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ABSTRACT

The localization of the voltage-gated calcium channel (VGCC) a2 and the voltage-gated sodium
channel (VGSC) a subunits was immunohistochemically investigated in chicken spinal motoneu-
rons. Approximately 83% and 46% of spinal motoneurons were positive for VGCCa2 and VGSCa
subunits, respectively. Almost all VGSCa subunit-positive motoneurons exhibited the VGCCo2
subunit immunoreactivity. There were different patterns in occurrence, intensity or nuclear/cyto-
plasmic stainability of the VGCCoa2 and VGSCa subunits among the motoneurons. This study
presents the first cellular morphological evidence for the VGCCa2 and VGSCa subunits in spinal
motoneurons, postulating that the heterogeneous expression of VGCCa2 and VGSCa subunits in
the motoneurons may reflect various motor activities.

The dynamic regulation of the excitability of moto-
neurons is largely determined by voltage-gated ion
channels, which are also the targets of several neu-
romodulators that affect excitability (for review, see
17). Spinal motoneurons contain almost all of the
types of voltage-gated calcium channels (VGCCs):
L-, N-, P-, Q-, and R-type. However, the proportion
of currents mediated by the different subtypes varies
between cells (3). As the electrical excitability is
strikingly different between different types of moto-
neurons (9), spinal motoneurons appear to be het-
erogeneous with regard to discharge properties.
VGCCs are complexes that include a pore-forming
al subunit, an intracellular auxiliary B subunit, a di-
sulfide-linked complex of a2 and & subunits, and in
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some cases, a transmembrane y subunit (for review,
see 7). Recently, high levels of 0262 and 0233
mRNAs were detected by in situ hybridization in
motoneurons of the ventral horn of the rat spinal
cord (5). In contrast, a261 mRNA was detected in
only a few motoneurons (5). Because the VGCCo2
subunit is reserved as a common component in all
types of VGCCs (19), we performed an immuno-
histochemistry using an antibody to the a2 subunit,
which may allow broad identification of any type
of VGCCs, and revealed the expression of the
VGCCoa2 subunit in chicken spinal neurons (12).
Four types (Na,1.1, Na,1.2, Na,1.3, and Na,1.6)
of voltage-gated sodium channel (VGSC) a subunits
are expressed in the central nervous system (22). Of
these, 3 types (Na,1.1, Na,1.3, and Na,1.6) are pres-
ent in spinal motoneurons (10, 13, 21), and moto-
neurons display different patterns of the VGSCa
subunit expression (21). An electrophysiological study
reported that VGSCs are critical for both rhythmic
firing and propagating action potentials of motoneu-
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rons. The depolarizing sodium currents further acti-
vate VGCCs, which subsequently open to contribute
to inward calcium currents to the upstroke and pla-
teau of the action potential (11). This may suggest
that the VGCCs and VGSCs expressed in the moto-
neurons are largely involved in various motor activi-
ties of skeletal muscles. However, there is no evidence
of a morphological correlation of VGCCs and VG-
SCs in motoneurons. To verify this relationship, we
used an antibody that potentially recognizes VGSCs
in motoneurons (see below), together with the anti-
body to the VGCCou2 subunit we employed previ-
ously.

