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Despite the crucial role of the myelin- 
ated nerve fiber the nervous system, its 
functional organization is only now being 
delineated. Nonmyelinated axons have 
been regarded as having a uniform mem- 
brane structure that underlies a continu- 
ous mode of impulse conduction. In con- 
trast, it has become clear that the my- 
elinated fiber has a complex structure, in 

axis. The axon membrane itself (also 
termed the axolemma) is highly differen- 
tiated at the nodes of Ranvier, exhibiting 
different properties in that region com- 
pared to other sites along the fiber. 

Tasaki (5) and Huxley and Stampfli (6) 
provided early physiological demonstra- 
tions of the saltatory nature of conduc- 
tion in myelinated fibers and showed that 

Summary. The functional organization of the mammalian myelinated nerve fiber is 
complex and elegant. In contrast to nonmyelinated axons, whose membranes have a 
relatively uniform structure, the mammalian myelinated axon exhibits a high degree of 
regional specialization that extends to the location of voltage-dependent ion channels 
within the axon membrane. Sodium and potassium channels are segregated into 
complementary membrane domains, with a distribution reflecting that of the overlying 
Schwann or glial cells. This complexity of organization has important implications for 
physiology and pathophysiology, particularly with respect to the development of 
myelinated fibers. 

which there is concomitant differentia- 
tion of the myelin-forming cell, the my- 
elin sheath, and the axon itself. In this 
article, we review recent data on the 
distribution of the voltage-sensitive sodi- 
um channel, and of the voltage-sensitive 
potassium channel, within mammalian 
myelinated fibers. These two types of 
channels, in fact, exhibit complementary 
distributions within the membrane of the 
myelinated fiber in mammals. The orga- 
nization of the mammalian myelinated 
fiber has important implications not only 
for normal neural function, but also for 
the pathophysiology of demyelinating 
diseases and other disorders of myelinat- 
ed fibers. 

The myelin sheath, which originates 
from the Schwann cell in the peripheral 
nervous system (PNS) (I) and the oligo- 
dendrocyte in the central nervous sys- 
tem (CNS) (2), consists of a compacted 
spiral of glial membrane surrounding the 
axon. This anatomical arrangement pro- 
vides for a high transverse resistance and 
low capacitance (3, 4). Myelinated fibers 
are periodically punctuated by nodes of 
Ranvier, sites at which the myelin is 
interrupted. The nodes usually extend 
for approximately 1 km along the fiber 
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excitability was localized to the region of 
nodes of Ranvier. Observations in the 
internode (the region between consecu- 
tive nodes of Ranvier) indicated that the 
membrane currents there were passive, 
with the internode acting as a set of 
resistances and capacitances in parallel. 
On the basis of these and subsequent 
findings, computer simulations of the 
action potential in myelinated fibers can 
now be carried out; these simulations 
compare well with data obtained under 
various experimental conditions (7). 
While there is less evidence concerning 
the mode of conduction in central my- 
elinated fibers, its saltatory nature has 
been demonstrated (4, 8). 

Structure of the Axon Membrane 

The saltatory mode of conduction in 
myelinated fibers raises an important 
question with respect to the structure of 
the axon itself; namely, the distribution 
of ion channels along the myelinated 
axon. The demonstration of saltatory 
conduction, while indicating that the 
nodal axon membrane must exhibit the 
capability for action potential electro- 

genesis, provides little information about 
the intrinsic properties of the internod- 
a1 axon membrane under the myelin 
sheath. This internodal axolemma could, 
in principle, contain voltage-sensitive so- 
dium channels, which are not activated 
during impulse conduction because the 
transmembrane potential is attenuated 
by the overlying myelin. Alternatively, 
the internodal membrane could lack so- 
dium channels. In the case of normally 
myelinated fibers, this would not result 
in inexcitability, since most of the action 
current is shunted from one active node 
to the next with relatively little capacita- 
tive loss through the myelinated inter- 
node. 

Voltage-Sensitive Sodium Channels 

Early experiments to examine the 
functional organization of the internodal 
axon membrane depended on a modifica- 
tion of the longitudinal current analysis 
technique (6) and examined conduction 
in single ventral root fibers demyelinated 
with diphtheria toxin (9). Although the 
resolution of the technique was not suffi- 
cient in this early study to determine 
unequivocally whether the internode ex- 
hibited excitability, these experiments 
were important since they focused atten- 
tion on the axon membrane. 

