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Abstract: We used postembedding electron microscopic im- 
munocytochemistry with colloidal gold to determine the ul- 
trastructural distribution of Na+,K+-ATPase in the sciatic 
and optic nerves of the rat. Using a polyclonal antiserum 
raised against the denatured catalytic subunit of brain 
Na+,K+-ATPase, we found immunoreactivity along the in- 
ternodal axolemma of myelinated fibers in both nerves. This 
antiserum did not produce labeling of nodal axolemma. These 
results suggest that an important site of energy-dependent 

Na+,K+-ATPase is the integral membrane enzyme 
responsible for active transport of Na+ and K+ in eu- 
karyotic cells (Cantley, 198 I ;  Skou, 1988). The activity 
of Na+,K+-ATPase in maintaining Na+ and K+ con- 
centration gradients in the nervous system is critical 
to neuronal electrical function (Albers et al., 1989) and 
to the transport of other solutes such as Ca2+, H’, 
amino acids, and glucose (Albers et al., 1989). Defining 
the subcellular as well as cellular distribution of the 
enzyme is important in understanding the integrated 
functioning of the tissue (Siegel et al., 1984). 

The active enzyme contains two polypeptide sub- 
units: the a, or catalytic subunit (apparent M, of - 100,000), and the p, or glycoprotein subunit (M, of 
-40,000) (Cantley, 198 1). The active enzyme complex 
may exist as an ap or structure (Cantley, 198 1). 
The catalytic subunit isolated from brain appears as 
two bands on sodium dodecyl sulfate-containing poly- 
acrylamide gels, originally designated “a” for the lower 
apparent M, and “a(+)” for the higher apparent M, 
(Sweadner, 1979). cDNA clones have been sequenced 
for three a isoforms, designated a l ,  a2, and a3, in 
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adult rat brain (Shull et al., 1986; Herrera et al., 1987; 
Orlowski and Lingrel, 1988). Epitopes specific for each 
of the a 1, a2, and a3 polypeptides have been detected 
immunologically in brain (Arystarkhova et al., 1989; 
Rowe et al., 1989; Shyjan and Levenson, 1989; Ura- 
yama et al., 1989). a1 is identical to the originally de- 
fined “a” isoform. It is now known that a2 and a3 
polypeptides are both contained in the brain a(+) band 
on sodium dodecyl sulfate-containing gels (Schneider 
et al., 1988). Two mRNA transcripts have been found 
for /3 subunit isoforms in brain (Martin-Vasallo et al., 
1989). Isoform-specific expression of mRNAs for a 
(Herrera et al., 1987; Orlowski and Lingrel, 1988; 
Schneider et al., 1988) and ,6 (Martin-Vasallo et al., 
1989) subunits shows tissue-specific developmental 
regulation. 

Prior immunoelectron microscopy studies with 
polyclonal antisera have localized Na+,K+-ATPase to 
nodal axolemma of central (Wood et al., 1977; 
Schwartz et al., 1981) and peripheral (Ariyasu et al., 
1985; Ariyasu and Ellisman, 1987) nerve. Enzyme cy- 
tochemical studies have suggested a more widespread 
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distribution of Na+,K+-ATPase activity in these tissues 
(Vorbrodt et al., 1982; Inomata et al., 1983; Nasu, 
1983). In this study we have used a polyclonal anti- 
serum to combined a subunits purified from bovine 
brain Na+,K+-ATPase to determine the distribution of 
the enzyme in the rat sciatic and optic nerves, as re- 
vealed by light microscopic immunocytochemistry with 
biotin-peroxidase and with silver-enhanced colloidal 
gold and by postembedding electron microscopic im- 
munocytochemistry with colloidal gold. These studies 
show Na+,K+-ATPase immunoreactivity along the in- 
ternodal axolemma in both the CNS and the PNS. 

