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ABSTRACT: This first article of this review deals with neuro-
scientific aspects of immune-mediated demyelinating neuropa-
thies. It describes the anatomy and physiology of normal
myelinated axons, methods of studying peripheral nerve physi-
ology, pathophysiological consequences of demyelination or
damage at the node of Ranvier, and the mechanisms that may
lead to impaired axonal membrane dysfunction or axonal
degeneration. This article (part I) will be followed by a second
(part II) dealing with clinical aspects of these neuropathies.

Muscle Nerve 48: 851–864, 2013

Immune-mediated demyelinating neuropathies
involve the myelin sheath, the node of Ranvier,
the molecules that connect the Schwann cell mem-
brane to the axolemma, and the axon itself. These
neuropathies include Guillain–Barr�e syndrome
(GBS), chronic inflammatory demyelinating poly-
neuropathy (CIDP), multifocal motor neuropathy
(MMN), anti–myelin-associated glycoprotein (MAG)
neuropathy, and the syndrome of polyneuropathy,
organomegaly, endocrinopathy, M-protein, and skin
changes (POEMS syndrome). The GBS subtypes
acute inflammatory demyelinating polyneuropathy
(AIDP) and acute motor axonal neuropathy
(AMAN) will both be discussed. The emphasis in
this article will be on the physiological consequen-
ces of demyelination or damage at the node of
Ranvier for impulse transmission and associated
mechanisms that may lead to axonal membrane dys-
function. For proper understanding of these mecha-
nisms the anatomy and physiology of the normal
myelinated axon and studies of experimental demy-

elination will be discussed first. Ion channels are
named by the channel name (not the gene name)
as given in the International Union of Pharmacol-
ogy (IUPHAR) Compendium of Voltage-Gated Ion
Channels.1

THE NORMAL MYELINATED AXON

Axon Geometry and Axolemmal Proteins. A myelin-
ated axon consists of a series of successive node–
internode configurations. At an internode (the
part of the axon between 2 adjacent nodes), the
axon is surrounded by a myelinating Schwann cell,
whereas no myelin sheath is present at the node.
The internode between 2 successive nodes can be
subdivided into paranode, juxtaparanode, standard
internode, juxtaparanode, and paranode (Fig. 1).
The myelinated axon is not a uniform tube,
because the diameter and surface area of the node
are much smaller than those of the internode. The
node occupies only 0.1% of the total surface area
of a node and internode together. The juxtapara-
node has a very large surface area, because it has
not only the widest diameter but its surface is
fluted as well.2 These differences in geometry are
relevant for rapid impulse propagation.

The node has a high density of voltage-gated
Na1 channels (1000–2000/lm2) and slow K1

channels (Fig. 1) (see review by Ritchie3). The jux-
taparanode contains a high density of voltage-
gated fast K1 channels. The standard internode
has the largest absolute number of Na1 channels,
fast K1 channels, and slow K1 channels, but their
density is relatively low. The internodal Na1 chan-
nel density of <25/lm2 is therefore not sufficient
to sustain action potential propagation. The loca-
tion of Na1/K1 pumps is controversial. Early stud-
ies favored a nodal location, but advanced
electrophysiological and immunostaining techni-
ques suggest localization in the internodal rather
than the nodal membrane.4,5 The internodal axo-
lemma also contains several types of glutamate
receptors, which employ signaling by second mes-
sengers or Ca11 ions to activate ryanodine or IP3
receptors on the axoplasmic reticulum; activation
of these receptors releases Ca11 into the axon.
Although the physiological role of these functional

Abbreviations: AIDP, acute inflammatory demyelinating polyneuropathy;
AMAN, acute motor axonal neuropathy; CAP, compound action potential;
Caspr-2, contactin-associated protein-2; ChAT, cholinacetyltransferase;
CIDP, chronic inflammatory demyelinating polyneuropathy; CMAP, com-
pound muscle action potential; Cx32, connexin-32; EAN, experimental
allergic neuritis; GBS, Guillain–Barr�e syndrome; HCN, hyperpolarization-
activated cyclic nucleotide-gated; IUPHAR, International Union of Pharma-
cology; MAC, membrane attack complex; MAG, myelin-associated glyco-
protein; MBP, myelin basic protein; MMN, multifocal motor neuropathy;
NCS, nerve conduction studies; NO, nitric oxide; P0, protein zero;
PMP22, peripheral myelin protein-22; POEMS, polyneuropathy, organome-
galy, endocrinopathy, M-protein, skin changes; SDTC, strength–duration
time constant; TAG-1, transient axonal glycoprotein-13
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nanocomplexes is unknown, they may be involved
in intra-axonal Ca11 homeostasis.6

The nodal Na1 channels are anchored to spec-
trin of the axonal cytoskeleton via ankyrin-G and
to gliomedin of the Schwann cell microvilli via Nr-
CAM and neurofascin-186.7,8 The juxtaparanodal
K1 channels are anchored by contactin-associated
protein-2 (Caspr-2) and transient axonal glycopro-
tein 1 (TAG-1) according to a similar principle.
TAG-1 is an adhesion molecule that is expressed
on juxtaparanodal axolemma and apposing
Schwann cell membrane. The interaction between
TAG-1 on the axolemma with Caspr and TAG-1 on
the Schwann cell membrane is crucial for cluster-
ing of juxtaparanodal Kv1.1 and 1.2 channels.9 At
the paranode, axonal Caspr and contactin are con-
nected to neurofascin-155 of paranodal Schwann
cell loops; this complex forms septate-like junc-
tions, which separate the nodal Na1 channel clus-
ters from the juxtaparanodal K1 channel clusters.
Gangliosides are also essential for the integrity of
these junctions and ion channels, because, in GM1
and GD1a knockout mice, paranodal loops do not
attach to the axolemma, Na1 channels are dis-
rupted, and K1 channels are mislocated to the
paranode.10