Morphological and physiological stud- 
ies have shown that the axon membrane 
in myelinated fibers exhibits a complex 
organization with respect to ion chan- 
nels. Cytochemical investigations reveal 
distinct structural differences between 
nodal and internodal axolemma (10). The 
axon membrane at the node of Ranvier is 
structurally similar to the membrane of 
the axon initial segment, which is a site 
of high sodium channel density (11, 12). 
Studies in model systems such as the 
electrocyte axons in the gymnotid Ster- 
narchus, which contain both excitable 
and inexcitable nodes (13), demonstrate 
a correlation between cytochemical 
properties and the capability for normal 
nodal action potential electrogenesis 
(12). The results suggest a high density of 
sodium channels at the nodal membrane. 
Staining with monoclonal antibodies to 
sodium channels also suggests a high 
channel density at the node (14). 

Studies with tritium-labeled saxitoxin 
have provided important information 
about the localization of sodium chan- 
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nels in nodal and internodal membrane. 
This approach, developed by Ritchie and 
his colleagues (15,16), suggests a sodium 
channel density of about lo4 per square 
micrometer in the axon membrane at the 
nodes of Ranvier. In contrast, these 
studies indicate a sodium channel densi- 
ty of <25/p,m2 in the internodal axon 
membrane under the myelin sheath in 
normal fibers; this density is so low that 
the membrane is essentially inexcitable 
(16). Similar studies on mammalian non- 
myelinated axons (C fibers) (15, 17) sug- 
gest that if the channel distribution is 
uniform, the sodium channel density is 
100 to 2001pmz--a value close to that 
predicted to maximize conduction veloc- 
ity in nonmyelinated axons (18). 

The freeze-fracture technique pro- 
vides a quantitative morphological 
of membrane structure and demonstrates 
structural differences between nodal 
axon membrane and paranodal or inter- 
nodal membrane (19-21). In axons exam- 
ined by freeze-fracture, the external 
membrane leaflet (E face) at the node of 
Ranvier differs from that of most other 
biological membranes. The nodal E face 
contains a high density (-1300/p,m2) of 
intrarnembranous particles, which are 
1arger.than those located in other parts of 
the axolemma (Fig. 1). It has been sug- 
gested that the nodal E-face particles 
may be related to sodium channels (19, 
20, 21), although a one-to-one correla- 
tion between E-face particles and sodi- 
um channels has not yet been made. The 
internodal-paranodal membrane con- 
tains, in most regions, many fewer (100 
to 200 p,m2) particles than found in the 
nodal membrane. Some small collections 
of large E-face particles, bounded by 
adjacent terminating glial loops, are 
present in the paranode; these particles 
may represent "ectopic" sodium chan- 
nels (19). If such ectopic channels are 
present, their discharge through the 
paranodal capacitance and resistance 
could account for delayed depolarization 
and repetitive firing at some nodes (23- 
25). Voltage clamp studies have not, 
however, demonstrated a paranodal con- 
tribution to inward sodium currents after . 
sudden loosening of the myelin (23). 

Voltage clamp studies (23, 24) also 
differentiate between nodal and inter- 
nodal membrane, with sodium currents 
being limited t6 the former (Fig. 2, A and 
B). Gating current measurements (26, 
27) in rabbit nodes suggest a maximum of 
82,000 sodium channels per node (corre- 
sponding to a channel density of -15001 
p,m2). Current fluctuation analysis dem- 
onstrates a means of 21,000 sodium 
channels at nodes in rat sciatic nerve 
(28). While these methods yield values 
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that are not quantitatively identical, it is 
clear that sodium channel density in the 
nodal membrane is at least 10~/p,m~, a 
value is much higher than for most other 
excitable membranes (24). This conclu- 
sion is consistent with the morphological 
results. The picture that emerges is one 
of a highly nonuniform distribution of 

sodium channels in normal myelinated 
fibers, with a high density of channels at 
the nodes of Ranvier (where they are 
required for saltatory conduction), and 
with a very low density (probably too 
low to support action potential electro- 
genesis) in the internodal axon mem- 
brane under the myelin sheath. 