Six adult female Leghorn chickens (Gallus do-
mesticus, 0.8—1.75 kg) were used for the study. The
experiment was performed in accordance with the
guidelines of the National Institute of Health Guide
for the Care and Use of Laboratory Animals. The
chickens under deep anesthesia (60 mg/kg sodium
pentobarbital) were perfused with 100 mL physio-
logical saline through their hearts, followed by the
perfusion of 400-500 mL of 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4). The detailed
perfusion procedure has been described previously
(2). The spinal cord of each chicken was removed
at the C15 segmental level and was fixed in the
same fixative for 3 h at 4°C. The spinal cords were
then washed in cold sucrose solutions with increas-
ing concentrations. They were embedded in Tissue-
Tek and frozen in cold acetone. The frozen samples
were cut into 20-um-thick transverse sections by use
of a cryostat. After pretreatment with methanol for
30 min at room temperature and with 3% goat se-
rum containing 0.1% Triton X-100 in phosphate-
buffered saline (PBS) for 30 min, the sections were
double-immunolabeled by overnight incubation at
4°C with a cocktail of the following primary anti-
bodies: mouse anti-VGCCo2 subunit monoclonal
antibody (1 :200; A6, Swant, Bellinzona, Switzer-
land) and rabbit anti-choline acetyltransferase (ChAT)
antibody (1 :500; AB143, Chemicon International,
Temecula, USA); rabbit anti-pan VGSCa (SP19)
(1:1000; S6936, Sigma, St. Louis, USA), which
was raised by rabbit using a synthetic peptide corre-
sponding to amino acids 1491-1508 of the o sub-
unit of rat type I (Nay1.1) VGSC (SP19), and mouse
monoclonal anti-acetylcholinesterase (AChE) anti-
body (1:500; MAB5422, Chemicon International);
or mouse anti-VGCCa2 subunit monoclonal anti-
body (1 :200) and rabbit anti-VGSCo subunit anti-
body (1:1000). After overnight incubation, the
sections were rinsed in PBS and incubated with bio-
tinylated horse anti-mouse IgG (BA-2000 from
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VECTASTAIN Elite ABC Kit: PK-6102), Vector
Laboratories, Burlingame, CA, USA) for 1h at
room temperature. The sections were washed in
PBS and incubated with a cocktail of Cy2-conju-
gated goat anti-rabbit IgG (1 : 200; 286769, Jackson
ImmunoResearch Laboratories, West Grove, PA,
USA) and Cy3-conjugated streptavidin (1 : 1000;
PA43001, Amersham Life Science, Buckingham-
shire, UK) for 1 h at room temperature. The sections
were mounted in Fluoroguard (Bio-Rad, Hercules,
CA, USA). Fluorescence signals were detected by
use of a confocal laser microscope (TCS4D; Leica,
Heidelberg, Germany) and the images were captured
by use of a CCD camera (VB7010; KEYENCE,
Osaka, Japan). For control, the sections were incu-
bated with the normal rabbit or mouse serum in-
stead of a primary antibody or without the addition
of a primary antibody. There was no immunostain-
ing detected in the control sections. For quantitative
analysis, more than 3 fluorescence sections were
randomly selected from each of the six animals, and
neurons with a visible nucleus were selected for
counting. Staining of the VGCCa2 subunit in the
cytoplasm was scored only by Li (Y.N.) as weak or
moderate (+), or strong (++) according to the inten-
sity of the staining. Because VGSCa subunits can
be localized to the nucleus and cytoplasm, the cells
were divided into 3 subgroups based on their
immunoreactivity (IR). The neurons were classified
as follows: neurons with only nuclear staining were
scored as +, those that had a weak or moderate sig-
nal in both the nucleus and cytoplasm as ++, and
those that had intense staining in both nucleus and
cytoplasm as +++. The percentage of neurons posi-
tive and negative for VGCCa2 and VGSCa was de-
termined.

Immunoreactivity of the VGCCa2 subunit was
mainly seen in large neurons in Lamina IX of the
ventral horn (Fig. 1A). These subunits were occa-
sionally seen in small neurons in Lamina VIII, con-
sistent with our previous report (12). Approximately
83% of the total ChAT-positive neurons (n=520)
from 37 fluorescence sections (Fig. 1B) also showed
the VGCCa2 subunit-IR (Table 1). All of the neu-
rons that exhibited VGCCo2 subunit-IR were also
positive for ChAT (Fig. 1A-C). Based on colocal-
ization of VGCCo2 with ChAT and the distribution
and morphology of the VGCCa2-positive neurons,
these neurons were confirmed to be motoneurons.
VGCCo2 staining was localized in the somata and
proximal dendrites, but not in the nuclei of the mo-
toneurons (Fig. 1A). The intensity of the immunos-
taining in the somata varied between cells. In total,
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64.7% of the motoneurons were scored as having  elinated axons throughout the spinal cord. Some
weak or moderate intensity (+) and 18.3% as having  neurons showed intense IR only in the nucleus,
strong intensity (++) (Table 1). Immunostaining for ~ while some had intense staining in the nuclei and
the VGSCa subunit was observed in some large  weak to intense staining in the cytoplasm (Fig. 1D,
neurons in the ventral horn and in numerous my-  H). In addition, intense IR was seen in the proximal

