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OLECULAR DISRUPTIONS OF THE PANGLIAL SYNCYTIUM BLOCK
OTASSIUM SIPHONING AND AXONAL SALTATORY CONDUCTION:
ERTINENCE TO NEUROMYELITIS OPTICA AND OTHER

EMYELINATING DISEASES OF THE CENTRAL NERVOUS SYSTEM
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bstract—The panglial syncytium maintains ionic conditions re-
uired for normal neuronal electrical activity in the central nervous
ystem (CNS). Vital among these homeostatic functions is “potas-
ium siphoning,” a process originally proposed to explain astro-
ytic sequestration and long-distance disposal of K� released
rom unmyelinated axons during each action potential. Funda-

entally different, more efficient processes are required in myelin-
ted axons, where axonal K� efflux occurs exclusively beneath
nd enclosed within the myelin sheath, precluding direct seques-
ration of K� by nearby astrocytes. Molecular mechanisms for
ntry of excess K� and obligatorily-associated osmotic water from
xons into innermost myelin are not well characterized, whereas at
he output end, axonally-derived K� and associated osmotic water
re known to be expelled by Kir4.1 and aquaporin-4 channels
oncentrated in astrocyte endfeet that surround capillaries and
hat form the glia limitans. Between myelin (input end) and astro-
yte endfeet (output end) is a vast network of astrocyte “interme-
iaries” that are strongly inter-linked, including with myelin, by
bundant gap junctions that disperse excess K� and water
hroughout the panglial syncytium, thereby greatly reducing K�-
nduced osmotic swelling of myelin. Here, I review original reports
hat established the concept of potassium siphoning in unmyeli-
ated CNS axons, summarize recent revolutions in our under-
tanding of K� efflux during axonal saltatory conduction, then
escribe additional components required by myelinated axons for
newly-described process of voltage-augmented “dynamic” po-

assium siphoning. If any of several molecular components of the
anglial syncytium are compromised, K� siphoning is blocked,
yelin is destroyed, and axonal saltatory conduction ceases.
hus, a common thread linking several CNS demyelinating dis-
ases is the disruption of potassium siphoning/water transport
ithin the panglial syncytium. Continued progress in molecular

dentification and subcellular mapping of glial ion and water chan-
els will lead to a better understanding of demyelinating diseases
f the CNS and to development of improved treatment regimens.
2010 IBRO. Published by Elsevier Ltd. All rights reserved.
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ur lives depend on high-velocity, high-frequency propa-
ation of axonal action potentials over long distances
ithin the central nervous system (CNS) and peripheral
ervous system (PNS). Local anesthetics, many neurotox-

ns, and diverse neurological diseases directly interfere
ith the molecules that underlie either neuronal synaptic

ransmission or axonal action potential propagation. How-
ver, recent studies have revealed that a wide variety of
evastating neurological diseases result from genetic or
utoimmune disruption of the intricate glial pathways that
re specialized to support neuronal activity, particularly

hose glial mechanisms that provide for long-distance po-
assium siphoning and for transport and release of oblig-
torily-associated osmotic water.

This review describes an emerging model for under-
tanding several demyelinating diseases of the CNS that
erive from destruction of diverse molecular components
f the panglial syncytium, but that are characterized by
ommon features of blocked saltatory conduction associ-
ted with demyelination and the formation of sclerotic
laques. I first describe the cells of the panglial syncytium,
hen review the revolution that is occurring in our under-
tanding of saltatory conduction, only recently recognized
o be based on the spatial separation of ion pathways for
odium versus potassium. With axonal sodium conduc-
ance localized to nodes of Ranvier, but potassium con-
uctance now recognized to occur primarily enclosed
ithin and isolated by the paranodal and internodal myelin

ayers (Brophy, 2001, 2003; Rasband, 2004; Rasband and
hrager, 2000) (detailed in Sections IV–VI), concepts of

he pathways for sequestration and intercellular transport
f axonally-derived K� and obligatorily-associated osmotic
ater must be fundamentally revised. Therefore, I also