Fig. 1. Freeze-fracture electron micrograph showing the external leaflet (E-face) of the 
axolemma from a myelinated fiber in rat optic nerve. The high density of intramembranous 
particles in the axolemma at the node (N) can be compared to that at the paranode (P) (scale, 
0.25 pm). 

Fig. 2. Ionic currents 
in a single rabbit node 
of Ranvier. The upper 
records (a) show the 
ionic currents (with 
capacity transient and 
leakage currents sub- 
tracted) in response 
to a series of depo- 
larizing pulses in the 
normal node (A), and 
after acute treatment 4 msec I 4 msec 
to produce paranod- 
al demyelination (B). c 
The lower records (b) D E 
show the capacity 

to a small hyperpolar- 
izing pulse. In (B) the 
appearance of the 2 msec 
large outward current -I 
is associated with a 
large increase in the area under the capacity transient (that is, with a large increase in electrical 
capacity) but no, or relatively little, increase in the sodium or leakage currents. The "off' 
capacity transient is distorted because of a change in sampling rate at the end of the pulse. 
modified from Chiu and Ritchie (38)l (C to E) Intraaxonal recordings from normally myelinated 
(C), premyelinated (Dl, and myelinated regenerated (E) rat sciatic nerve fibers, showing the 
effects of blockade of potassium conductance on action potential electrogenesis. (C) Superim- 
posed intraaxonal recordings from normal myelinated fiber, before and after treatment with 4- 
aminopyridine (4-AP) at 0.5 mM. There is no alteration of action potential waveform or duration 
after blockade of potassium conductance. (D) Intraaxonal recordings from regenerating fiber 
studied prior to myelination. The action potential is prolonged after blockage of potassium 
conductance with 4-AP at 0.5 mM. Voltage calibration in (C) pertains to both C and D. [C and D 
are modified from Kocsis et al. (37)] (E) Intraaxonal recording from myelinated axon in 
regenerated (1 year after a crushing injury) sciatic nerve fiber of rat. A burst of action potentials, 
superimposed on a delayed membrane depolarization, is elicited by a single stimulus. [Modified 
from Kocsis and Waxman (69)] 
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Voltage-Sensitive Potassium Channels above, patches of nodal membrane dif- 
ferentiate prior to formation of compact 

The spatial heterogeneity of the axon 
membrane also extends to voltage-sensi- 
tive potassium channels, which in mam- 
malian (but interestingly not amphibian) 
myelinated axons may exhibit a distribu- 
tion complementary to that of sodium 
channels. Several lines of evidence indi- 
cate that the classical model of nerve 
membrane excitation (whereby repolar- 
ization involves potassium channel acti- 
vation) does not strictly apply to myelin- 
ated fibers in mammals. A voltage-de- 
pendent potassium conductance (g,) 
mediates repolarization of the action po- 
tential in mammalian nonmyelinated fi- 
bers (29-32). In contrast, voltage clamp 
studies on mammalian myelinated PNS 
fibers indicate that voltage-dependent 
potassium conductance is normally at- 
tenuated or lacking at the nodal mem- 
brane (Fig. 2A), with repolarization oc- 
curring by rapid sodium inactivation and 
by an outward leakage current (33, 34). 
This leakage current is presumably car- 
ried by potassium ions flowing outward 
through voltage-independent channels 
that accept several cations (35). Similar 
results have been obtained by intraax- 
onal recording in myelinated axons in 
situ in mammalian PNS and CNS (Fig. 
2C) (36, 37). 

Potassium channels, although rare in 
the mammalian nodal membrane, are 
nevertheless normally present in the 
paranodal and internodal axon mem- 
brane under the myelin sheath. Voltage 
clamp studies have demonstrated the ap- 
pearance of voltage-dependent potassi- 
um conductance in otherwise normal 
mammalian nerve fibers after sudden 
disruption of the myelin (Fig. 2B) (23,27, 
38). Similarly, voltage clamp (39) and 
longitudinal current analysis studies (40) 
on chronically demyelinated fibers indi- 
cate the presence of potassium channels 
in the denuded internodal axon mem- 
brane. Finally, studies of developing tis- 
sues show that, while potassium chan- 
nels mediate action potential repolariza- 
tion in premyelinated fibers, the role of 
potassium channels in repolarization is 
attenuated as they are covered by myelin 
during development (12, 31). The func- 
tion of the internodal potassium channels 
is, at present, not fully understood; nor 
is it clear whether there are several types 
of pot2,ssium channels, as has been 
shown at frog nodes of Ranvier (41). A 
role in stabilizing the axon so as to 
prevent repetitive firing in response to 
single stimuli has been suggested (24, 37, 
42). It is also possible that these channels 
contribute to the resting potential of the 
myelinated fiber (43). 