Myelin Sheath Geometry and Schwann Cell

Molecules. The myelin sheath between 2 adjacent
nodes is formed by a Schwann cell that, during

development, has rotated tens of times around the
axon. At regions of compact myelin the opposing
membranes of 1 Schwann cell are closely apposed.
At regions of non-compact myelin the membranes
are not apposed, resulting in the appearance of
cytoplasm. Non-compact myelin occurs around the
nucleus in paranodal loops and at Schmidt–Lanter-
man incisures. If a myelinating Schwann cell could
be unrolled, it would form a flat trapezoid cell
with an apical edge of 1–2 mm that is attached to
the axon between 2 successive nodes and a parallel
larger basal edge. Between these edges run broad
strands of compact myelin that are separated by
smaller strands of non-compact myelin. When
rolled up, the lateral borders of the trapezoid
form the paranodal Schwann cell loops that are
attached firmly to the paranodal or myelin attach-
ment section of the axolemma. Compact myelin
contains the transmembrane molecules protein
zero (P0), peripheral myelin protein-22 (PMP22),
and the intracellular myelin basic protein (MBP).
Non-compact myelin contains a limited amount of
gangliosides in the membrane of paranodal loops
and the transmembrane molecules MAG, E-
cadherin, and connexin-32 (Cx32) (reviewed by
Scherer and Arroyo7 and Willison11). P0, MAG, E-
cadherin, and Cx32 play a role in adhesion
between myelin lamellae, but the function of
PMP22 is unknown. The Cx32 molecules of adja-
cent myelin layers form gap junctions and, thereby,
a radial pathway through the myelin lamellae,
which allows passage of molecules <1000 Da,
including ions and second messengers.12 The low
electrical resistance of this pathway may contribute
to termination of the action potential (see next
section).

The Schwann cell membrane expresses several
types of ion channels, including different types of
K1 channels which may pass outward or inward K1

currents (Fig. 1).13 These K1 channels are found
on the outer Schwann cell surface and in the
Schwann cell microvilli in the myelin attachment
section close to the fast K1 channels in the juxta-
paranodal region of the axon. It is likely that the
Schwann cell K1 channels maintain the K1 ion
concentration around the node and in the narrow
periaxonal space of the internode within certain
limits. This buffering is necessary, because, other-
wise, prolonged firing (causing an increased flow
of K1 ions out of the axon) would lead to extracel-
lular accumulation of K1 ions, decreased potas-
sium equilibrium potential (EK), and spontaneous
generation of action potentials. It is likely that
Na1/K1-ATPase is also expressed on mature mye-
lin sheath membranes, because Na1/K1-ATPase a
subunits are part of the myelin proteome, ultracy-
tochemistry showed ATPase activity that was most

FIGURE 1. Diagram of a myelinated axon. Top: subdivision into

sections with different diameters. Bottom: distribution of cur-

rents sustained by voltage-gated ion-channels which differ for

each section; Nat, transient Na1 current; Nap, persistent Na1

current; Ks, slow K1 current; Kf, fast K1 current; Ih,

hyperpolarization-activated cation current; the Na1/K1 pump

removes 3 Na1 ions from the axon in exchange for 2 K1 ions;

BB, Barrett and Barrett resistance, which is a low-resistance

pathway through the myelin sheath. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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prominent in paranodal loops, and immunohisto-
chemistry shows Na1/K1-ATPase in isolated myelin
fractions (reviewed by Stys et al.14).

Electrical Properties of the Axon and Myelin

Sheath. Experimental studies have shown that
large-diameter fibers have greater myelin thickness,
axon diameter, and internodal distance. Simula-
tions predict that an increase in each of these
parameters independently decreases internodal
conduction time.15 This was proven experimentally
in periaxin-null mice which have normal myelin
thickness, decreased internodal distance, and
slower internodal conduction.16

Current is defined here as a net flow of positive
charges, although in axons it is actually carried by
positive and negative ions. Current through Na1

and K1 channels is carried by positively charged
ions, but longitudinal current inside the axon or
through the myelin sheath is carried by positive
potassium ions, negative chloride ions, and, to a
lesser extent, by positive sodium ions.17 Currents
in axon physiology have many different labels, but
are primarily subdivided into ionic and capacitive.
Ionic currents pass through structures with a con-
ductance, such as ion channels. For instance, an
inward ionic current causes positive charges to
pass through ion channels into the axon, yielding
a positive shift in membrane potential. Capacitive
currents are defined as “passing through” the bili-
pid axon membrane. Because the membrane is
impenetrable, however, ions do not actually pass
the membrane, but accumulate on 1 side of it and
leave it on the other side. For instance, an outward
capacitive current causes positive charges to accu-
mulate at the inside of the axon membrane and
disappear at its outside, resulting in a positive shift
in membrane potential. Current is also subdivided
into action current (the inward ionic current consist-
ing of Na1 ions passing through voltage gated Na1

channels during the action potential) and driving
current (the outward capacitive current that depo-
larizes the node of Ranvier prior to an action
potential).

The resting membrane potential is determined
largely by the equilibrium potential for K1 ions
(EK) and to a lesser extent by the Na1/K1 pump
and the equilibrium potential for sodium ions
(ENa). It is unknown whether the 2-pore K1 leak-
age channels, TREK and TRAAK, which were
found to be transported in peripheral axons,
determine resting membrane potential in myelin-
ated axons.18 EK arises because [Ki] is higher than
[Ko] and because many K1 channels are still open
at resting membrane potential. Due to the chemical
force, K1 ions flow outward along their concentra-
tion gradient to produce a positively charged layer

on the outside of the axolemma. This layer gener-
ates an opposite electrostatic force that repels positive
K1 ions back into the axon. At EK, these opposite
forces are in equilibrium, so that there is no net
flow of K1 ions. EK is slightly more negative than
resting membrane potential. For Na1 ions, both
the chemical and electrical forces are inward:
[Na1

o] exceeds [Na1
i], and the negative resting

membrane potential attracts the positive sodium
ions. Therefore, ENa has a positive value. The
Na1/K1 pump contributes to the negative mem-
brane potential because it is electrogenic; at each
cycle, it expels 3 Na1 ions for every 2 K1 ions
brought into the axon, thereby generating a net
outward ionic current that removes positive
charges from the inside of the axon.19 In human
axons, the resting membrane potential is 275 to
280 mV.20

