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Abstract. Immunocytochemical methods were used to 
show that Ng-CAM (the neuron-glia cell adhesion 
molecule), N-CAM (the neural cell adhesion mole- 
cule), and the extracellular matrix protein cytotactin 
are highly concentrated at nodes of Ranvier of the 
adult chicken and mouse. In contrast, unmyelinated 
axonal fibers were uniformly stained by specific anti- 
bodies to both CAMs but not by antibodies to cytotac- 
tin. Ultrastructural immunogold techniques indicated 
that both N-CAM and Ng-CAM were enriched in the 
nodal axoplasm and axolemma of myelinated fibers as 
well as within the nodal regions of the myelinating 
Schwann cell. At embryonic day 14, before myelina- 
tion had occurred, small-caliber fibers of chick em- 
bryos showed periodic coincident accumulations of the 
two CAMs but not of cytotactin, with faint labeling in 
the axonal regions between accumulations. Cytotactin 
was found on Schwann cells and in connective tissue. 
By embryonic day 18, nodal accumulations of CAMs 
were first observed in a few medium- and large-caliber 
fibers. Immunoblot analyses indicated that embryonic 

to adult conversion of N-CAM and a progressive de- 
crease in the amount of Ng-CAM and N-CAM oc- 
curred while nodes were forming. Sciatic nerves of 
mouse mutants with defects in cell interactions showed 
abnormalities in the distribution patterns and amount 
of Ng-CAM, N-CAM, and cytotactin that were consis- 
tent with the known morphological nodal disorders. In 
trembler (+/Tr), intense staining for both CAMs ap- 
peared all along the fibers and the amounts of N-CAM 
in the sciatic nerve were found to be increased. In 
mice with motor endplate disease (med/med), Ng- 
CAM and N-CAM, but not cytotactin, were localized 
in the widened nodes. Both trembler and med/med 
Schwann cells stained intensely for cytotactin, in con- 
trast to normal Schwann cells which stained only 
slightly. All of these findings are consistent with the 
hypothesis that surface modulation of neuronal CAMs 
mediated by signals shared between neurons and glia 
may be necessary for establishing and maintaining the 
nodes of Ranvier. 

T 
HE node of Ranvier is a highly differentiated, periodic 
annular narrowing (1.5-2.5 ~tm) interrupting the my- 
elin sheath in myelinated axons (22). It has a privi- 

leged role in axonal conduction of the nerve impulse: mem- 
brane depolarization leads to inward current only at the 
nodes and conduction is saltatory between them (31, 48). 
Both Na ÷ channels (44) and Na÷/K + ATPase (53) are con- 
centrated in the nodal region; it is thus distinct in structural, 
functional, and molecular composition from the myelinated 
internodal region (150-300 ~tm long), which consists of a 
spiral Schwann cell membrane surrounding the axon (18, 33, 
35, 50). 

In nodal development, a single motile Schwann cell be- 
comes associated with a growing axon, ensheaths a single in- 
ternode, acquires a basal lamina, stops dividing, and begins 
spiral growth and myelin formation (22). Nodes may be 
structurally and physiologically predetermined before they 
achieve complete ultrastructural and physiological differenti- 
ation (47, 51). The unique function, ultrastructural speciali- 

zation, and linear periodicity of the node and its determina- 
tion by only a few cell types, make the molecular basis of 
its periodicity a particularly fascinating problem in one- 
dimensional pattern formation. 

Because node formation involves close apposition and 
interaction of Schwann cell and neuron, it is reasonable to 
suspect that molecular mechanisms of cell adhesion play a 
central and early role in determining subsequent signals 
and localizations. We have identified two neuronal cell adhe- 
sion molecules (CAMs), 1 neural CAM (N-CAM) and neu- 
ron-glia CAM (Ng-CAM) (13-16), with widespread and 
characteristic distributions within the central and peripheral 
nervous systems (7, 10, 49). The properties of these CAMs 
suggest that they may play decisive roles in developmental 
processes of pattern formation (16). N-CAM is a cell surface 
glycoprotein (29) that mediates adhesion by a homophilic 
mechanism; i.e., an N-CAM molecule on one cell interacts 
1. Abbreviations used in this paper: CAM, cell adhesion molecule; E, em- 
bryonic day; N-CAM, neural CAM; Ng-CAM, neuron-glia CAM. 
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with an N-CAM molecule on an apposing cell (29, 30). Ng- 
CAM has been found on neuronal cell surfaces and mediates 
the adhesion of neurons to glial cells by a heterophilic mech- 
anism (23, 24); it also mediates neuron-neuron adhesion, 
particularly between neurites (20, 24). In addition, we have 
recently identified a site-restricted extracellular matrix pro- 
tein, cytotactin (25), that is involved in neuron-glia interac- 
tions and is synthesized by glia but not neurons of the central 
and peripheral nervous systems. The distribution of this mol- 
ecule in non-neural sites during embryogenesis and during 
neural histogenesis is particularly prominent in areas of cell 
movement and it may serve a function in restricting or guid- 
ing such movement (9). 