eview recently-discovered molecular sites of action of
everal genetic and autoimmune diseases that alter or
estroy K� siphoning and associated co-transport of os-
otic water, and as a consequence, disrupt saltatory con-
uction/axon signaling. Although each disease disrupts a

ifferent and discrete molecular locus in the panglial syn-
ytium, all are characterized by reduced or blocked salta-
ory conduction caused by K�-induced osmotic swelling of
yelin, widespread segmental demyelination, and ulti-
ately the formation of sclerotic plaques that typify many
NS demyelinating diseases, including specifically neuro-
yelitis optica (Wingerchuk et al., 2007) (NMO; also called

optico-spinal” or “Asian” multiple sclerosis [Asian MS]).
Finally, I present a new model of myelin disruption in

MO that is based on the recently-established immuno-
ogical destruction of aquaporin-4 (AQP4) water channels
t astrocyte endfeet, but whose cytotoxic effect is manifest
t a distance as osmotic swelling and destruction of CNS
yelin. The mechanism for producing this effect on myelin
as not immediately apparent because myelin in the CNS

s formed by oligodendrocytes and not the astrocytes that
re the immediate target of immune destruction in NMO. I
ropose that with normal water efflux at astrocyte endfeet
isrupted, excess water and K� are back-propagated
hrough gap junctions between astrocytes and oligoden-
rocytes, as well as between successive, gap-junctionally-
oupled myelin layers, causing oligodendrocyte myelin to
ecome edematous, then sclerotic. Based on accumulat-

ng experimental and immunocytochemical data, the need
s now clear to test new treatment approaches for NMO
hat minimize the excessive K�/osmotic load that leads to
econdary demyelination, and by blocking further damage,
otentially to allow normal homeostatic mechanisms to
epair damaged myelin. Moreover, with further damage to
yelin blocked by suppression of the AQP4 immune re-

ponse and by the use of “potassium-sparing” drugs,
romising stem cell and other oligodendrocyte replacement

echnologies may then facilitate remyelination (Akiyama et
l., 2002; Wu et al., 2009), thereby further restoring the
apacity for saltatory conduction that is essential for nor-
al CNS activity.

I. CELLS OF THE PANGLIAL SYNCYTIUM;
WHO IS COUPLED TO WHOM?

he panglial syncytium (Fig. 1) is a vast network of inter-
onnected glial cells, comprised of all three types of mac-
oglial cells—astrocytes, oligodendrocytes, and ependy-
ocytes—all of which are extensively inter-linked by gap

unctions, with the highly-interconnected astrocytes serv-
ng as universal “intermediaries” (Mugnaini, 1986). The
anglial syncytium pervades the CNS, where it provides
idespread metabolic and osmotic support for neuronal
omata, but it is particularly specialized for the ionic and
smotic homeostatic regulation of myelinated axons in
hite matter tracts.

The panglial syncytium consists of:

1). Ependymocytes (Fig. 1, light blue), the ciliated cells
that line the brain ventricles and spinal canal.
Ependymocytes contact cerebrospinal fluid and,
thus, are potential sources and sinks for excess glial
K� and H2O. Ependymocytes are extensively linked
to other ependymocytes by abundant homologous

E:E gap junctions (Brightman and Reese, 1969; Bus-
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hong et al., 2002; Landis, 1981; Mugnaini, 1986;
Rash et al., 1997).

2). Astrocytes (Fig. 1, dark blue), the most abundant cell
of the CNS, are extensively coupled to other astro-
cytes (A:A) throughout the brain, optic nerve, and
spinal cord via thousands of gap junctions per astro-
cyte (Brightman and Reese, 1969; Bushong et al.,
2002; Landis, 1981; Mugnaini, 1986), forming a
“functional syncytium” (Mugnaini, 1986). Astrocytes
are also extensively coupled to ependymocytes by
heterologous A:E gap junctions (Mugnaini, 1986;
Rash et al., 1997).