The classical model of myelin function is based
on early measurements showing that the sheath
has a high resistance and low capacitance, so that
it should be impenetrable for current and unable
to store electrical charges.21 This model entails
some unrealistic assumptions, because it requires
that both the nodal and internodal resting mem-
brane potential be determined solely by the tiny
node. It also requires a considerable outward
nodal leakage current that has to compensate for
the sodium influx during the action potential,
although specific leakage channels have never
been discovered. Furthermore, it cannot explain
the slow potential changes associated with the
depolarizing afterpotential and threshold electroto-
nus (see Excitability Studies subsection). Investiga-
tions into the mechanisms of the depolarizing
afterpotential showed that current may pass
through relatively low resistance pathways of the
myelin sheath, such as the Schmidt–Lanterman
incisures and gap junctions between myelin lamel-
lae.12,22 These findings were incorporated into new
models in which the myelin sheath still has a low
capacitance but a low, instead of high, resistance,
and in which internodal ion channels (mainly K1

channels) are important in the setting of interno-
dal and nodal resting membrane potential. The
aforementioned slow potential changes could now
be explained by currents through the low-
resistance myelin pathways that slowly change the
voltage across the large capacitance of the interno-
dal axolemma.

The fact that the surface of the node is much
smaller than that of the internode is highly rele-
vant for fast impulse propagation, as it entails that
the capacitance (i.e., the ability to store electric
charges) of the nodal membrane is considerably
smaller than the capacitance of the internodal
membrane. Thus, when a capacitive current passes
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through the node, its tiny capacitance is charged
rapidly so that a membrane potential difference is
reached quickly. On the contrary, it takes more
time for a capacitive current to reach a membrane
potential difference across the large capacitance of
the internode.

Depolarization is a shift in membrane potential
toward values that are more positive than resting
membrane potential. Hyperpolarization is a shift
toward values that are more negative, and repolari-
zation is a shift from depolarization or hyperpolar-
ization toward resting membrane potential. Over a
wide range of membrane potential values, Na1

channel opening yields an inward ionic current
that depolarizes membrane potential, whereas K1

channel opening yields an outward ionic current
that repolarizes or hyperpolarizes membrane
potential. Nodal Na1 channels generate transient
and persistent currents, each of which is probably
sustained by a different ortholog of the Nav1.6
channel subtype.23,24 Transient Na1 channels are
responsible for the action potential, account for
98% of Na1 currents, are closed at resting mem-
brane potential, open for 1 to a few milliseconds
during depolarization, and inactivate thereafter.
Recovery from this fast type of inactivation occurs
over tens of milliseconds by repolarization or
hyperpolarization. Apart from this classical fast
inactivation, Na1 channels in axons may also
exhibit slow inactivation, the recovery of which
takes tens of seconds.25,26 Persistent Na1 channels
account for 2% of sodium currents; they activate at
more negative membrane potentials and hardly
inactivate, causing a small persistent inward cur-
rent at resting membrane potential that increases
excitability. In myelinated mammalian axons, 3 K1

currents can be recorded, including 2 fast types
(IKf1 and IKf2) and 1 slow type (IKs) (reviewed by
Reid et al.27). Each of these currents is activated by
depolarization. Patch clamping of human axon
membranes showed that the K1 currents are gen-
erated by at least 5 different K1 channel types with
different but overlapping properties regarding con-
ductance, membrane potential for activation, deac-
tivation time, and inactivation time.27 Contrary to
Na1 channels, inactivation of these K1 channels is
slow (ranging from milliseconds to seconds) or
absent. IKf1 and IKf2 prevent the spread of excita-
tion beyond the node after a single action poten-
tial. Unlike in amphibian axons, they are not
essential for membrane repolarization in mamma-
lian axons.3 IKs activates slowly after an action
potential, and during short-lasting repetitive firing
its summated effect repolarizes membrane poten-
tial so that extreme depolarization is prevented.
IKf1 and IKs are important for determining resting
membrane potential and the type of accommoda-

tion observed in threshold electrotonus. Long-
standing or extreme hyperpolarization activates a
late inward current (Ih) that is generated by
hyperpolarization-activated cyclic nucleotide-gated
channels (HCN channels).28,29 Ih is carried by Na1

and K1 ions and drives membrane potential to less
negative values, thereby preventing extreme
hyperpolarization.

Action Potential Propagation. At an active node, an
action potential is initiated by depolarization,
which results in opening of transient Na1 channels
and influx of positively charged sodium ions
(Fig. 2). This is a regenerative process, because the
influx depolarizes membrane potential and leads
to more Na1 channel openings, sodium influx,
and more depolarization. The inward ionic current
at the active node forms part of a circuit that
drops positive charges on the inside of the node
that is next to be activated and draws positive
charges from the outside of this node, thereby cre-
ating an outward capacitive current at the node-to-
be-activated. This driving current is capacitive,
because the Na1 channels at the node-to-be-
activated are still closed. When this node is suffi-
ciently depolarized by the driving current (the
threshold for an action potential is reached after
approximately 20 ls of depolarization), its Na1

channels open, and the outward capacitive current
changes into the inward ionic current of the action
potential.30

The action potential is terminated by rapid
Na1 inactivation, which stops the inward ionic cur-
rent. Furthermore, the initial depolarization at the
node is reduced, because the inward current of
the action potential not only returns through the
node to be activated but also through the interno-
dal membrane and low-resistance pathways
through the myelin sheath. This slow outward
capacitive current smears the positive charges that
have entered during the action potential over the
large internal surface of the internodal and, finally,
the nodal membrane. The result is that both the
node and internode become slightly depolarized, a
phenomenon known as the depolarizing afterpo-
tential.22 The depolarizing afterpotential subsides,
because its depolarization activates slow K1 chan-
nels, which subsequently generate the hyperpola-
rizing afterpotential.