In the present study, we have searched for patterned local- 
ization of these molecules in myelinated and nonmyelin- 
ated nerve fibers with immunocytochemical methods, focus- 
ing on areas of specialized interaction between axon and 
Schwann cell. In myelinated nerve fibers, Ng-CAM, N-CAM, 
and cytotactin were strongly concentrated at the node of Ran- 
vier; in contrast, Ng-CAM and N-CAM were uniformly dis- 
tributed along the length of unmyelinated fibers, and cytotac- 
tin staining was weak or absent in nonmyelinating Schwann 
cells. During development, early coincident accumulations 
of Ng-CAM and N-CAM were detected from approximately 
embryonic day 14 (El4) in the chick embryo sciatic nerve on 
small nerve fibers, before myelin formation and before ac- 
cumulation of cytotactin at the node. Mutant mice with dis- 
orders of myelination showed abnormalities both in distribu- 
tion and in amount of the CAMs and cytotactin. Adhesive 
interactions between neurons and glia mediated by the 
CAMs and cytotactin may thus be essential for the develop- 
ment of patterned distributions of nodes in normal my- 
elinated fibers. 

Materials and Methods 

Animals and Biochemical Procedures 
White Leghorn chickens (3-6 wk old) and chicken embryos (E14-20), 
8-wk-old C57BI/6J mice, mouse embryos (El8), and young mice (postnatal 
days 0, 2, 4, and 8) were used. Trembler (+/Tr) mice were adults; mice 
with motor endplate disease (med/med) were 3 wk old. Adult chickens were 
anesthestized with chloral hydrate (400 mg/g body weight); mice and all em- 
bryos were sacrificed by cervical dislocation. For biochemical analyses, 
sciatic nerves were removed and stored frozen at -70°C until used. Proteins 
were extracted in 0.5 % Nonidet P-40/PBS (pH 7.4)/1 mM EDTA/250 U/ml 
Trasylol (Mobay Chemical Corp., Pittsburgh, PA) for analysis of N-CAM 
and Ng-CAM. From this extract, equal amounts of protein were resolved 
by SDS gel electrophoresis, transferred to nitrocellulose paper, and im- 
munoblotted as described previously (24). The results were visualized by 
autoradiography. 

Light Microscopic Techniques 
Sciatic nerves were lightly fixed in situ with a few drops of fixative (2.5 % 
paraformaldehyde/0.02% glutaraldehyde/0.1 M phosphate buffer [pH 7.2]) 
on the exposed nerve for 10 min. After removal, nerves were immersed in 
the same fixation solution for 40 min and either sectioned and processed 
for immunohistology as described (10), or teased apart for whole-mount 
preparations. Fine watchmakers forceps (No. 4; Drummond Scientific Co., 
Broomall, PA) were used to separate axon bundles and single axon prepara- 
tions which were then incubated with primary and secondary antibodies. 

Polyclonal and monoclonal antibodies prepared against chicken brain 
N-CAM (29), Ng-CAM (23), cytotactin (9, 25), and mouse N-CAM (6) 
were used. Polyclonal antibodies against mouse Ng-CAM were prepared by 
injecting rabbits with Ng-CAM isolated from detergent extracts of mouse 

brain membranes by affinity chromatography; immunoblot analysis showed 
that the antisera recognized Ng-CAM polypeptides of Mr 200,000, 135,000, 
and 70-80,000 (23, 24). Monoclonal antibodies against chicken brain 
N-CAM, anti-N-CAM No. 1 (29), anti-N-CAM No. 2 (7, 29), and 10F6 
(anti-chicken brain Ng-CAM; 23, 24) were also used. Monoclonal antibody 
72-38 (obtained from Drs. M. Lazdunski and J. Barhanin; Institut de Bi- 
ochimie du Centre National de la Recherche Scientifique, Nice, France) 
was used to label voltage-dependent Na + channels (2, 23). This antibody 
has been shown to cross-react with mouse and, to a much less extent, with 
chicken Na + channel proteins (Rieger, F., J. Barhanin, M. Pincon- 
Raymond, C. Mourre, and M. Lazdunski, unpublished observations). Poly- 
clonal antibodies raised against bovine brain S-100 protein were used to label 
Schwann cells (11) and monoclonal antibodies raised against the chick P1 
myelin basic protein (from Dr. A. Peterson; Montreal General Hospital, 
McGill University, Montreal, Quebec) were used to differentiate myelinat- 
ing and nonmyelinating Schwann cells (38). Additional staining controls 
included nonimmune rabbit IgG for both whole mount preparations and 
sections; staining for CAMs was eliminated by preincubation with the ap- 
propriate antigen. Rhodamine-conjugated monoclonal antibodies to Thy-I 
(52) were obtained from Miles Scientific Div., Miles Laboratories, Inc. 
(Naperville, 1L). Double-labeling experiments were performed as de- 
scribed using a mixture containing a polyclonal and monoclonal antibody 
(24). In all figures, double-labeled sections are indicated by a prime after 
the letter. Photomicrographs were taken with a Zeiss photomicroscope 
equipped for observation of fluorescein and rhodamine fluorescence and 
phase-contrast optics. 