Fig. 3.  Working model of the myelinated 
fiber. A node of Ranvier bounded on either 
side by the paranodal portion of the myelin 
sheath is shown schematically in longitudinal 
section. Sodium channels (g,,) are clustered 
in high concentration in the axon membrane 
at the node but are present in low density or 
are absent in the internodal axon membrane. 
Potassium channels (g,) are located in the 
axon membrane beneath the myelin sheath in 
paranodal and internode regions. 

A model of the above considerations 
(Fig. 3) emphasizes the segregation of 
sodium and potassium channels in nodal 
and internodal regions of the mammalian 
axolemma. Although there are probably 
differences in the detailed organization 
of fibers of different sizes or types (42, 
44), the concept that nodal and internod- 
a1 domains of the axon membrane are 
structurally and functionally distinct, 
with excitability normally confined to 
the nodal region, or its vicinity, is now 
well established. 

Axonal Plasticity and Development 

Cytochemical (12), freeze-fracture 
(4.543, and conventional thin-section 
(48) studies in PNS and CNS indicate 
that patches of nodal membrane begin to 
differentiate prior to the formation of 
myelin or paranodal axoglial junctions. 
Smith and his colleagues (49), using lon- 
gitudinal current analysis, have also not- 
ed the development of "phi-nodes" (foci 
of inward current, corresponding to col- 
lections of sodium channels) at the puta- 
tive sites of developing nodes of Ran- 
vier, in ventral root axons demyelinated 
with lysophosphatidyl choline (lysoleci- 
thin) several days prior to the formation 
of new myelin sheaths. Thus, it appears 
that sodium channels can cluster at the 
site of developing nodes of Ranvier, pri- 
or to the formation of mature myelin. 
This observation is not unexpected, 
since a considerable amount of inward 
current is required at the newly formed 
nodes if saltatory conduction is to take 
place. 

An important issue in the development 
of the neuron concerns the signal (or 
signals) for myelination. There is now 
convincing evidence that myelination is 
a specific process (12, 50). The possibili- 
ty of a cell surface-associated signal has 
been suggested (51). As was noted 

myelin sheaths. It has been suggested 
that the differentiation of nodal and inter- 
nodal membrane may provide a signal 
demarcating regions to be covered by 
myelin sheaths (12, 45, 46). 

The contribution of potassium chan- 
nels to action potential electrogenesis 
changes during the development of my- 
elinated fibers. In premyelinated fibers 
before the formation of comDact sheaths. 
repolarization is mediated in part by 
voltage-sensitive potassium channels. 
Thus, in premyelinated PNS (31) and 
CNS (12) fibers, blockade of potassium 
channels with Caminopyridine (4-AP) 
leads to delayed repolarization and a 
consequent broadening of the action po- 
tential. Maturation of the fiber is not 
complete, however, with the formation 
of compact myelin. In immature myelin- 
ated fibers, blockade of potassium chan- 
nels leads not only to a broadening of the 
action potentially (12, 31) but also to 
burst activity (that is, brief periods of 
repetitive firing) in response to single 
stimuli; such stimulus-evoked bursting is 
not observed in mature myelinated fibers 
(25, 42). With maturation there is a de- 
crease in the extent to which fibers re- 
spond to potassium channel blockade by 
bursting and action potential broadening 
(25, 31). It is not clear whether these 
changes in firing pattern are due to (i) an 
alteration in channel properties, (ii) re- 
gional redistribution of potassium chan- 
nels (such as movement of potassium 
channels away from nodes), (iii) an alter- 
ation in the accessibility of the periax- 
onal submyelinic compartment due to 
maturation of the paranodal seal, (iv) 
changes in paranodal resistance, or (v) 
changes in capacitance with maturation 
(or a combination of the above). Freeze- 
fracture studies have demonstrated 
quantitative differences in nodal and in- 
ternodal membrane structure of early 
myelinated, compared to mature myelin- 
ated, axons in the optic nerve (21). There 
is also some evidence for remodeling of 
the compact myelin sheath during devel- 
opment (12, 52). 