MATERIALS AND METHODS 

Materials 
Male Sprague-Dawley rats (weighing 200-250 g) were ob- 

tained from Harlan. Trizma, sodium dodecyl sulfate (cata- 
logue no. L5750), and silver stain kits were obtained from 
Sigma. Protein standards for electrophoresis were from Sigma 
and Bethesda Research Laboratories. Polyacrylamide, elec- 
trophoresis reagents, and nitrocellulose sheets were from Bio- 
Rad. Horseradish peroxidase-conjugated goat anti-rabbit IgG 
was from Cappel, goat anti-rabbit IgG bound to 15-nm-di- 
ameter colloidal gold was from E-Y Laboratories, and LR 
White was from Ernest R. Fullam. The silver-gold secondary 
antibodies and kit were from Janssen Laboratories, and the 
streptavidin-biotin-peroxidase reagents were from Zymed. 

Production of the antibody 
Rabbit antiserum (31B), which was prepared against the 

denatured catalytic subunit purified from bovine brain 
Na+,K+-ATPase and characterized by immunoblot, cDNA 
selection, and immunolocalization in cerebellum, retina, and 
kidney, has been described previously in detail (Hieber et al., 
1989). 

Membrane preparations 
Rats were decapitated, and tissues were rapidly dissected, 

chilled, and used fresh or after storage at -70°C. Microsomal 
fractions (P2; 30,000-g pellet) of rat sciatic nerve and brain 
were prepared as described (Siegel et al., 1986) except that 
tissues were dispersed by hand in glass homogenizers in 10 
volumes of 0.32 A4 sucrose, 1 mM EDTA, and 5 mM EGTA 
and adjusted to pH 7.2 with Tris base. Total membrane frac- 
tions of sciatic nerve and brain were prepared by sonicating 
tissues in 5 mM Tris (pH 7.3) and 5 mM NaCl, followed by 
centrifugation at 130,000 g for 1 h in a Beckman Airfuge. In 
the case of nerve homogenate, the material sedimenting at 
10,000 rpm for 15 min was removed before the final cen- 
trifugation. Protein content was assayed with the method of 
Bradford (1976). 

Electrophoresis and immunoblotting 
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(6% polyacrylamide) was performed with the buffer system 
of Laemmli ( 1  970), and the proteins were transferred to ni- 
trocellulose as described (Towbin et al., 1979) with the ad- 
dition of 0.1% sodium dodecyl sulfate in the electrode so- 
lution. Immunostaining with whole 3 l B antiserum or an im- 
munoaffinity-purified fraction was carried out as described 
with dry milk in the blocking solutions, peroxidase-conjugated 
goat anti-rat IgG as the secondary antibody, and 4-chloro-l- 

naphthol as the substrate (Siegel et al., 1986). Parallel gels 
were stained with silver or Coomassie Brilliant Blue. 

Light microscopic immunocytochemistry 
The animals were perfused with 4% paraformaldehyde for 

I h. The nerves were removed and cryoprotected with 2 M 
sucrose overnight; I-pm-thick sections were cut at -80°C 
and placed on gelatin-coated slides. 

For silver-gold detection, the sections were coated with 
5% ovalbumin, blocked with 1% ovalbumin in 20 Mglyc ine  
and 20 mM Tris saline (pH 7.6) for 15 min, and exposed 
first to the primary antibody (diluted 1 :200) for 2 h at room 
temperature and then to goat anti-rabbit IgG conjugated to 
5-nm-diameter gold (diluted 1:lO) for 1 h at room temper- 
ature. The gold precipitate was enhanced with silver using 
the Janssen Intense M Kit. 

For avidin-biotin-peroxidase detection, the blocked slides 
were exposed to the primary antibody (diluted 1:300) over- 
night and then to goat anti-rabbit IgG conjugated to biotin 
for 1 h at room temperature. The sections then were incubated 
with streptavidin-peroxidase (diluted 1: 100) for 1 h and de- 
veloped with diaminobenzidine tetrahydrochloride for 
15 min. 

Electron microscopic immunocytochemistry 
The animals were perfused through the heart with 100 

mM phosphate buffer followed either by 0.5- 1.5% glutaral- 
dehyde and 4% paraformaldehyde or by 4% paraformalde- 
hyde alone in phosphate buffer. The optic nerve, sciatic nerve, 
and roots were removed, cut into blocks, placed in the same 
fixative for an additional 2 h, and then embedded in LR 
White. Ultrathin sections were exposed to the antiserum in 
dilutions from 1:300 to 1 : 1,000 for 2 h and then to goat anti- 
rabbit IgG bound to 15-nm-diameter colloidal gold as de- 
scribed (Mata et al., 1990). The grids were stained for 20 min 
with uranyl acetate and examined in a JEOL Model 100s 
electron microscope. 