Electron Microscope Techniques 
Tissues were fixed in 4% paraformaldehyde/0.1 M phosphate buffer (pH 
7.4), 2 h at 4°C, incubated in increasing concentrations of sucrose (5, 10, 
and 20%), embedded in Tissue-Tec (Miles Scientific Div., Miles Labora- 
tories), frozen and sectioned (5 p.m) in a cryotome. These sections were then 
fixed for 15 rain in 4% paraformaldehyde, washed twice in PBS/0.1 M gly- 
cine, and incubated in PBS/4% ovalbumin. After overnight incubation in 
primary antibody diluted in PBS/4 % ovalbumin, sections were washed three 
times, and incubated with colloidal gold (5-~m particles) conjugated to pro- 
tein A (Janssen Life Sciences Products, Beerse, Belgium) for 2 h. The sec- 
tions were then washed three times with PBS and fixed in 2.5 % glutaralde- 
hyde/0.5 % tannic acid in PBS for 1 h at 4°C; after washing three more times 
in PBS, the sections were postfixed in osmium tetroxide, dehydrated, and 
embedded in Epon. The size of the gold particles was dictated by their abil- 
ity to diffuse into the section using this method; penetration was sig- 
nificantly lower with larger particles. Ultrathin sections were cut and ob- 
served on a Philips EM400 electron microscope. Gold particles are easily 
identified as symmetric solid circles using a 10x magnifying lens. 

Results 

To determine the distribution of Ng-CAM and N-CAM on 
myelinated axons of adult mouse and chicken, we examined 
teased fiber preparations stained with an anti-CAM anti- 
body and antibody to the Na ÷ channel to identify the nodal 
regions (Fig. 1). Nodes of Ranvier were also identified mor- 
phologically using phase-contrast microscopy. Colocaliza- 
tion of Ng-CAM (Fig. 1 a) and N-CAM (Fig. l b) with Na ÷ 
channels (Fig. l, a '  and b ' )  at the nodal gap was observed 
in mouse nerves (Fig. 1, a and b). In preparations of adult 
chicken nerves, Ng-CAM (Fig. 1 c) and N-CAM (Fig. 1 c ')  
were also colocalized with Na ÷ channels (not shown) at the 
nodes of Ranvier. In the internodal regions, 5-20 ~m of the 
external side of the Schwann cell on each side of the nodes 
of Ranvier was faintly stained for both Ng-CAM and 
N-CAM. Staining for the Na + channels was also observed 
on Schwann cells extending away from the node (Fig. l b'), 
in accord with recent electrophysiological data obtained on 
cultured Schwann cells (5). Small-caliber fibers stained uni- 
formly for Ng-CAM and N-CAM along their entire length 
(Fig. l, a and b). Slight differences in morphology between 
chicken and mouse nodal regions occur because axon di- 
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Figure 1. Coincidence of Ng-CAM and N-CAM staining at the node of Ranvier in whole-mount preparations of myelinated fibers of adult 
mice and chickens. All fibers shown in this figure were the largest caliber fibers in the respective preparations. In mouse sciatic nerves, 
the distribution of Ng-CAM (a) overlapped with accumulations of sodium channels (a') at nodes of Ranvier (filled arrows). Nonmyelinated 
fiber bundles (broken arrow) were also labeled with anti-Ng-CAM antibodies. The distribution of N-CAM (b) was also colocalized with 
sodium channels (b') at morphologically identified nodes of Ranvier (b"; phase-contrast microscopy). In teased preparations of adult chicken 
sciatic nerves, intense staining for both Ng-CAM (c) and N-CAM (c') was observed at the nodal regions (filled arrows). Anti-Thy-1 antibod- 
ies stained the entire axon in chicken sciatic nerves (d) and did not accumulate exclusively at identified nodes of Ranvier (d'; phase-contrast 
microscopy; filled arrows). Bar, 10 o.m. 
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ameters are not equivalent and the width of  the node is 
proportional to the axon diameter (42). 

To ensure that the absence of staining in internodal regions 
was not due to blockade of  surface sites by close apposition 
of  the Schwann cell membrane, we studied the distribution 
of  the neuronal surface marker Thy-1 (45, 52). Staining of 
this axolemmal protein was homogeneous all along the ax- 
onal surface, with no accumulation in the node of  Ranvier 
region both in chick fibers (Fig. 1, d and d') and in mouse 
fibers (not shown). These observations are consistent with 
the interpretation that the localization of CAMs at the nodes 
of  Ranvier reflected restricted distribution of the CAMs as 
had previously been shown for Na + channel antibodies (44) 
and not an artifact resulting from Schwarm cell-axon interac- 
tions in internodal regions or from the absence of  myelin at 
the nodes. 

Cytotactin staining was intense at the node of Ranvier (Fig. 
2, a and b). Cytotactin staining was also present at what ap- 
peared to be the axon-Schwann cell interface near the nodal 
region, and decreased progressively in a characteristic 
spindle-shaped pattern as it extended away from the node. It 
was not detectable at internodal surfaces in myelinated axons 
of  normal mice (Fig. 2, a and b) and chickens (data not 
shown). Low levels of cytotactin staining were observed at 
the Schwann cell surface. 

Similar results were observed in longitudinal sections of  
adult chicken sciatic nerve (Fig. 3, a-c). The nodes of Ran- 
vier, which could be identified by their characteristic mor- 
phology, were stained for both Ng-CAM and N-CAM (Fig. 
3, a and a'). Ng-CAM and N-CAM were also found on the 

Figure 2. Localization of cytotactin at nodes of Ranvier in whole- 
mount preparations of mouse sciatic nerves. Staining for cytotactin 
was intense in nodal regions (a and b, filled arrows), which were 
identified by accumulations of sodium channels (a' and b'). Nodes 
of Rnnvier were also identified by morphologic criteria (a" and b"). 
Cytotactin staining extended in a characteristic spindle-shaped pat- 
tern at what appeared to be the axon-Schwann cell interface in in- 
ternodal regions. Staining intensity decreased on either side of the 
nodes with no staining 20-30 ltm from the nodes. Bar, 10 gm. 