PHYSIOLOGICAL METHODS

Experimental Methods. Electrophysiological meth-
ods in animal studies that are comparable to nerve
conduction studies (NCS) in humans include
recording of mixed compound action potentials
(CAPs) of nerves that contain motor and sensory
axons, pure motor or sensory CAPs of roots, and
compound muscle action potentials (CMAPs).
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Several techniques have been developed to
study electrical activity in single myelinated axons.
These methods employ intra- or extracellular glass
pipettes to record the membrane potential and
deliver electrical stimuli. In current clamping, a con-
stant current stimulus changes the membrane
potential to enable recording of subthreshold
changes in membrane potential (e.g., electroto-
nus) or action potentials. In voltage clamping, the
membrane potential is held at values set by the
investigator, which enables recording of membrane
current at different imposed membrane voltages.
By selective pharmacological blockade of ion chan-
nels, current and conductance of specific ion chan-
nels can be determined. Macroscopic current or
voltage clamping has been employed to investigate
events at the node of an intact myelinated axon.
Patch clamping employs extremely fine micropip-
ettes with tips of about 1-lm diameter for current
or voltage clamping from an intact cell body, an
excised membrane patch containing many ion
channels, or a small membrane patch containing
only 1 ion channel.

Another approach is external longitudinal current
recording, which records the extra-axonal part of
the driving current loop by means of an electrode
pair with a fixed distance of 70 lm placed at the
outside of a single axon in an intact nerve. A
micromanipulator allows recording from different
sites along the axon. When an action potential is
evoked at a distant site and passes the recording
site, the electrodes record the magnitude of the

external longitudinal current. Any difference in
this current between 2 recording sites reflects cur-
rent that enters or leaves the axon. Comparing the
external longitudinal current at a node and just
before the node reveals a sudden decrease because
of the strong inward current at the node during
an action potential. This method therefore allows
assessment of internodal conduction time and
internodal distance.

Some of the methods in single myelinated
axons are considerably more difficult to perform
in mammalian and human fibers than in amphib-
ian fibers, because the former are extremely fragile
and are surrounded by large amounts of connec-
tive tissue. Despite these difficulties, macroscopic
currents in both normal human single myelinated
axons and single mammalian axons, which were
demyelinated due to experimental allergic neuritis
or toxic substances, have been characterized.31

This is of relevance because results in single
myelinated amphibian or lower mammalian axons
cannot always be extrapolated to human axons
due to essential interspecies differences in ion
channel characteristics.

Excitability Studies. Excitability tests assess the
just-described passive and active properties at 1 site
of the axolemma. By adapting experimental proce-
dures, these properties can now be recorded non-
invasively and with only minor discomfort in
human subjects.32 Conditioning and test stimuli
are given at a point on a nerve. The conditioning

FIGURE 2. Saltatory action potential propagation in a normal myelinated axon. (A) At the active node (left), Na1 channels are opened,

inducing an inward ionic (action) current. This causes a current circuit that leads to an outward capacitive (driving) current at the node-

to-be-activated (middle). (B) Positive charges accumulate at the inside of the node-to-be-activated and are withdrawn at its outside;

this leads to depolarization of this node. (C) As soon as the node-to-be-activated is depolarized to threshold, its Na1 channels open,

and the outward capacitive current changes into an inward ionic (action) current. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Demyelinating Neuropathies MUSCLE & NERVE December 2013 855

wileyonlinelibrary.com


stimulus induces an action potential or a subthres-
hold change in resting membrane potential with-
out evoking an action potential; the change in
resting membrane potential alters voltage-gated
ion channel activity. After the conditioning stimu-
lus, test stimuli monitor the magnitude and time
course of this change by determining threshold.
Threshold can be defined as the current needed
for a given nerve response, such as a CMAP of
50% of maximal. Threshold is a surrogate marker
for membrane potential, except in conditions with
prominent Na1 channel inactivation.33

A typical protocol comprises 4 subtests (Fig. 3).
Strength–duration properties include strength–dura-
tion time constant (SDTC) and rheobase. SDTC
reflects the nodal persistent Na1 current and the
small nodal membrane capacitance. Rheobase is
defined as the current of a stimulus with infinite
duration that is just able to excite a nerve. Obvi-
ously, the requirement of infinite duration cannot
be met in reality; moreover, strength–duration
properties only hold true for short-duration stimuli

of <2 ms. Threshold electrotonus reflects the time
course of thresholds at several time-points during a
conditioning current that, due to its long duration,
slowly changes the membrane potential of the
large internodal axolemma. Depolarizing threshold
electrotonus starts with a fast threshold decrease
due to nodal depolarization followed by a slower
decrease due to internodal depolarization and a
slight increase due to depolarization-induced K1

channel activation. Hyperpolarizing threshold elec-
trotonus starts with a fast threshold increase due to
nodal hyperpolarization followed by a slower
increase due to internodal hyperpolarization. I/V
relation describes the relation between the magni-
tude of a long-duration conditioning current (I)
and the threshold at its end. The change in thresh-
old reflects the induced membrane potential
change (DV). For small conditioning currents the
I/V relation is linear, so that DI/DV reflects the
input conductance of the axon membrane. The
I/V relation deviates from a straight line
with strong depolarizing currents (due to slow K1

FIGURE 3. Diagrams of motor nerve excitability tests obtained by a protocol consisting of 4 subtests. (A) I/V relation. (B) Charge–

duration relation. (C) Threshold electrotonus. (D) Recovery cycle: black 5 normal nerve; green 5 depolarized nerve; red 5 hyperpolar-

ized nerve. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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channel activation) and with strong hyperpolariz-
ing currents (due to HCN channel activation).
Recovery cycle reflects the membrane potential fluc-
tuations that follow an action potential. It is
assessed by giving a short-duration supramaximal
conditioning stimulus (evoking action potentials)
and recording thresholds at different time intervals
after the conditioning stimulus. It comprises suc-
cessively: refractoriness (threshold increase due to
transient Na1 channel inactivation); superexcitabil-
ity (threshold decrease due to the depolarizing
afterpotential); and subexcitability (threshold
increase due to slow K1 channel activation).