We performed two controls for the immunocytochemical 
reaction. The first control was deletion of the anti-Na+,K+- 
ATPase antibody. The second control consisted of sections 
reacted in an identical manner using preimmune serum from 
the same animal that produced the antibody. 

Affinity purification of antiserum 31B 
Western transfers of P-galactosidase fusion protein (a4a) 

containing the 388 C-terminal amino acids of the a subunit 
derived from Xenopus luevis kidney epithelial cells (A6 cell 
line) (Verrey et al., 1989) were used to affinity-purify anti- 
serum 3 1B following the general method of Smith and Fisher 
(1984). An Escherichia cdi  expression vector containing the 
corresponding 1,500-bp a subunit cDNA insert (a4a) ligated 
to the IacZ gene in a pEX2 plasmid (Verrey et al., 1989) was 
generously provided by J.-P. Kraehenbuhl (University of 
Lausanne, Lausanne, Switzerland). The a4a fusion protein 
was induced, partially purified, and subjected to sodium do- 
decyl sulfate-polyacrylamide gel electrophoresis and Western 
transfer as described (Verrey et al., 1989). The fusion protein 
was then excised from Ponceau red-stained blots and used 
to affinity-purify antiserum 3 IB as described (Verrey et al., 
1989). Antibody was eluted from the nitrocellulose strips with 
glycine-HCI buffer (pH 2.7) for 10 min with shaking and 
then neutralized immediately with 100 mM Tris base. This 
affinity-purified antiserum was used in dilutions from 1:3 to 
1: 100 for immunocytochemistry and undiluted or diluted 
150 for Western blotting of brain and sciatic nerve protein. 
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RESULTS ary antibody with silver enhancement (Fig. 3a and b), 
Antibody characterization 

In Western blots of membrane fractions from both 
brain and peripheral nerve, a clear doublet with M, of - 100,000 was usually recognized, corresponding to 
a 1 and a(+) (Fig. la). The proportions of the two bands 
varied from experiment to experiment, but the pre- 
dominant form was usually a(+). In unenriched frac- 
tions from brain, a fainter band corresponding to the 
a 1 isoform could usually be recognized just below the 
major band, but its density was quite low. There was 
no immunostaining in any other region of the gel, nor 
was there any immunostaining of the supernatant frac- 
tions. 

The antibody that was affinity-purified on a-subunit 
fusion protein a4a identified the same doublet bands, 
corresponding to a 1 and a( +), in the 100,000-g par- 
ticulate fractions and in the microsomal fractions of 
rat sciatic nerve and in complete homogenate and mi- 
crosomal fractions of rat brain as did the original anti- 
serum (Fig. lb). No other immunoreactive bands were 
detected in these samples. Thus, the antibody purified 
by its affinity for the polypeptide derived from frog 
kidney a 1 (Verrey et al., 1989) reacts specifically with 
an epitope in common between the a 1 isoform of frog 
kidney and the a I and a( +) isoforms in rodent brain 
and peripheral nerve. It is not known whether this an- 
tibody identifies a2  or a3 because both may be present 
in the a(+) band. 

Localization of Na+,K+-ATPase in sciatic nerve 
In 1 -pm-thick cryostat-cut sections of sciatic nerve 

treated with immune serum and either biotin-labeled 
secondary antibody (Fig. 2a) or a gold-labeled second- 

FIG. 1. a: Western blot of 130,OOOg pellets from dispersions of 
sciatic nerve and brain with antiserum 31 8. Lane 1 ,  nerve pellet 
(10 pg of protein); lane 2, brain pellet (5 pg of protein). The faint 
a1 band, which was usually present in low density, is not seen in 
this blot from brain. The silver stain of an identical gel is shown in 
lanes 3 (nerve) and 4 (brain). Protein standards are 200, 11 6, 97, 
and 66 kDa (arrowheads). b: lrnmunostaining with affinity-purified 
antiserum. Lane 1 ,  brain hornogenate (20 pg of protein): lane 2, 
30,000-g microsomal fraction of brain (20 pg of protein); and lane 
3, 30.OOO-g rnicrosornal fraction of nerve (20 pg of protein). In- 
cubations were performed with antibodies eluted from the a4a 
fusion protein (described in Materials and Methods) diluted 1 :50 
for lanes 1 and 2 and undiluted for lane 3. The lanes are cut at the 
dye front. No other immunostaining was seen on the original blots 
except for the a1 and a(+) bands. 