Demyelination and Remyelination 

The model shown in Fig. 3 has impor- 
tant implications for the pathophysiology 
of demyelinated fibers. After the acute 
loss of myelin, the density of sodium 
channels in the demyelinated area is 
probably too low to support impulse 
conduction. In addition, the presence of 
potassium channels in the denuded axon 
membrane tends to hold the demyelinat- 
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ed axon membrane close to the potassi- 
um equilibrium potential, and thus to 
interfere further with conduction (24, 
53). This would provide a structural ba- 
sis for the block of conduction that fol- 
lows acute demyelination. 

However. this conduction block need 
not be permanent. It is now established 
that remyelination can restore conduc- 
tion in previously demyelinated fibers 
(54). In addition, several modes of recov- 
ery of conduction through chronically 
demyelinated axon regions have been 
described. Bostock and Sears (55) de- 
scribed continuous conduction through 
ventral root axon regions after demyelin- 
ation with diphtheria toxin. Nonuniform 
conduction involving "phi-nodes," 
which probably represent aggregations 
of sodium channels. has been described 
as occurring prior to remyelination in 
ventral root axons demyelinated with 
lysophosphatidyl choline (49). Cyto- 
chemical studies, in fact, have demon- 
strated the spread of nodal membrane 
characteristics through demyelinated 
axon regions (56). It is not yet clear, in 
these cases of conduction through demy- 
elinated fibers, whether the acquisition 
of excitability in demyelinated regions 
reflects redistribution of preexisting so- 
dium channels, or production of new 
channels and their insertion into demye- 
linated membrane. Conduction block 
due to increased threshold, or imped- 
ance mismatch as a result of inadequate 
current density at the junction between 
normally myelinated and demyelinated 
axon regions, must be overcome in order 
for impulses to invade the demyelinated 
region. However, small changes in fiber 
geometry (57, 58) or membrane proper- 
ties (59) may subserve this function. If 
impedance mismatch is overcome, de- 
myelinated axon regions containing a 
lower-than-nodal density of sodium 
channels can sustain continuous conduc- 
tion (57). 

Remyelinated fibers conduct impulses 
at velocities close to normal despite their 
reduced internode distances (60). Ras- 
minsky suggested that this reflects the 
development of near normal membrane 
properties at the newly formed nodes 
(61). Studies in the spinal cord indeed 
indicate that nodes formed along remye- 
linated fibers recapitulate normal cyto- 
chemical properties (62). There is an 
increase in saxitoxin binding in remyelin- 
ated peripheral nerve, which is propor- 
tional to the increase in nodal area im- 
posed by the shorter spacing between 
nodes (63). This finding suggests that 
newly formed (remyelinated) nodes ex- 
hibit a near normal number of sodium 
channels, reflecting synthesis of new 

channels. In at least some remyelinated 
fibers, repolarization of the action poten- 
tial continues to involve a voltage-depen- 
dent potassium conductance for as long 
as 6 months after remyelination (63). 

Modification of the kinetics of sodium 
and potassium channels may provide in- 
creased current density in demyelinated 
fibers, and thus promote conduction 
across demyelinated axon regions (64, 
65). Decreases in temperature, for exam- 
ple, lead to increased safety factor in 
some demvelinated fibers. as a result of 
the increased time integral of current 
(66). This can lead to transient clinical 
improvement, despite the concomitant 
decrease in conduction velocity. Reduc- 
tion in serum-ionized calcium, which in- 
creases axonal excitability, facilitates 
conduction in demyelinated fibers, lead- 
ing to transient improvements in the 
functional status of patients with multi- 
ple sclerosis (67). The effects of low 
calcium treatment are, however, transi- 
tory, lasting minutes to hours and thus 
are not of practical clinical value. Never- 
theless, these results indicate that the 
pharmacological manipulation of mem- 
brane excitability may provide a ratio- 
nale for development of symptomatic 
therapies in demyelinating diseases. Re- 
versible abolition of conduction block in 
demyelinated fibers is produced by ap- 
plication of Leiurus quinquestriatus tox- 
in, which blocks sodium inactivation and 
thereby increases the duration of the 
action current (29). Reduction in conduc- 
tion block in demyelinated fibers is also 
produced by application of 4-AP, an 
agent that blocks potassium channels 
(53). In ligature-demyelinated peripheral 
nerve, application of 4-AP leads to in- 
creased excitability (68). Since agents 
such as 4-AP also affect normal elements 
in the white matter and neuropil, in addi- 
tion to altering the conduction properties 
of demyelinated fibers (30, 65), it is im- 
portant to develop methods that selec- 
tively increase the safety factor of con- 
duction in demyelinated fibers. 