The effects of a permanently changed resting
membrane potential due to nerve pathology were
mimicked by applying a continuous DC current
during the entire excitability protocol.34 Persistent
depolarization of resting membrane potential by a
DC current resulted in several changes. First,
SDTC increased due to increased persistent
sodium current. Second, threshold electrotonus
showed fanning-in. This is because massive interno-
dal K1 channel opening yields an increased input
conductance through the axon membrane and less
membrane potential change when a constant
depolarizing or hyperpolarizing current is passed

through it. Third, I/V slope became steeper due to
the increased input conductance. Fourth, refracto-
riness increased due to increased transient Na1

channel inactivation. Fifth, superexcitability
decreased because the decreased potential differ-
ence over the axon membrane decreases Na1

influx during an action potential, thereby decreas-
ing the depolarizing afterpotential. Persistent
hyperpolarization of resting membrane potential
by a DC current–induced changes in the opposite
direction (Fig. 3).

EXPERIMENTAL DEMYELINATION

Safety Factor. The physiological consequences of
demyelination of a single axon are slowing of inter-
nodal conduction time, persistent conduction
block, increased refractory period, rate-dependent
block, and warm block.35 Each of these phenom-
ena can be explained by a reduced safety factor of
transmission (Fig. 4). Safety factor is the ratio:
(available driving current) / (required driving cur-
rent) for excitation of a node.36 In normal axons,
it has a value of about 5–7, which is more than suf-
ficient to sustain conduction in unfavorable physio-
logical conditions. In axons affected by disease,
the safety factor may be reduced by a decrease in

FIGURE 4. Different types of demyelination leading to reduced safety factor. (A) Segmental demyelination. The driving current leaks

through the damaged myelin sheath and impairs depolarization of the node-to-be-activated. (B) Paranodal demyelination. The driving

current is dissipated over an area consisting of the node and the denuded paranode; the large capacitance of this area impairs depola-

rization of the former nodal area. (C) Juxtaparanodal demyelination. The driving current is dissipated over a larger area consisting of

the node, paranode, and juxtaparanode; the very large capacitance of this area impairs depolarization to a greater extent than in (B);

depolarization is additionally impaired by activation of exposed juxtaparanodal K1 channels. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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available driving current, an increase in required
driving current, or both. One of the factors con-
tributing to the safety factor is the high density of
voltage-gated Na1 channels at the node. If the
safety factor is reduced but above unity, conduc-
tion is possible, albeit with slowed internodal con-
duction time. If it falls below unity, internodal
conduction is blocked. At critically demyelinated
internodes with a safety factor of just above 1, con-
duction slowing may change into conduction block
if physiological factors cause an additional reduc-
tion in safety factor. This mechanism underlies
rate-dependent block, warm block, and cold block,

which is discussed in part II of this review.37

Causes of reduced safety factor are demyelination,
nodal Na1 channel damage or dysfunction, depo-
larization, and hyperpolarization (Figs. 4 and 5).

Paranodal and Segmental Demyelination. Experimental
demyelination has been induced by chemical sub-
stances such as lysolecithin, immunization with
diphtheria toxin, injection with specific myelin
peptides, or injection with peripheral nerve myelin
homogenate, which yields the most prominent
demyelination.38 The latter 2 models are known as
experimental allergic neuritis (EAN). Pathological
studies in EAN show a T-cell–mediated response to
P2, P0, or PMP22, with activated macrophages
invading the myelin sheath and inducing demye-
lination. EAN is regarded by some investigators as
a model for AIDP, because both disorders share
similar pathological features.39

Segmental demyelination leads to a decreased
driving current at the node-to-be-activated, because
part of the driving current flows outward across
the damaged myelin sheath (Fig. 4A). Comparison
of CMAPs with histopathology findings in an EAN
model with predictable time course showed that
progressive disappearance of myelin layers was
associated with progressive conduction slowing
until conduction became blocked.40,41 Computer
simulations of segmental demyelination showed
that conduction is just possible if myelin thickness
is 2.7% of normal at 1 internode, or 4% of normal
at 2 adjacent internodes.42 In the acute phase of
complete segmental demyelination, conduction is
blocked in most axons, because the Na1 channel
density of the denuded internodal membrane is
not sufficient to sustain continuous conduction.
Only in very small demyelinated axons may the low
internodal Na1 channel density be sufficient to
support continuous conduction (reviewed by Wax-
man et al.43). Computer simulations have shown
that the increased internodal Na1 channel density
in demyelinated regions is not sufficient to sustain
conduction if membrane capacity at the denuded
part of the axon is increased too much, especially
where membrane capacity between myelinated and
demyelinated regions suddenly changes; this is
known as impedance mismatch.43

Paranodal demyelination also leads to dissipa-
tion of the driving current over an area comprising
the former nodal area and the demyelinated part
of the paranodal axolemma (Fig. 4B). It thus takes
more time for the driving current to depolarize
the increased capacity of this enlarged area to the
threshold for an action potential; as a result, inter-
nodal conduction time increases from its normal
value of 20 ls to as much as 600 ls.30 If paranodal
demyelination becomes more extensive, driving

FIGURE 5. Nodal causes of reduced safety factor. (A) Damage

to or dysfunction of Na1 channels causing impaired inward ionic

(action) current. (B) Inactivation of Na1 channels in a perma-

nently depolarized axon causing impaired inward ionic current.

(C) increased membrane potential difference in a permanently

hyperpolarized axon; more driving current is needed to reach

threshold for activation of Na1 channels at the node-to-be-acti-

vated. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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current is insufficient to depolarize the enlarged
node to threshold, so that action potential propa-
gation is blocked. If demyelination also involves
the juxtaparanode, fast K1 channels in that region
will be exposed or dispersed to the node (Figs. 1
and 4C).38,44 Activation of these channels by the
driving current may then shorten the duration of
the action potential or prevent reaching the
threshold for an action potential so that conduc-
tion is blocked. Consistent with this, inhibition of
fast K1 channels by application of 4-aminopyridine
on single demyelinated mammalian motor axons
resolved conduction block or increased the dura-
tion of action potentials in intra- or extra-axonal
recordings.38,45 Unfortunately, neither resolution
of conduction block on NCS nor clinical improve-
ment were observed in human demyelinating neu-
ropathies after administration of 4-aminopyridine.46

Demyelination may affect refractoriness. The
refractory period is caused mainly by transient
nodal Na1 channel inactivation after an action
potential. In the absolute refractory period, not
enough non-inactivated Na1 channels are available
to generate an action potential. In the relative
refractory period, an action potential may be gen-
erated, but the action and driving currents are
smaller than normal because many Na1 channels
are still inactivated. With demyelination, the abso-
lute refractory period may be prolonged, because
more driving current is needed to depolarize the
driven node due to current leakage and increased
nodal capacity. The refractory period was investi-
gated in demyelinated single axons by external
longitudinal current recording.30 Progressively
decreasing the interval between 2 closely spaced
stimuli resulted in an increased internodal conduc-
tion time for the second stimulus until conduction
became blocked; the interstimulus interval at
which this occurred was defined as the refractory
period. This was increased from a normal value of
about 1.0 ms to values ranging from 1.8 to 4.3 ms
in demyelinated axons.