a*

VGCCa2

Fig. 1 Fluorescence micrographs showing the expression of the VGCCa2 subunit (A, G), choline acetyltransferase (ChAT)
(B), the VGSCa subunit (D, H) and acetylcholinesterase (AChE) (E) in motoneurons (large arrows) located at lamina IX of
the chicken spinal cord. Panels C, F, and | show merged immunnoreactivity (IR) images. A—C: VGCCa2 subunit-IR was lo-
calized in neuronal somata and proximal dendrites (small arrows) but not in the nuclei. Motoneurons positive for the
VGCCa2 subunit were divided into two subgroups based on the intensity of the IR in the cytoplasm; the numbers (1, 2) in-
dicate motoneurons showing weak or moderate (+) and strong (++) IR, respectively (A). All neurons positive for VGCCa2
were also immunoreactive for ChAT (A: VGCCa2 subunit; B: ChAT; C: merged). D-F: Motoneurons positive for VGSCa sub-
unit were divided into three subgroups. Positive neurons that had only nuclear IR were scored as + and those that had a
positive nucleus and weak or moderate staining in the cytoplasm were scored as ++ and are shown as 1 and 2, respec-
tively (D). Those that had intense nuclear and cytoplasmic staining were scored as +++ (3) (H). Myelinated axons (small ar-
rows) showed intense IR (D). Almost all motoneurons positive for VGSCa subunit were also positive for AChE (D: VGSCa
subunit; E: AChE; F: merged). G-I: The VGCCa2 subunit-IR was co-localized with the VGSCa subunit-IR in some motoneu-
rons (G: VGCCa2 subunit; H: VGSCa subunit; I: merged). The VGSCa subunit-IR was observed in the proximal dendrite
(small arrows) of a motoneuron indicated as by 3 in H. In G a—e indicate motoneurons with different immunolabeling pat-
terns of the VGCCa2 and VGSCa subunits; a, b: VGCCa2 subunit (+)/VGSCa subunit (+), ¢: VGCCa2 subunit (+)/VGSCa
subunit (++), d: VGCCa2 subunit (++)/VGSCa subunit (+), e: VGCCa2 subunit (++)/VGSCa subunit (+++). Bar =50 pm.
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dendrites of some neurons (Fig. 1H). Approximately
46% of the neurons positive for AChE (n=442)
from 30 fluorescence sections (Fig. 1E) were also
positive for the VGSCa (Table 2). All of the neu-
rons positive for VGSCa were also AChE positive
(Fig. 1D-F). This confirmed that the neurons posi-
tive for VGSCa were also motoneurons. The pro-
portions of the 3 types of the motoneurons scored
for the VGSCa subunit described above were
15.2%, 18.6% and 11.8%, respectively (Table 2).
Approximately 47% of the VGCCa2 subunit-posi-
tive motoneurons (n=310) from 23 sections were
also positive for the VGSCa subunit. Almost all of
the motoneurons positive for VGSCa subunit were
VGCCoa2 subunit positive (Fig. 1G-I). The spinal
motoneurons were divided into subgroups based on
the intensity of the immunostaining for the VGCCo2
and VGSCa subunits (Table 3). The proportion of
motoneurons positive for VGCCa2 with strong
staining intensity for VGSCa appeared to be lower
than those of other populations.

The present study revealed that most (approxi-
mately 83%) of motoneurons in the chicken spinal
ventral horn contain the VGCCa2 subunit. This
finding is similar to that of an in sifu hybridization
study, in which the VGCCa262 and VGCCu243
subunits were highly expressed in rat spinal moto-
neurons (5). It is suggested that amyotrophic lateral
sclerosis (ALS) is mediated by antibodies directed
against the VGCCs (8, 16). Pharmacological experi-
ments have showed that sera from patients with
ALS contain factors that can modify the spontane-
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ous release of neurotransmitters by altering the cal-
cium currents through the L-type and N-type
VGCC, and can induce changes in sensitivity to the
L-type VGCC blocker (15). Therefore, the high pro-
portion of the motoneurons expressing VGCCa2
subunits shown in this study may suggest that the
026 subunit is essential for somatic movements (5)
and that deficiency or changes in its expression may
be involved in abnormalities of VGCCs that result
in the onset of ALS. The localization of the VGCCo2
subunit in the neuronal somata and proximal den-
drites is similar to that of the al subunits of L-type
VGCCs (25). An electron cryomicroscopic study of
the L-type VGCCs showed that the extracellular o2
subunit protrudes from the membrane in close prox-
imity to the channel-forming al subunit (23). In ad-
dition, the VGCCa2d subunit enhances the activity
of the al subunit (6). These findings suggest an im-
portant role of the a2 subunit in the function of the
al subunit in some VGCCs. In the present study,
the signal intensity of the VGCCa2 subunit varied
among the motoneurons, which suggests that differ-
ent VGCCs associated with different 026 subunits
may play roles in motor control at multiple levels
(14). The expression of the VGCCa2 subunit in
proximal dendrites may be important, because
L-type VGCCs mediate long-lasting increases in in-
tracellular calcium in the cell body in response to
excitatory input to the dendrites (1). They also me-
diate the entry of calcium in response to summed
excitatory input to initiate intracellular regulatory
events (21). In contrast, the variation in the expres-