Figure 3. Longitudinal and transverse sections of adult chicken 
sciatic nerves stained for Ng-CAM, N-CAM, S-100, and cytotactin. 
Both Ng-CAM (a) and N-CAM (a') staining was observed at nodes 
of Ranvier (filled arrows) and on the external surfaces of myelinat- 
ing Schwann cells, especially in paranodal regions. Staining in a 
pattern reminiscent of the cross of Nageotte (34) is indicated by 
small arrows in a and a'. In an adjacent section (b), anti-S-100 stain- 
ing identified Schwann cell bodies (broken arrow) and the external 
surface of myelinating Schwann cells. Cytotactin staining was in- 
tense in nodal regions (c, filled arrow); the outer surface of Schwann 
cells was also faintly labeled, especially in paranodal regions. 
Transverse sections at low magnification showed some faint Ng- 
CAM (d), N-CAM (d'), S-100 (e), and cytotactin (f)  staining. 
The perineurium (small arrows) was not stained for Ng-CAM (d), 
but was N-CAM positive (d'). Only Schwann cells were labeled by 
S-100 antibodies (e). At higher magnification, bundles of nonmy- 
elinated fibers (arrowheads) were brightly stained for both Ng-CAM 
(g) and N-CAM (g'). Schwann cells (broken arrows) that were 
S-100 positive (h) could also be identified by phase-contrast micro- 
scopy (not shown). These cells also expressed low levels of both 
Ng-CAM (g) and N-CAM (g'). Examination at higher magnifica- 
tion revealed low levels of cytotactin on Schwann cells (i, broken 
arrow) and in connective tissues between myelinated nerve bundles. 
Bar, 10 Ixm. 
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Figure 4. Ultrastructural localization of Ng-CAM in adult mouse sciatic nerves. In longitudinal sections through the node of Ranvier (a), 
staining was observed on the cell surface both of the axon and of the Schwann cell. The Schwann cell basal lamina (large arrows) and 
the cytoplasm of the terminal digitations of the Schwann cell (S) showed a dense distribution of Ng-CAM. (circles, intracellular and surface 
particles; small arrows, extracellular particles.) At the region of the node, the axoplasm also contained large numbers of colloidal gold 
particles (circles within region labeled A). In internodal regions (b and c), colloidal gold particles (circles) were much less abundant and 
were predominantly seen on collagen fibrils and basal lamina (/arge arrows). Particles were seen less frequently within the myelin (M) 
lamellae and the axoplasm. In a transverse section of a nonmyelinated fiber bundle (d), Ng-CAM staining was observed on Schwann cell 
and axon surfaces as well as in the cytoplasm of both cell types. Staining was most intense in the basal lamina (large arrows) of the nonmy- 
elinating Schwann cell. Bars, 0.2 lxm. 

surfaces of  myelinating Schwann cell bodies identified by 
S-100 staining (Fig. 3 b). Little or no staining was seen on 
the axonal membrane or in axoplasm in the internodal 
regions in a variety of  longitudinal sections at various sites 
and in different planes of sectioning. Cytotactin also was 
found at the nodes of  Ranvier in longitudinal sections (Fig. 
3 c) and showed a distribution consistent with its presence 
on Schwann cell processes flanking the nodal region. Trans- 
verse sections were examined to compare the staining pat- 
terns of  these molecules in myelinated and nonmyelinated 
axons (Fig. 3, d-i). Nonmyelinated axons are predominantly 
small-caliber fibers gathered in small bundles and scattered 
within the nerve; these fibers stained for both Ng-CAM (Fig. 
3, d and g) and N-CAM (Fig. 3, d '  and g'). As observed for 

myelinating Schwann cells, low levels of staining for both 
Ng-CAM and N-CAM were found on the S-100 positive non- 
myelinating Schwann cell bodies. In cross sections, no 
cytotactin staining was observed on axons (Fig. 3 f ) ,  but faint 
staining occurred on Schwann cells in association with the 
myelin (Fig. 3 i). 

To provide the higher resolution necessary to identify sub- 
cellular localizations, we used immunogold methods with 
electron microscopy. In a longitudinal section through the 
node of  Ranvier (Fig. 4 a), Ng-CAM was observed at the 
axon cell surface and within the axoplasm in the nodal re- 
gion. Staining was also apparent at the Schwann cell surface 
and cytoplasm, and in the basal lamina of  the myelinating 
Schwann cell. In the heavily myelinated internodal regions 