reaction product representing Na+,K+-ATPase im- 
munoreactivity could be seen prominently along the 
internodal axolemma of myelinated fibers beneath the 
myelin sheath. At the node of Ranvier, reaction product 
was not detected along the axolemma (Fig. 3a). Because 
of the limits of resolution of this technique, it was not 
possible to determine the precise localization of the 
immunoreactivity. Control sections showed the ab- 
sence of reaction products with both techniques (Figs. 
2b and 3c). 

With electron microscopy and labeling with colloidal 
gold, it is clear that the immunoreactivity was present 
along the junction of the axolemma with the periaxonal 
membrane of the Schwann cell through the internode 
(Figs. 4a and b). A similar pattern was seen when the 
affinity-purified antibody was used (Fig. 4c). The con- 
centration of immunoreactivity along the internodal 
axolemma within single fibers was not uniform, but 
we were unable to detect a consistent periodicity (or 
pattern) of gold deposition. The apparent concentration 
also varied between fibers, but the degree of immu- 
noreactivity did not seem to correlate with fiber size 
or degree of myelination, except that unmyelinated fi- 
bers consistently showed lower levels of immunoreac- 
tivity than myelinated fibers (Fig. 5a). 

In cross-section, the gold is clearly seen along the 
internodal axolemma beneath the myelin sheath (Fig. 
6a-c). No immunoreactivity was seen along the axo- 
lemma at nodes of Ranvier cut in cross-section 
(Fig. 6d). 

Immunoreactivity was not seen along the Schwann 
cell membrane, either in the perikaryon or in the para- 
nodal regions (Figs. 2-4), nor was any immunoreac- 
tivity seen in fibroblasts or perineurial cells (data not 
shown). 

Localization of Na+,K+-ATPase in optic nerve 
The distribution of immunoreactivity in optic nerve 

was similar to that seen in the peripheral sciatic nerve. 
Immunoreactivity was seen along the axolemma in the 
internodal regions (Fig. 5b). There was no staining of 
oligodendroglial cell membranes, perikaryon, or myelin 
lamellae. 

Controls 
Control sections incubated either with preimmune 

serum or with no primary antiserum showed a low 
concentration of randomly distributed gold particles, 
which represent inherent background of the methods 
(data not shown). Tissue fixed with 4% paraformal- 
dehyde, but without glutaraldehyde (Fig. 4a), showed 
a pattern identical to that seen in tissue fixed with 4% 
paraformaldehyde and 0.5% glutaraldehyde (Fig. 4b 
and c). 

DISCUSSION 
The principal finding of these studies is that an anti- 

serum specific for mammalian brain Na+,K+-ATPase 

J Neurochem., Vol 57. No I ,  1991 
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FIG. 2. a: Biotin-streptavidin-peroxidase labeling of a 1 -pm-thick cryosection of nerve shows Na+,K+-ATPase immunoreactivity along the 
axolemma (arrowheads). X5,800. b Control with deletion of primary antibody. X4,930. 

FIG. 3. a and b: Silver-enhanced gold labeling of 1 -pm-thick longitudinal cryosections of nerve demonstrates immunoreactivity along the 
internodal axolemma of myelinated fibers (arrowheads). The node of Ranvier is indicated by an arrow. X4,930. c: Control with deletion of 
primary antibody. X8,670. 

J.  Nrurochem., Vo/. 57, No. I ,  1991 
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FIG. 4. Colloidal gold-labeled electron microscopic immunocytochemistry of sciatic nerve with antiserum 316 (a and b) and with the 
affinity-purified antibody (c). a: 4% paraformaldehyde, X20,400. b: 0.5% glutaraldehyde, 4% paraformaldehyde. X20,145. c: 0.5% glutar- 
aldehyde, ~ O / O  paraformaldehyde, X16,830. 

catalytic subunit reveals immunoreactivity along the 
internodal axolemma of myelinated fibers in the CNS 
and the PNS. 