Regeneration After Axonal Injury 

In premyelinated regenerating fibers in 
the rat (37), as in premyelinated develop- 
ing fibers (12), blockade of g~ leads to 
broadening of the action potential. This 
result suggests a role of potassium chan- 
nels in repolarization of the action poten- 
tial in premyelinated regenerating axons. 
After myelination of the regenerating fi- 
bers, potassium channel blockade con- 
tinues to affect the nerve impulse, pro- 
ducing broadening of the action potential 
(31) or burst activity in response to single 

stimuli (37). This sensitivity to potassium 
channel blocking agents is lost in the 
normal course of myelinated axon matu- 
ration (12, 25, 31). However, in the rat 
this sensitivity is retained in long-term 
(Zyear) regenerated axons, in which 
conduction velocity has recovered to 
nearly normal and functional recovery 
is, in many cases, nearly complete (69). 
Thus, the functional organization of 
some long-term regenerated mammalian 
axons is similar to that of remyelinated 
fibers (63) and immature myelinated fi- 
bers. It is interesting, in this regard, that 
internode distances in regenerated and 
remyelinated fibers remain relatively 
short (70) and do not exhibit the degree 
of lengthening that occurs during normal 
development. Morphological studies 
suggest that there is continued remodel- 
ing of the myelin even in long-term re- 
generated fibers (71). 

Extraneuronal Sodium and 

Potassium Channels 

A growing body of evidence suggests 
that voltage-dependent sodium and po- 
tassium channels are not necessarily re- 
stricted to muscle and nerve fibers. 
Thus, veratridine depolarizes Schwann 
cells enveloping the squid giant axon; 
this effect is reversed or abolished by 
tetrodotoxin (72). Furthermore, veratri- 
dine increases sodium influx into cul- 
tured fibroblast and glial cells (73), an 
action that is also blocked by tetrodotox- 
in. 

Stronger evidence for the presence of 
nonneuronal voltage-dependent chan- 
nels is the fact that in the rabbit (but not 
in the rat) the Schwann cells that prolif- 
erate after peripheral nerve section and 
Wallerian degeneration, bind two to 
three times as much saxitoxin (per unit 
weight) as does the original nerve trunk 
(74). This finding suggests that some 
mammalian Schwann cells express plas- 
malemma1 voltage-dependent sodium 
channel\. More recently, Ritchie et nl. 
(75) showed that rabbit cultured 
Schwann cells bind saxitoxin while rat 
Schwann cells do so only to a very 
limited extent; moreover, patch-clamp 
studies have shown that rabbit cultured 
Schwann cell membranes contain volt- 
age-dependent sodium and potassium 
channels whose kinetic properties are 
virtually the same as those in nodal 
membrane (75). Recent studies have also 
demonstrated voltage-sensitive potassi- 
um channels in fibroblasts, and sodium 
and potassium channels in astrocytes 
(76). The function of these extraneuronal 
channels remains unclear at present. 
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They are unlikely to be active normally 
since at the low resting potential of 
Schwann cells and astrocytes, the sodi- 
um channels are virtually completely in- 
activated. It is possible that they are 
involved in channel turnover or mainte- 
nance in the axon. 