Figure 5. Transverse sections of embryonic chicken sciatic nerves at embryonic days 14 and 18. The area within the box is presented at 
higher magnification to the right of each low magnification micrograph. At low magnification, bundles of nonmyelinated fibers were in- 
tensely stained for Ng-CAM (a); the perineurium (small arrows) was not stained. Bundles of nonmyelinated axons (arrowheads) were in- 
tensely Ng-CAM positive (b), and Schwann cells associated with the bundles were faintly labeled (broken arrow). In the same section, 
N-CAM staining was more diffuse (a') than Ng-CAM staining; bundles of nonmyelinated fibers (arrowheads) and Schwann cells (broken 
arrow) were also labeled (b'). At El4, no staining with anti-P1 myelin basic protein antibodies was observed (c and d). The perineurium 
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was brightly stained for cytotactin (e); at higher magnification ( f ) ,  low levels of cytotactin staining were also observed within the nerve. 
By El8, however, the overall intensity of Ng-CAM staining (g and h) decreased while bundles of fibers (arrowheads) continued to express 
high levels of Ng-CAM (h). The perineurium (small arrows) does not express Ng-CAM. The intensity of N-CAM staining (g' and h') 
also decreased. Staining in the perinurium (small arrows) was similar to that seen at El4. Bundles of nonmyelinated fibers continued to 
express high levels of N-CAM (arrowhead) and Schwann cells expressed lower levels (h'). Also at El8, some myelination occurred, as 
indicated by the P1 staining (i and j ) .  The perineurium (small arrows) continued to express cytotactin (k and l), although less intensely 
than at El4 (compare e and fwi th  k and l). Bar: (b, b; d, f, h, h', j ,  and l) 5 ~tm; (a, a', c, e, g, g; i, and k) 60 Ixm. 
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(Fig. 4, b and c), staining for Ng-CAM occurred at lower lev- 
els in the axoplasm and basal lamina of the Schwann cell and 
in association with collagen fibrils (Fig. 4 c). Sections in- 
cubated with nonimmune antibodies showed a uniform low 
background of gold particles in both nodal and internodal 
regions. Examination of nonmyelinated fibers showed a more 
extensive distribution of Ng-CAM, consistent with results 
from light microscopy (Fig. 4 d). Particles specific for Ng- 
CAM were present on the Schwann cell basal lamina in a 
denser distribution than on myelinated fibers; they were 
present on the surfaces both of axons and Schwann cells, in 
the Schwann cell cytoplasm, and less frequently in the axo- 
plasm. Similar results were obtained for N-CAM although 
the overall intensity was lower. 

Developmental Distribution of  CAMs and 
Cytotactin during Node Formation 

To assess the contribution of these molecules during the de- 
velopment and formation of nodes of Ranvier, we examined 
the sequential appearance of CAMs and cytotactin on de- 
veloping cellular structures related to the node of Ranvier 
in chick embryos. The overall distribution of Ng-CAM, 
N-CAM, and cytotactin was observed in cross sections of 
embryonic chicken sciatic nerves at El4 and El8 (Fig. 5). 
Ng-CAM and N-CAM overlapped in their distribution at El4 
(Fig. 5, a, a', b, and b'), and staining intensities for both 
CAMs significantly decreased between El4 (Fig. 5, a, a', b, 
and b~ and El8 (Fig. 5, g, g', h, and h'). Although cells 
resembling Schwann cells were occasionally observed at 
El4, the P1 myelin basic protein was rare (Fig. 5, c and d); 
P1 began to appear in a few areas by El8 (Fig. 5, i and j ) .  
Cytotactin staining was not present in these locations but was 
intense in the perineurium at El4, diminishing somewhat by 
El8. Some endoneurial connective tissue staining was also 
present (Fig. 5, e, f, k, and l). 

The appearance of the P1 myelin basic protein between El4 
and El8 prompted us to examine whether the periodic 
colocalization of Ng-CAM and N-CAM depended upon my- 
elination. We examined teased nerve fibers from embryonic 
chicken sciatic nerves at various embryonic ages (E14,16, and 
18) before and during the appearance of the first myelin 
lamellae, an event that occurs at E13-14 in 3-4 % of fibers with 
diameters of 1 Ixm or greater, but which is not observed until 
E15-16 for thinner fibers of<l  gm (Usson, Y., and R. Saxod, 
Universit~ Scientifique et M&licale de Grenoble, Grenoble, 
France; personal communication). Before any myelin 
sheaths could be detected ultrastructurally or immunocyto- 
chemically with anti-P1 antibodies, axons were already 
present with definite periodic accumulations of Ng-CAM 
and N-CAM staining (three to four successive accumulations 
were observed on a few 0.3-0.5 Ixm diameter unmyelinated 
axons) (Fig. 6, a and a'). Most of the other axons present at 
El4 showed high levels of Ng-CAM and N-CAM staining 
along their entire length. At El6, fibers with coincident ac- 
cumulations of Ng-CAM and N-CAM were more frequent 
(data not shown), and were generally restricted to small 
areas 1-2 lxm long. At El8, medium and large diameter axons 
with detectable myelin basic protein were observed fre- 
quently in teased preparations (Fig. 6 b'). These axons 
showed nodal accumulations of Ng-CAM (Fig. 6 b) and 
N-CAM (not shown) that contrasted sharply with otherwise 

Figure 6. Teased nerve fibers from embryonic chick nerves. Early 
focal accumulations (arrows) of both Ng-CAM (a) and N-CAM (a') 
were observed on teased small-caliber (0.4-0.6 I~m) fibers at El4. 
At El8 (b and b'), focal accumulations of Ng-CAM (b) were found 
more frequently. One small fiber, of approximately the same size 
as that in a, showed Ng-CAM accumulations (arrows in b); this 
fiber was not myelinated, as indicated by the absence of PI staining 
(arrows in b'). An adjacent fiber of larger diameter (,o2 ltm; curved 
arrow) was myelinated as indicated by PI staining (b'), but did not 
have accumulations of Ng-CAM (b). Bar, 10 ltm. 

low internodal staining (Fig. 6, a and b). No accumulations 
of cytotactin were seen at these times (not shown). 