In single axons that were slightly demyelinated
due to EAN, decreased nodal peak sodium cur-
rents are associated with increased membrane
capacitance, suggesting dispersion of Na1 channels
after myelin loosening (Fig. 4).44 Another study in
EAN showed that, prior to the appearance of clini-
cal deficits and demyelination, immunostaining of
nodal Na1 channel clusters in spinal roots became
weaker, and Na1 channel labeling became diffused
into the paranodal membrane; whole nerve record-
ings showed signs of conduction block, warm
block, and slowing.47 Thereafter Na1 channel
staining became undetectable, indicating that <50
channels/lm2 were present; this was associated
with severe clinical signs and myelin damage vary-

ing from paranodal to total segmental demyelin-
ation. Computer simulations could explain the
electrophysiological findings by diffusion of Na1

channel clusters combined with loss of paranodal
seals between axon and Schwann cell.47

In EAN induced by whole peripheral nerve
myelin, the density of the nodal adhesion mole-
cules gliomedin and neurofascin became dimin-
ished, and autoantibodies to these molecules were
found in the earliest stage.38 This was followed by
paranodal retraction leading to widened nodes,
demyelination, disruption of nodal Na1 channel
and Kv7.2 channel clusters, and mislocalization of
juxtaparanodal Kv1.2 channels to the paranode
and node (Figs. 4 and 5). Nodal complement dep-
ositions were not detected. Clinical signs started
when the adhesion molecules disappeared, and
their severity correlated with the number of dis-
rupted nodes. Whole nerve recordings showed
conduction block, slowing, and an increased
refractory period. Signs of conduction block dimin-
ished after application of the Kv1 channel blocker
4-aminopyridine, but not after a Kv7.2 channel
blocker, suggesting that exposure of juxtaparano-
dal Kv1 channels contributed to the block. Thus,
the nodal abnormalities in EAN induced by
peripheral nerve myelin may cause a conduction
deficit on top of that caused by paranodal demye-
lination, because the action current is impaired by
disruption of Na1 channel clusters. The remaining
action current is counteracted by Kv1 channels
that are mislocalized at the node.

Restoration of Conduction. Restoration of conduc-
tion after demyelination may occur by diffuse
expression of Na1 channels on the denuded inter-
node, formation of new Na1 channel clusters, and
remyelination.

External longitudinal current recording has
shown continuous conduction along totally demye-
linated axons 4–6 days after demyelination by
diphtheria toxin, suggesting that conduction was
restored by a diffuse increase in Na1 channel den-
sity on the internodal membrane (Fig. 5).48 Inter-
nodal foci of increased inward current were also
observed, suggesting clustering of Na1 channels.
These results were supported by the finding of an
increased density of particles on freeze fracture
electron microscopy (likely representing Na1 chan-
nels) and increased Na1 channel immunoreactivity
on demyelinated internodal membranes.43 The
increased expression of voltage-gated Na1 chan-
nels along denuded internodes may, however, be
unfavorable for axon survival (see Axonal Degener-
ation subsection).

After chemical demyelination, external longitu-
dinal current recordings show foci of inward

Demyelinating Neuropathies MUSCLE & NERVE December 2013 859



current (phi-nodes) separated by 100–200 lm.
Because this is the shortened internodal distance
after remyelination, phi-nodes may represent small
Na1 channel clusters out of which nodes will
develop later.49 During recovery in EAN, broad
Na1 channel aggregates appear adjacent to the
edges of remyelinating Schwann cells (Fig. 5).47

When these move laterally, the Na1 channel clus-
ters fuse to form new nodes with shortened inter-
nodal distance; the latter is associated with clinical
recovery.

Restoration of CMAPs evoked proximal to the
lesion was associated with appearance of small
numbers of axons encircled with 2–8 turns of mye-
lin lamellae (8–20% of normal).40 When myelin
thickness was one-third of normal, maximal con-
duction velocity became normal, which indicates
that even moderate demyelination may go unde-
tected by NCS.

Effects of Anti-Ganglioside Antibodies. The finding
of antibodies against gangliosides in several
immune-mediated neuropathies prompted
research into pathological mechanisms affecting
the complicated fine structures at and around the
node where gangliosides are mainly located. Gan-
gliosides are glycolipids consisting of a lipid cer-
amide component located in the bilipid
membrane and an extracellular sugar portion to
which 0, 1, or more sialic acid residues may be
attached. High-resolution light and electron
microscopy of teased fibers from rat spinal roots
and sciatic nerves has shown gangliosides on the
following structures: GM1 on nodal axolemma,
paranodal axolemma, abaxonal Schwann cell mem-
brane, and Schwann cell microvilli; GT1b on nodal
axolemma, internodal axolemma, and abaxonal
Schwann cell membrane; and GD1a on nodes and
abaxonal Schwann cell membrane.50,51 The
amount of gangliosides GM1, GD1a, and GD1b in
human roots was greater in axons than in myelin
in 1 study,52 but greater in myelin in another
study.53

Early animal studies suggested that anti-GM1
antibodies may bind to Na1 channels, resulting in
blocking of nodal Na1 currents. Injection of anti-
GM1 serum from a patient with MMN into rat sci-
atic nerve induced conduction block and increased
temporal dispersion on motor NCS and nodal
immunoglobulin deposits on immunopathological
studies; however, demyelination was observed in
only 6.5% of axons.54 Because the amount of
CMAP reduction on proximal versus distal stimula-
tion was considerable and the percentage of
demyelinated axons small, the block was possibly
not caused by demyelination but by binding of
GM1 antibodies to nodes of Ranvier. Voltage

clamping of rat myelinated single axons showed
that application of high-concentration anti-GM1
antisera without complement had little effect on
Na1 currents but increased delayed fast outward
K1 currents elicited by depolarization. Anti-GM1
antibodies plus active complement, however,
caused both suppression of Na1 current and
increase of K1 and non-specific leakage currents.55