Neuroglial Relationships and 

Ion Channel Distribution 

The mechanisms by which sodium 
channels are clustered in high density 
and potassium channels are excluded at 
the nodal region are not fully under- 
stood. It has been suggested that the 
paranodal axoglial junction serves as a 
barrier to diffusion of ion channels within 
the plane of the membrane (19). Alterna- 
tively, ion channels at the node may be 
cross-linked to one another, to other 
membrane structures, or to nonmem- 
branous elements (either outside the 
membrane, or in the axoplasm subjacent 
to it) (77); in this respect, the cytoskele- 
ton may play a role in axon membrane 
organization (78). During normal devel- 
opment, ion channels can cluster at the 
node prior to the formation of myelin or 
paranodal axoglial junctions (12, 4547). 
A recent study (79) on the density of 
sodium channels in nervous tissue of the 
myelin-deficient md rat indicates that 
sodium channel insertion and mainte- 
nance within the axolemma during devel- 
opment is at least partially independent 
of myelination. Moreover, freeze-frac- 
ture studies show that some aspects of 
the structural development of premyelin- 
ated axolemma continue even in a glial 
cell-deficient environment (80). 

Nevertheless, glial cell interactions 
may play a role in the development and 
maintenance of the normal axon mem- 
brane; studies on abnormally myelinated 
axons in the dyldy mouse suggest that 
failure of this interaction may lead to 
abnormalities of ion channel distribution 
(81). A possible morphological basis for 
such interaction is found in the network 
of Schwann cell processes that surround 
(and closely approach) the axon mem- 
brane at normal peripheral nodes (62). 
Similar astrocytic processes come into 
close proximity with the axon at central 
nodes (48, 83). Astrocytic processes are 
also seen at developing central nodes 
of Ranvier (even in glial cell-deprived 
tracts where axoglial associations are 
less likely to occur on a random basis), 
suggesting a role of the astrocyte in the 
development of the node (84). The dem- 
onstration of voltage-sensitive sodium 
channels in Schwann cells (74, 75) and 

astrocytes (76) suggests the possibility of 
extra-axonal synthesis of ion channels, 
and their subsequent insertion into the 
axon membrane. Although membrane- 
to-membrane transfer has not been di- 
rectly demonstrated, transport of materi- 
als as large as proteins between the 
Schwann cell and axon has been shown 
to occur (85). 

Membrane patches with increased E- 
face particle density (presumably corre- 
sponding to "hot spots" of increased 
sodium channel density) are present 
along nonmyelinated axons in the retinal 
nerve fiber layer (86). There is a close 
spatial relation between these membrane 
particles and surrounding astroglial pro- 
cesses. Axoglial junctions of the para- 
nodal type are not present in these re- 
gions, and these astrocytic processes do 
not circumferentially surround the axon. 
This axoglial interaction, which includes 
a close spatial relationship between glial 
cell contact and the differentiation of the 
axon surface, probably involves an inter- 
face of a type different from the paranod- 
a1 junction (87). Regardless of the under- 
lying mechanism for axoglial communi- 
cation, it is likely that node formation 
involves a mutual differentiation of the 
axon and nearby Schwann or glial cells. 
The situation may be similar to that at 
the neuromuscular junction, where clus- 
tering of acetylcholine receptors in the 
membrane of the postsynaptic muscle 
cell reflects contact with a second cell 
type (in the case of the neuromuscular 
junction, the presynaptic terminal) (88). 

Conclusion 

The ionic basis of conduction in my- 
elinated nerve fibers was initially consid- 
ered as being the same as that estab- 
lished more than 30 years ago for nonmy- 
elinated fibers by the work of Hodgkin 
and Huxley (89). However, it has be- 
come increasingly clear that the myelin- 
ated axon is not simply a scaled-down 
version of the squid giant axon, which 
happens to be covered along most of its 
length by an insulating myelin sheath, 
except at the nodes of Ranvier where the 
axolemma is exposed. As shown in this 
article, the mammalian myelinated fiber 
exhibits a structural differentiation 
which extends to the location of the ion 
channels in the axon membrane, where 
the complementary distribution of sodi- 
um and potassium channels reflects the 
location of the overlying myelin sheath. 
In functional terms, the differentiation of 
the myelin fiber is well matched to func- 
tional requirements. This mode of orga- 

nization is also highlv relevant to the - - 
pathophysiology of demyelinating dis- 
ease such as multiple sclerosis. Finally, 
the mammalian myelinated fiber may 
hold a number of important lessons with 
respect to the developmental mecha- 
nisms by which cell membranes are orga- 
nized and by which different cell types 
recognize and interact with each other 
and differentiate in a coordinated man- 
ner. 
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