To correlate these findings with those on more mature 
fibers and with studies of dysmyelinating mutants (see be- 
low), we analyzed the form and relative amounts of the 
CAMs in developing sciatic nerves. Ng-CAM was present 
mainly as a 135,000-mol-wt component that decreased in 
amount during development (Fig. 7 a). N-CAM was present 
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Figure 7. Immunoblot analyses of proteins extracted from normal 
embryonic and adult nerves. Each gel lane contains equivalent 
amounts of protein (50 gg) that were resolved on 7.5 % polyacryl- 
amide gels. Samples of sciatic nerve taken from El4 (lanes 1), El6 
(lanes 2), El8 (lanes 3), E20 (lanes 4), and adult (lanes 5) were 
immunoblotted with antibodies to Ng-CAM (a) and N-CAM (b). 
Migration of standard proteins is indicated by their molecular 
weights x 10 -3. 

in chick embryo sciatic nerves as a polydisperse protein in 
the Mr 120-250,000 range (Fig. 7 b), it decreased sharply in 
amount between hatching and adulthood and began the em- 
bryonic to adult conversion (7, 17) between El6 and El8, at 
times when nodes are forming. In mouse sciatic nerve, this 
conversion has been found to occur postnatally (7). In con- 
trast, levels of cytotactin appeared to be similar between El6 
and adult (not shown). Thus, relative to total protein the 
amounts of CAM, but not cytotactin, decreased as their dis- 
tribution became more and more localized. 

Abnormal Patterns of Ng-CAM, N-CAM, and 
Cytotactin Staining in Mouse Mutants with 
Disorders of  Myelination 

To reveal further correlations between the staining patterns 
and Schwann cell-axon interactions, we studied two mouse 
mutants with dysmyelinating genetic disorders occurring 
early in development. In trembler (+/Tr), a rare dominant 
mutation, Schwann cells are the primary targets of the muta- 
tion and form significantly lower amounts of myelin than 
normal (1, 8). In addition, ensheathment of axons is curtailed 
and there is continued myelination and demyelination, as 
well as enhanced Schwann cell proliferation (4, 31, 37, 40). 
In motor endplate disease (med/med), nodes of Ranvier are 
abnormally wide as soon as myelination starts, but interno- 
dal regions are normal in length and myelin thickness (41). 
It is not known whether this mutation is a motorneuron or 
Schwann cell abnormality (42). Immunoblot analyses by 
SDS PAGE of normal mouse, trembler, and med/med sciatic 
nerve extracts (Fig. 8) showed that N-CAM was present as 
two components of Mr 120,000 and 140,000, as previously 
found in normal mouse nerves (43). While N-CAM was 
present in characteristic forms, the amounts of N-CAM as 

compared with normal age-matched controls were signifi- 
cantly elevated in trembler nerves (Fig. 8, lanes 1 and 2) but 
wo-~ similar or slightly decreased in med/med nerves (Fig. 
8, lanes 3 and 4). 

The colocalization of Ng-CAM and N-CAM at nodal 
regions seen in normal mouse nerves (Fig. 1) was seldom 
seen in trembler nerves (Fig. 9, a and a'); when present, it 
always occurred on small-caliber fibers. In some demyelin- 
ated nerve fibers, N-CAM staining was faint or nonexistent. 
Trembler fibers showed a striking abnormality consisting of 
patches of coincident Ng-CAM and N-CAM staining dis- 
tributed all along the fiber. In med/med mutants, most of the 
nodal accumulations of Ng-CAM and N-CAM were found 
ever a region which was wider than normal (Fig. 9, b and 
b'); this agrees with the previously demonstrated enlarge- 
ment of nodal regions in these mutants (42). Occasionally in 
med/med nerve fibers, paranodal accumulations of both 
Ng-CAM and N-CAM were found separated by a gap that 
showed diminished staining (Fig. 9 c). 

The distribution of cytotactin was also altered in both 
trembler and med/med mutants (Fig. 10). In trembler, 
Schwann cells were intensely stained for cytotactin. Faint 
staining was also observed all along the axon-Schwann cell 
interface (Fig. 10 a). In med/med nodes, staining for the 
Na + channel in small-caliber fibers was similar to normal 
(Fig. 10 b), however, no spindle-shaped accumulations of 
cytotactin were observed at the nodes (Fig. 10 b'). Moreover, 
cytotactin staining over the entire axon-Schwann cell inter- 
face was very prominent (Fig. 10 b'), and Schwann cell bod- 
ies (Fig. 10 c) were also brightly stained. 

Figure 8. Immunoblot analyses of proteins extracted from normal 
and mutant mouse sciatic nerves. N-CAM immunoblots of extracts 
of trembler (lane 2) and med/med (lane 4) sciatic nerves were com- 
pared with normal age-matched controls (lanes 1 and 3, respec- 
tively). Gel lanes contained equivalent amounts of proteins (100 I~g) 
that were resolved on 6.0% polyacrylamide gels. Migration of stan- 
dard proteins is indicated by their molecular weights x 10 -3. 
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Figure 9. Abnormalities of Ng-CAM and N-CAM distributions in 
mutant mouse nerve fibers. In trembler (a and a ' ) ,  nodal accumula- 
tions were rarely found, however, Ng-CAM and N-CAM staining 
patterns were generally coincident. Most of the axons showed punc- 
tam or speckled staining (broken arrows) for Ng-CAM (a) and N- 
CAM (a'). In med/med nerves (b, b', and c), nodes of Ranvier (ar- 
row) were often wider than normal, but stained for both Ng-CAM 
(b) and N-CAM (b'). In a small proportion of nerve fibers (c), 
paranodal accumulations (curved arrows) were observed with no 
central nodal staining for either Ng-CAM (c) or N-CAM (not 
shown). Internodal axonal staining was also elevated in these fibers. 
Bar, 10 I~m. 