The specificity of the antiserum used in this study 
is supported by the following criteria. The antiserum, 
which was raised against Na+,K+-ATPase catalytic 
subunit purified from bovine brain (Hieber et al., 1989), 
reacts with the catalytic subunit ( a l )  in purified ho- 

loenzyme from lamb kidney (Siege1 and Desmond, 
1989) and specifically with polypeptides of the same 
M, from rat brain and sciatic nerve (Fig. 1) and from 
mouse and bovine brain (Hieber et al., 1989). It does 
not react with any other proteins in the crude pelleted 
membranes or in the soluble fractions of these tissues. 
Screening a Xgt 1 I cDNA expression library constructed 
from mouse brain mRNA with the same antiserum 

J. Neurochem., Vol. 57, No. I ,  I 991  
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FIG. 5. Colloidal gold immunocytochemistry of the unmyelinated fibers of the cervical sympathetic trunk with antiserum 318 shows 
relatively sparse labeling of the axolemma (a). Under similar conditions of labeling, optic nerve shows strong immunoreactivity along the 
internodal axolemma (arrowheads; b). a: X24.650. b: X11,560. 

identified a clone with cDNA homologous to that of 
rat brain a1 by sequence and Northern blot hybrid- 
ization (Hieber et al., 1989). Light microscopic im- 
munocytochemistry of mouse kidney using the same 
antibody demonstrated exclusive basolateral mem- 
brane staining identical to that described for other an- 
tibodies to Na+,K+-ATPase in that tissue (Hieber et 
al., 1989). The antibody also shows strong immuno- 
staining in retinal photoreceptor inner segments (Hie- 
ber et al., 1989) and in the gerbil vestibular system 
(Spicer et al., 1990), correlating with the distribution 
of the a 3  isoform in retina resolved recently with an 
a3-specific antibody (McGrail and Sweadner, 1989) 
and with a isoforms using monoclonal antibodies in 
the gerbil vestibular system (Spicer et al., 1990). Finally, 
antibody purified from the antiserum by affinity-bind- 
ing to a fusion protein containing 388 amino acids of 
known sequence from the carboxy terminus of Xenopus 
kidney (A6 cell) a1 subunit (Verrey et al., 1989) pro- 
duced a staining pattern identical to that of the whole 
antiserum 3 1 B (Fig. 4). 

The finding of internodal staining for Na+,K+- 
ATPase is surprising because previous electron micro- 
scopic immunocytochemical studies showed Na+,K+- 
ATPase in myelinated fibers limited to the node of 
Ranvier (Wood et al., 1977; Schwartz et al., 198 1; Ari- 
yasu et al., 1985; Ariyasu and Ellisman, 1987). These 
studies have used a polyclonal antibody raised against 
the Lubrol-solubilized electroplax holoenzyme to lo- 
calize the enzyme in knifefish brain (Wood et al., 1977), 

a polyclonal antibody raised against the denatured cat- 
alytic subunit purified from goldfish brain Na+,K+- 
ATPase (Schwartz et al., 1980) to localize the enzyme 
in goldfish optic nerve (Schwartz et al., 1981), and one 
monoclonal and several different polyclonal antisera 
raised against kidney holoenzyme to study normal and 
dystrophic mouse sciatic nerve (Ariyasu et al., 1985; 
Ariyasu and Ellisman, 1987). In these studies only the 
axolemma in the dystrophic mouse showed uniform 
staining (Ariyasu and Ellisman, 1987). 