The effects on K1 currents were consistent with
exposure of K1 channels due to juxtaparanodal
demyelination. In neuron-like cells, application of
IgG anti-GM1 raised in rabbits caused a reversible,
substantial voltage-independent reduction in Na1

currents, but only in high concentrations and in
the presence of complement.56 Complement
alone, or complement and anti-GM2 or anti-GM4,
had no effect. It was suggested that both GM1 and
the Na1 channel protein contain sialic acid resi-
dues so that anti-GM1 with complement may
impair nodal Na1 channel function, leading to
blocking of impulse propagation.57

Later studies, however, did not support the pos-
sibility of immune attacks on the Na1 channel pro-
tein itself. External longitudinal current recordings
along single motor axons of intact rat ventral roots
incubated with high-titer anti-GM1-sera obtained
from patients with AMAN or MMN showed block-
ing in only 2% of fibers. In these fibers the current
patterns at the site of block resemble those of a
typical demyelinative block, characterized by
intense passive outward currents; the current pat-
terns did not resemble those induced by the Na1

channel blocker tetrodotoxin.58 Also, application
of sera from 10 patients with AIDP to rat sciatic
nerve induced conduction block in only 2 of the
10.59 Up to 6 hours of incubation of desheathed
sciatic nerve with anti-GM1 (IgM or IgG) or anti
GQ1b (IgG) and complement resulted in nodal
antibody depositions, but not in conduction block
on whole nerve recordings.60 Finally, the GM1 moi-
ety Gal(b1–3)GalNAc was found on human axo-
lemma, but was not obligatory colocalized with
voltage-gated Na1 or K1 channels.50 These find-
ings suggest that anti-GM1 in the presence of com-
plement may cause demyelination or secondary
reduction in Na1 currents by damage to the axo-
lemma in which the Na1 channels are embedded,
but it is unlikely to be directed against the Na1

channel protein itself.
Damage to nodal structures of axons in roots

was observed in rabbits where AMAN was induced
by subcutaneous injection of GM1 ganglioside.61

The acute phase showed disruption of several mol-
ecules, including nodal Na1 channel clusters, bIV
spectrin in the axonal cytoskeleton, and axoglial
junction molecules involved in stabilizing ion-
channel clusters, such as moesin in Schwann cell
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microvilli and Caspr at paranodes. The severity of
these abnormalities was associated with extension
of membrane attack complex and complement
deposits at the paranode. These features occurred
more frequently in nodes of motor rather than
sensory roots.62 Recovery was associated with reap-
pearance of Na1 channel clusters on each side of
the former nodal area. These binary clusters fused
during subsequent recovery (Fig. 5). Because axo-
nal degeneration was mild, it is conceivable that
the clinical signs were caused by conduction block
arising from Na1 channel disruption and associ-
ated reduced nodal Na1 current density. Contrary
to EAN, nodal disruption in AMAN rabbits was
complement-dependent, as intravenous administra-
tion of a complement inhibitor decreased the
number of nodes with Na1 channel disruption
and complement deposits.63

Injection of IgG anti-GD1a or GT1b antibodies
into rat sciatic nerve induced nodal IgG deposits,
nodal complement deposits, and disruption of
nodal or paranodal structures.62 Cholinacetyltrans-
ferase (ChAT) staining, which is used to distin-
guish motor from sensory axons, showed that each
of these features occurred more often in motor
than in sensory nodes. The disruption was charac-
terized by damage to nodal bIV spectrin, widening
of the nodal gap, or disappearance of paranodal
Caspr clusters. Serial motor conduction studies of
the sciatic nerve revealed a temporary decrease in
the amplitude of the proximally evoked CMAP
with preserved distally evoked CMAPs. Because this
was not accompanied by conduction slowing or
temporal dispersion, it may have reflected conduc-
tion block due to nodal dysfunction and not demy-
elination. On the other hand, injection of IgG
anti-GD1b antibodies caused nodal disruption, and
complement deposits that were found more often
in sensory than in motor nodes. Furthermore, in
an acute sensory axonal neuropathy-like rabbit
model induced by immunization with GD1b, nodes
and paranodes showed disruption of Caspr and
Na1 channel clusters together with membrane
attack complex (MAC) deposits, and the disrup-
tion was more frequent in dorsal than ventral
roots.62 These findings indicate that: (i) nodal and
paranodal disruption is a common mechanism in
animal models of axonal GBS subtypes; (ii) anti-
bodies to GM1, GD1a, and GT1b affect motor
axons predominantly and sensory axons to a lesser
degree; and (iii) antibodies to GD1b affect sensory
axons predominantly and motor axons to a lesser
degree.

The most distal part of axon branches at the
neuromuscular synapse can also be affected by
anti-ganglioside antibodies.64 Exposure of neuro-
muscular synapses in ex vivo mouse diaphragms to

anti-GQ1b antibodies showed antibody binding to
neuromuscular synapses and profound electrophys-
iological effects consisting of a considerable rise in
miniature endplate potential frequency during
tens of minutes and blocking of neuromuscular
transmission. These effects were complement-
dependent, and the blocking was probably the
result of structural damage to axon terminals due
to MAC formation and Ca11-mediated degenera-
tion. Subsequent studies showed that antibodies to
gangliosides GD3, GD1a, GM1, and GD1b elicited
similar or partly similar effects, suggesting that
some symptoms in AMAN may be caused by neuro-
muscular synapse pathology. Antibodies to GQ1b,
GM1, and GD1a also inhibited evoked acetylcho-
line release that was not complement-dependent.65

Whether or not anti-ganglioside antibodies are
pathogenic was shown to be dependent on accessi-
bility and density of the antigenic gangliosides and
on endocytic processing of antibodies.64,66

AxonalDegenerationinDemyelinatingNeuropathies. Axonal
degeneration in demyelinating neuropathies may
cause permanent and severe clinical deficits.
Unfortunately, its mechanisms in peripheral neuro-
pathies are not well understood.14 Nevertheless,
animal studies have revealed several putative
mechanisms.