Table 1 Percentages of motoneurons with different intensities of labeling of the
VGCCaz2 subunit
VGCCa2 - + ++
17.0 64.7 18.3

Motoneurons were divided as follows: those negative for VGCCo2 were scored as —.
Those with staining in the cytoplasm were scored as + or ++ based on the intensity of the
staining. Approximately 83.0% of the total number of motoneurons (n=520) in 37 sec-
tions of spinal cord were positive for the VGCCa2 subunit.

Table 2 Percentages of motoneurons with different intensities of labeling of the

VGSCa subunit

VGSCa -

-+ 4

54.4

18.6 11.8

Motoneurons were divided into those negative for VGSCa (—), those with only nuclear
VGSCa staining (+), those with positive nuclear staining and weak or moderate cytoplas-
mic staining (++), and those with strongly positive nuclear and cytoplasmic staining (+++).
Approximately 45.6% of the total motoneurons (n=442) in 30 sections of spinal cord

were positive for the VGSCa subunit.
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Table 3 Percentages of motoneurons with different labeling of the VGCCaZ2 sub-

unit and VGSCa subunit

VGCCa2 (+) VGCCoa2 (++) Total

VGSCa (+) 14.8 1.6 16.4

VGSCa (++) 13.9 3.9 17.8

VGSCa (+++) 10.0 2.6 12.6
Total 38.7 8.1 -

Approximately 46.8% of the total VGCCo2 subunit-positve motoneurons (n=310) from
23 sections of the spinal cord were also positive for VGSCa subunit. Almost all the moto-
neurons positive for VGSCa subunit were also positive for VGCCa2 subunit.

sion of the VGCCo2 subunit in motoneurons may
be partially responsible for the difference in calcium
channel inactivity kinetics among spinal motoneu-
rons, as described by Carlin et al. (3).

In the spinal cord, cell types within a given re-
gion display different patterns of VGSC expression,
and the VGSC levels vary between motoneurons.
For example, type I VGSC is the most frequently
expressed type of VGSCs in neuronal somata (21),
while type III VGSC is present at very high densi-
ties in myelinated axons (13). Similarly, the present
study showed a high density of VGSCa subunits in
myelinated axons and in the cytoplasm, as well as
in the nucleus of some motoneurons. Such a situa-
tion of cellular immunolabeling for VGSCs (Na,1.1,
Na,1.2 or Na,1.6) has been observed also in Purkin-
je cells or other neurons in the cerebellum (4, 20).
Thus, the heterogeneous cellular localization of the
VGSCo subunit subtypes in the motoneurons may
represent different excitabilities of the motoneurons;
however, the functional significance of VGSCa in
the nucleus is unclear. It is known that the depolar-
izing upstroke of the action potential is associated
with the opening of sodium channels and the entry
of positively charged sodium ions into the cell. In
most neurons, inward sodium currents further acti-
vate calcium channels, which are responsible for
both the upstroke and the plateau of the action po-
tential (11). Sodium channels in the motoneuronal
somata (18) are assumed to be able to initiate local
depolarization to amplify the excitatory postsynaptic
potentials on their way to the axon initial segment
(24). In the present study, the different intensities of
labeling of the VGCCa2 and VGSCa subunits in
spinal motoneurons allowed the motoneurons to be
divided into subgroups. Therefore, it is postulated
that the subgroups of the motoneurons may reflect
various motor activities.

In conclusion, this study presents the first cellular
morphological evidence for the presence of the
VGCCa2 and VGSCa subunits in chicken spinal

motoneurons. The finding that spinal motoneurons
possess a heterogeneous pattern of expression of
VGCCo2 and VGSCa subunits may provide the
molecular basis for the different properties of calci-
um and sodium currents and also provide intriguing
cues for further experimental analysis of the moto-
neuronal specializations. Further study is needed on
the mechanism of motoneuron diseases such as an
ALS.
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