Discussion 

The main findings of the present study are as follows: (a) In 
myelinated peripheral nerve fibers of adult animals, Ng- 
CAM, N-CAM, and cytotactin were concentrated at nodes 
of Ranvier that were identified both by their characteristic 
morphology and by the accumulation of Na + channels. In 

Figure 10. Localization of cytotactin in whole-mount preparations 
of +/Tr and reed~reed sciatic nerves. In +/Tr nerves, Schwann cells 
(broken arrows) were intensely stained for cytotactin (a) and were 
identified morphologically using phase-contrast microscopy (a'). 
Staining was also observed all along the axon-Schwann cell inter- 
face. In reed~reed nerves, antibodies to Na + channels (b) accumu- 
lated at nodes of Ranvier (arrows). In the same section, no 
significant accumulation of cytotactin was observed at the nodes 
(arrows in b') ,  although cytotactin antibodies labeled the interface 
between axon and Schwann cells. Schwann cells were also intensely 
labeled with cytotactin in this mutant (c, broken arrow). Bar, 10 Ixm. 
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internodal regions, Ng-CAM, N-CAM, and cytotactin were 
present in significantly lower amounts. (b) In contrast, non- 
myelinated axons showed relatively uniform staining for Ng- 
CAM and N-CAM along their entire length; cytotactin stain- 
ing was weak or absent in the nonmyelinating Schwann cells. 
(c) At the ultrastructural level, Ng-CAM was found on the 
surfaces both of axons and of Schwann cells (myelinating and 
nonmyelinating). This molecule was also found in the basal 
lamina of both Schwann cell types and in significant amounts 
in the cytoplasm of the axon and Schwann cell near the node. 
(d) During development, early local accumulations of Ng- 
CAM and N-CAM (but no corresponding cytotactin) were 
found on small-caliber nerve fibers as early as El4, before 
extensive myelination had occurred. These accumulations 
may possibly specify sites of formation of the nodes of Ran- 
vier. (e) Genetic disorders with disturbances in axon- 
Schwann cell interactions show abnormal patterns of distri- 
bution of the two neuronal CAMs and cytotactin. 

The presence of both CAMs at high levels only at nodes 
of Ranvier in myelinated fibers contrasts sharply with their 
uniform presence along the entire surface of unmyelinated 
fibers. Myelinated axons show saltatory conduction from 
node to node by means of accumulations of voltage-depen- 
dent sodium channels in the nodal regions as demonstrated 
by immunocytochemistry as well as electrophysiology (31, 
48). Thus, the optimal function of myelinated axons is abso- 
lutely dependent upon the regional specialization of Na + 
channels within the restricted area of the node. The results 
presented in this study suggest a strong spatial correlation 
between the distribution of Ng-CAM and N-CAM and 
voltage-dependent Na ÷ channels and raise the possibility 
that CAM distribution is relawxl to the development of these 
functional regions within the axon. 

Accumulations of Ng-CAM and N-CAM occur very early 
in nerve development on small diameter axons in chick 
sciatic nerve at times before myelin and myelin basic protein 
synthesis. During the same period, no cytotactin accumula- 
tions have been observed at these sites. These findings 
prompt the hypothesis that these precocious accumulations 
of Ng-CAM and N-CAM may be sites for future nodes of 
Ranvier; later accumulations of cytotactin may reflect nodal 
stabilization. Studies in the central and peripheral nervous 
systems (47, 50, 51) have shown that patches of nodal mem- 
branes form on axons prior to the formation of myelin or 
paranodal axo-glial junctions. Electrophysiological analysis 
has shown that discrete foci of inward current can be mea- 
sured, suggesting that clusters of Na ÷ channels exist on de- 
veloping axons that may correspond to putative sites of future 
nodes of Ranvier (46). Moreover, morphological and physio- 
logical data suggest that Na + channels can cluster at the 
sites of developing nodes of Ranvier. It is not yet clear 
whether these accumulations represent "prenodes" (18) and 
whether these "prenodal" regions are excitable. Whatever the 
conclusion, the present findings open the possibility that 
CAMs may show localization on axonal fibers (polarity 
modulation) and nodal determination prior to actual myelina- 
tion. To provide further evidence for this hypothesis, it will 
be necessary to search in the developing peripheral nerve for 
possible colocalization of CAMs with early Na ÷ channel 
clusters and for a patterned relationship with adherent 
Schwann cells, Preliminary experiments in young mouse 
sciatic nerves (Rieger, F., M. Pincon-Raymond, J. Barhanin, 

M. Lazdunski, and G. M. Edelman, manuscript in prepara- 
tion) using double-labeling of Na + channel protein and 
CAM indicate that both Na + channels and CAMs appear in 
local accumulations before myelination at approximately the 
same time, between birth and postnatal day 2. 

