importantly, a link between NGF and
sodium channels has been demonstrated in a variety of in
vitro (Rudy et al., 1987; Mandel et al., 1988; Kalman et
al.,, 1990; Omri and Meiri, 1990; Aguayo and White,
1992; Lesser and Lo, 1995; Black et al., 1997; Oyelese et
al.,, 1997) and in vivo (Dib-Hajj et al., 1998; Fjell et al.,
1999a) models. Moreover, it has been shown that exog-
enously added NGF prevents the up-regulation of Na 1.3
in an in vitro model of axotomy (Black et al., 1997).

In the brain, NGF and TrkA receptors are found in
the cortex (Korsching et al., 1985; Pioro and Cuello,
1990; Nishio et al., 1994; Pitts and Miller, 1995), and
NGEF stimulates growth of pyramidal cells as well as pre-
vents atrophy after injury (Kolb et al., 1997a,b). However,
unlike the case in the DRG, NGF levels remain un-
changed in the cortex after injury. After midthoracic con-
tusion SCI, which typically transects the CST, Liebl et al.
(2001) report no significant changes in TrkA, TrkB, or
TrkC mRNA expression in the motor cortex. In support
of these results, others show that hypoglossal motor neu-
rons do not up-regulate TrkA after axonal transection
(Tuszynski et al., 1996). Assuming the relative importance
of NGF/TrkA in modulation of Na 1.3 expression, it
might be predicted that, because no detectable changes
take place in either cortical NGF or TrkA after CST
transection, it is unlikely that these neurons will undergo
changes in Na_ 1.3 deployment at least by this mechanism.

Alternatively, the lack of up-regulation of Na 1.3
after axotomy of primary motor neurons may be due to
the trophic-dependence hypothesis, known as the “prox-
imity effect” (Elliott et al., 1997), which suggests that, if
target-derived neurotrophic supply is interrupted from
distant spinal sources, cortical motor neurons may con-
tinue to receive supplementary (or even stronger) para-
crine support from one of many remaining collaterals still
connected to the soma. Indeed, pyramidal neurons located
in layer V are in extensive contact with cells in cortical
layers I-VI (Aroniadou and Keller, 1993; Tseng et al.,
1993; Landry et al., 1994; Kaneko et al., 2000; Pasikova et
al., 2001), so it is conceivable that factors from supraspinal
sources contribute to, or are required for, proper cell
function (Schutte et al., 2000). Support for this suggestion

is provided by data showing that many adult rodent CST
neurons survive axotomy at spinal levels (McBride et al.,
1989), whereas more proximal transections performed at
the level of the internal capsule result in greater CST cell
death (Giehl and Tetzlaft, 1996; Bonatz et al., 2000).

In conclusion, the results presented here do not
preclude a role for voltage-gated sodium channels in the
development of epilepsy following SCI but suggest that
up-regulated expression of Na_ 1.3 is not involved. Future
experiments will be necessary to investigate the role of
spinal cord lesions in expression of voltage-gated sodium
channels and effects on cortical neuronal excitability in this
context.
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