Direct injury of the nodal axolemma with sub-
sequent axonal degeneration was suggested by the
finding of nodal IgG deposition, complement acti-
vation, and MAC in AMAN rabbits and nodal IgG
and complement deposits in fatal human
AMAN.61,67,68 MAC causes 5-nm-wide pores in the
axolemma that allow water and ions, including
massive amounts of Ca11, to enter the axon. High
Ca11 concentrations activate the calpain pathway,
causing proteolytic cleavage of neurofilaments and
the intra-axonally located inactivation-gate of Na1

channels so that inactivation fails, although activa-
tion is still possible.69 Ex vivo incubation of mouse
intramuscular desheathed distal myelinated motor
axon bundles with anti-GD1a antibodies and com-
plement resulted in nodal complement deposits,
nodal MAC formation, loss of nodal Nav1.6,
ankyrin-G, and neurofascin, and loss of paranodal
Caspr; juxtaparanodal Kv1.1 staining remained
unaffected.70 Loss of Nav staining started between
15 and 30 minutes after addition of complement.
Perineural electrophysiological recording (a vari-
ant of external longitudinal current recording)
showed loss of inward Na1 currents and outward
K1 currents. The pathological abnormalities were
prevented by adding complement or calpain inhib-
itors. Therefore, the damage to nodal proteins was
likely caused by a sequence of antibodies, comple-
ment activation, MAC formation, Ca11 entry, and
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Ca11-mediated Na1 channel damage. Electrophysi-
ological dysfunction was prevented by complement
inhibition but not by calpain inhibition. Despite
prevention of Na1 channel damage by calpain
inhibitors, MAC formation probably still occurred
and caused loss of ionic concentration gradients
and inability to generate action potentials.

Inflammatory cells in demyelinating lesions
produce nitric oxide (NO), a free radical and
inflammatory mediator that may induce energy
depletion of Na1/K1-ATPase by inhibiting mito-
chondrial respiration. In vitro studies have shown
that, when rat dorsal root axons were exposed to
NO and stimulated at 100 HZ, CAPs on whole
nerve recording permanently disappeared, even
after removal of NO.71 CAP disappearance was pre-
vented by adding Na1 channel blockers to the
medium. Pathological examination showed that
administration of NO in vivo caused axonal degen-
eration that could be prevented by adding Na1

channel blockers or Na1/Ca11 exchanger block-
ers. These results suggest that Na1 influx (induced
by repetitive firing and permanent depolarization
due to Na1/K1-ATPase failure) and activity of the
Na1/Ca11 exchanger are key factors in the devel-
opment of axonal degeneration. The continued
Na1 influx despite long-standing depolarization
suggests opening of persistent Na1 channels,
which, contrary to transient Na1 channels, do not
inactivate during long-standing depolarization.
Therefore, NO-induced axonal degeneration may
initiate a cascade, which has been observed in
anoxia of the rat optic nerve. This cascade starts
with Na1/K1-ATPase failure due to energy deple-
tion. Pump failure results in axoplasmic Na1 accu-
mulation and depolarization. Depolarization
activates nodal persistent Na1 channels, yielding
additional Na1 accumulation and depolarization.
Furthermore, the Na1 accumulation induces
reverse operation of the axolemmal Na1/Ca11

exchanger so that the excess Na1 is removed in
exchange for Ca11. The resulting axoplasmic
Ca11 accumulation will induce Ca11-mediated
axonal degeneration.72

Ca11-mediated axonal degeneration may also
be the result of Ca11 release from intra-axonal
stores in the axoplasmic reticulum or mitochon-
dria.6 Activation of axolemmal glutamate receptors
induces opening of ryanodine or IP3 receptors on
the axoplasmic reticulum by several mechanisms
so that Ca11 ions are released into the axon.
Ca11 release from mitochondria may be induced
by intra-axonal Na1 accumulation and reversal of
the mitochondrial Na1/Ca11 exchanger.

Axonal survival may be at risk if remyelination
does not occur and impulse propagation is
restored by increased expression of Na1 channels

along the entire denuded part of the axon.40,73

The resulting continuous conduction may result in
abnormally large intra-axonal Na1 accumulation
and Ca11-mediated axonal degeneration as
described earlier.

Increased packing density of axonal neurofila-
ments, as found in anti-MAG neuropathy, may
result in impaired axonal transport leading to axo-
nal degeneration, which is further described in the
second article of this review.37 Myelinating
Schwann cells were shown to transfer polyribo-
somes with mRNA to the underlying part of the
axon.74 This raises the possibility that at least some
axonal proteins are synthesized locally instead of
being transported from the soma by axonal trans-
port. Impairment of this mechanism due to demye-
lination may therefore contribute to axonal
degeneration.

Altered Expression of Na1 Channel Subtypes. Changes
in expression of ion channel subtypes in demyeli-
nated axons have been found in animal studies
and pathological studies in multiple sclerosis
patients and are likely to contribute to axonal dys-
function and axonal degeneration in immune-
mediated neuropathies as well. In axons that were
denuded due to complete demyelination, Na1

channel expression was upregulated, resulting in
facilitation of continuous conduction. Upregula-
tion of the normal subtype Nav1.6 was associated
with axonal degeneration, but that of subtype
Nav1.2 was not.75 This is because, contrary to
Nav1.2, Nav1.6 produces a large persistent Na1

influx that may induce Ca11-mediated axonal
degeneration. In another animal study, upregula-
tion of Nav1.3 and Nav1.7 expression in dorsal
root ganglia neurons was found in a model of
inflammatory pain. Gating properties of these sub-
types will result in a hyperexcitable state that
causes spontaneous generation of action potentials
and thus may contribute to pain in inflamma-
tion.76 Altered Na1 channel subtype expression
has not been investigated, to our knowledge, in
human immune-mediated neuropathies but investi-
gations in hereditary neuropathies have shown that
human peripheral neurons are capable of express-
ing subtypes other than Nav1.6.77
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