These distributions bear upon the question of what factors 
restrict certain molecules and not others to the nodal regions. 
Several surface modulation mechanisms have been postu- 
lated (12-16), all of which may contribute to the localization 
of Ng-CAM and N-CAM at the nodes of Ranvier as develop- 
ment proceeds. The amounts of both Ng-CAM and N-CAM 
in chicken sciatic nerves decreased as their localization be- 
came more restricted during embryonic development. In ad- 
dition, between El4 and El8, embryonic to adult conversion 
of N-CAM occurred. This conversion constitutes a large de- 
crease of the amount of sialic acid of N-CAM with a concom- 
itant increase in its binding efficacy (30). It may therefore be 
related to the establishment of prenodal areas by increasing 
N-CAM binding strength in a restricted area during develop- 
ment. It is also possible that direct or indirect interactions 
among CAMs, channel molecules (44, 53), nodal lipid com- 
ponents (5, 21), or their mutual interactions with the 
cytoskeleton may be involved. Similar phenomena may be 
involved in the colocalization of N-CAM and acetylcholine 
receptors at the motor endplate (43). 

A striking finding of the present study is the presence of 
Ng-CAM and N-CAM in the basal lamina of both myelinat- 
ing and nonmyelinating Schwann cells, High levels of Ng- 
CAM and N-CAM have also been observed (11) in the regen- 
erating sciatic nerve: in the absence of the axon, CAM stain- 
ing was observed in the basal lamina, possibly specifying the 
site of reinnervation. Moreover, basal lamina staining is most 
intense in unmyelinated axons; these axons also regenerate 
more readily (27, 39). Thus in the normal situation, the re- 
lease of CAMs into the basal lamina may serve to stabilize 
the interactions of Schwann ceils and axons within nerve 
fibers and may facilitate axon guidance in regenerating 
systems. 

The presence of cytotactin at high levels only in myelinated 
fibers at the node of Ranvier, along with its curious pattern 
of localization on the Schwann cell at the node, suggests that 
it may be synthesized by the myelinating Schwann cell and 
transported towards the extremities of the Schwann cell 
thereby stabilizing the nodal structure. 

Examination of the dysmyelinating mutants shows that ab- 
normalities of axon-Schwann cell interactions are accompa- 
nied by corresponding alterations in the pattern of CAM and 
cytotactin localizations. These observations, and the finding 
that Schwann cells contain both CAMs and cytotactin, are 
consistent with the idea that the CAMs and cytotactin are ac- 
tually mediating adhesion between glia and axons. In trem- 
bler, where the disorder is known to occur in the Schwann 
cells, few nodes are seen and the distribution of Ng-CAM 
and N-CAM remains more diffuse and patchy along the axon 
similar to their distributions early in normal development. 
Cytotactin is distributed all along the axon-Schwann cell in- 
terface and is increased in amount in the Schwann cell body. 
In meal~reed, Ng-CAM and N-CAM localize at the widened 
nodes known to be characteristic of the disease. In contrast, 
no accumulations of cytotactin are found in med/med nerves. 

These results are consistent with the hypotheses that 
CAMs are important not only for early establishment of 
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nodal pattern but also for its maintenance at later stages, and 
that the role of cytotactin may be to stabilize nodal structures 
that have already been established by means of modulation 
of CAM expression. Given the known function of neuronal 
CAMs in neuron-neuron and neuron-gila adhesion (24) and 
of cytotactin in gila-neuron interactions (25), the present ob- 
servations thus make a strong case for participation of the 
CAMs and cytotactin both in early pattern formation and in 
later stabilization of nodes. The finding that both CAMs are 
on peripheral neurons as well as on Schwann cells (con- 
firmed by electron microscopy) strongly reinforces this view. 
The localization of Ng-CAM on Schwann cells was corrobo- 
rated using antibodies to S-100 and P1 proteins as glial mark- 
ers. These observations confirm the presence of L1 antigen 
(19), nerve growth factor-inducible large external glycopro- 
tein (32), and Ng-CAM (11) on Schwann cells; Ng-CAM, L1 
antigen, and nerve growth factor-inducible large external 
glycoprotein have recently been proven to be immunologi- 
cally (20) and chemically (3) identical. N-CAM has also 
been reported to be on glial cells in central nervous system 
tissue (36). Moreover, our observation that Ng-CAM and 
N-CAM are also present on both myelinating and nonmy- 
elinating Schwann cells supports a role for these molecules 
in initial axon-Schwann cell interactions. 

The results of the present study open the key question of 
the mechanism by which cell adhesion affects nodal forma- 
tion. Periodic colocalization of neuronal CAMs at early de- 
velopmental times may be (a) intrinsic to neurons (e.g., 
related to homogeneity of axonal flow and cytoskeletal inter- 
actions); (b) intrinsic to Schwann cell distribution alone; or 
more likely, (c) the result of interactions between an in- 
dividual Schwann cell and the axonal membrane with redis- 
tribution on both cell types of surface CAMs and cytotactin 
(polarity modulation). This redistribution of CAMs at two 
apposing cell surfaces might result in regional specialization 
of the adherent Schwann cell borders on the axon and may 
be accompanied by a down-regulation of the amounts of all 
three proteins in regions of close axon-Schwann cell apposi- 
tion. Thus, as Schwann cell membrane extended along the 
axon, the resultant relatively high surface density of both 
CAMs in prospective nodal regions may restrict further ex- 
tension and movement of Schwann cell borders along the 
axon and solidify the axon-Schwann cell interaction at the 
nodes. This lateral inhibition of the movement of Schwann 
cell processes could lead to a one-dimensional periodic pat- 
tern that is subsequently stabilized by cytotactin. Moreover, 
the continued presence of these adhesive molecules in a re- 
stricted area could help to maintain the morphology requisite 
for function in this system. 
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