The finding of internodal immunoreactivity is not 
without precedents. Previous studies using light mi- 
croscopic immunocytochemistry have suggested the 
presence of internodal Na+,K+-ATPase. Fambrough 
and Bayne (1983) provided light microscopic fluores- 
cence data suggesting internodal distribution of the en- 
zyme in chicken sciatic nerve with an antibody that 
recognized isoforms of muscle and nerve but not of 
Schwann cell or fibroblast (see their Fig. 10). The avail- 
able light microscopic immunocytochemical figures 
showing cross-sections of nerve or spinal cord indicate 
much more axolemmal staining than can be accounted 
for by nodal sites (Schwartz et al., 1980; McGrail and 
Sweadner, 1986; Sheedlo and Siegel, 1987). McGrail 
and Sweadner ( 1989) recently used light microscopic 
immunofluorescence to demonstrate that their mono- 
clonal antibody to a 3  appears to label internodal fibers 
in the optic nerve. They suggested that previous failure 
to demonstrate internodal immunoreactivity might 
have been due to insufficient antibody sensitivity to 

J. Neurochem., Vol. 57, No. 1. 1991 
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FIG. 6. Colloidal gold-labeled electron microscopic irnmunocytochemistry with antiserum 31 B of sciatic nerve cut in cross-section shows 
immunolabeling along the internodal axolernrna (arrowheads; a-c). Note that the gold particles are associated with the axolemma rather 
than the membrane of the Schwann cell inner mesaxon and that most of the particles appear on the internal side of the axolemma. No 
labeling of the axolemma is seen at the node of Ranvier (d). a: X30,345. b: X40,120. c: X34,680. d: X40,970. a-d: 2.5% glutaraldehyde, 
4% paraformaldehyde. 

a3. The light microscopic immunocytochemistry pre- 
sented in this article (Figs. 2 and 3) is in agreement 
with the general localization reported by McGrail and 
Sweadner (1 989). In addition, the resolution obtained 
with electron microscopic imrnunocytochemistry (Figs. 
4-6) shows that the localization of internodal Na+,K+- 
ATPase is along the axolemma. Three different studies 
using the ouabain-sensitive, K+-dependent pnitro- 
phenyl phosphatase cytochemical reaction have pre- 
viously shown Na+,K+-ATPase activity in the inter- 

nodal (as well as nodal) axolemrna of myelinated fibers 
of mammalian CNS and PNS (Vorbrodt et al., 1982; 
Inomata et al., 1983; Nasu, 1983). 

The current study used postembedding immuno- 
cytochemistry in which the antibody is applied to the 
ultrathin sections on grids, so that there are no tissue 
barriers to antibody penetration and the epitopes at 
the transversely cut surfaces have maximal exposure 
to the antiserum. This methodologic feature might ac- 
count for the resolution of internodal irnmunoreactiv- 
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ity in this electron microscopic study, which was not 
found in the previous studies that used preembedding 
methods. However, this feature cannot explain the ab- 
sence of nodal immunoreactivity with antibody 3 1 B. 
Further, using our antiserum on cryosections for light 
microscopy produced identical internodal immuno- 
staining (Figs. 2 and 3), a finding suggesting that a crit- 
ical difference lies in the epitope(s) recognized rather 
than only with the method used. 

There are two possible explanations for the absence 
of nodal immunoreactivity with the antibody used in 
the current study. It is possible that a different isoform 
is present at the node compared with the internode 
and that antibody 3 1B does not recognize the isoform 
that is present at the node or that the antibody recog- 
nizes but has a low affinity for the isoform present at 
the node. Alternately, the same isoform may be present 
both at the node and internodally, but specific post- 
translational modifications to the Na+,K+-ATPase a 
subunit at the node may obscure the epitope recognized 
by the antibody. We are in the process of obtaining 
other characterized antibodies to the a subunits and 
to the p subunits to address these issues. 

Recent studies have made it clear that the axolemma 
of mammalian myelinated fibers displays regional het- 
erogeneity. For example, in mammalian nerve, Na+ 
channels are located almost exclusively at the node of 
Ranvier (Ritchie, 1986), whereas K+ channels are lo- 
cated internodally (Kocsis, 1986; Ritchie, 1986). Thus, 
Na' influx accompanying action potentials occurs 
mainly at the node, whereas K+ efflux occurs mainly 
internodally. Nodal enzyme might be regulated pri- 
manly by intracellular Na+ entering during the action 
potential. Internodal enzyme might be regulated pri- 
marily by extracellular K+ to pump K+ into the axon 
in the internode, thus maintaining ionic homeostasis 
in the periaxonal space between axolemma and inner 
mesaxon. Additional studies will be required to test for 
expression of unique a-subunit epitopes at different 
sites and to determine the relationship between isoform 
distribution and site-specific function. 
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