3). Oligodendrocytes (Fig. 1, green), the myelin forming
cells of the CNS, are also extensively coupled to
astrocytes (O:A), forming heterologous gap junctions
on the outer surface of myelin, on everted paranodal
loops (Li et al., 2004), on oligodendrocyte somata,
and on the “oligodendrite” processes that link each
oligodendrocyte soma to as many as 20–60 different
myelin segments (Matthews and Duncan, 1971; Pe-

ig. 1. Cells of the panglial syncytium (astrocytes, A, dark blu
elationships to neurons (N, red), capillaries (maroon), and the glia li
hat couple oligodendrocyte somata, their “oligodendrite” processes,
nd that form the glia limitans, where excess K� (red arrows) and o
he bathing cerebrospinal fluid. For interpretation of the references t
rticle.
ters et al., 1991). Initially, adjacent oligodendrocytes
were also reported to be dye- or tracer-coupled (Pas-
tor et al., 1998), originally thought to imply the exis-
tence of homologous O:O gap junctions. However,
ultrastructural analysis revealed that gap junctions do
not directly link adjacent oligodendrocytes (Kama-
sawa et al., 2005; Mugnaini, 1986; Rash et al., 1997,
2001b). Instead, interposed astrocyte processes form
concatenated gap junctions between closely adjacent
oligodendrocytes (Butt and Ransom, 1989; Ketten-
mann and Ransom, 1988) (Fig. 1, center), potentially
providing a secondary pathway for aqueous, ionic,
and tracer coupling of nearby oligodendrocytes. More
important, abundant O:A gap junctions directly link
oligodendrocytes and their myelin sheaths to sur-
rounding astrocytes, thereby strongly linking them
into the broader panglial syncytium (Mugnaini, 1986;
Rash et al., 1997). Consequently, multiple seg-
ments of myelin (and their inter-connecting oligo-
dendritic processes and somata) represent “tribu-
taries” that converge on and feed excess K� and

endrocytes, O, green; ependymocytes, E, light blue) and their
inked by abundant gap junctions, astrocytes act as “intermediaries”
r myelin segments to the astrocyte endfeet that surround capillaries
ater (blue arrows) are released into the circulatory system or into
this figure legend, the reader is referred to the Web version of this
e; oligod
mitans. L
and thei
smotic w
osmotic water directly into the astrocyte syncytium,



f
g
p
K
n
v
r
F
u
S
a
a
c
p
t
i

I
r
d
i
n
c
fi
W
o
c
t
R
1
[
a
a
v
n
t
a
a
n
a
c
u
a
u
s
l
p
a

I
u
(
c
d
n
q
t
c
o
t
t
a
t
a
2
K
i
p
t
d
t
a
e
d
d
t
a
H
i
i
t
t
a
i
t
(

A
a

T
(
i
f
w
c
c
a
c
i
n
p
l

J. E. Rash / Neuroscience 168 (2010) 982–1008 985
thereby forming the osmotic and ionic “headwaters”
of the panglial syncytium, with ultimate down-
stream release of K� and water via astrocyte end-
feet at capillaries and the glia limitans.

In contrast, each segment of myelin in the PNS is
ormed by a separate Schwann cell. These cells are not
ap junctionally-linked to other cells, and thus, do not
ossess an analogous conduit system for long-distance
� siphoning. Moreover, because peripheral nerves are
ot confined within the rigid encasement of the cranium or
ertebral canal, cellular edema, myelin swelling, and scle-
osis do not cause local compression of neuronal somata.
inally, even when damaged by sclerosis, PNS axons,
nlike CNS axons, are able to regenerate, and the residual
chwann cells are able to remyelinate regenerating axons,
s occurs during Wallerian degeneration and succeeding
xon regeneration. Therefore, in this review, I have ex-
luded discussion of mechanisms for the short-range dis-
ersal of K� and water that occurs in the Schwann cells of
he PNS, or of mechanisms leading to myelin degeneration
n the PNS.

II. POTASSIUM HOMEOSTASIS IN THE
CNS: MAINTENANCE OF LOW EXTERNAL

POTASSIUM ION CONCENTRATION
(LOW [K�]O) REQUIRED FOR NORMAL

NEURONAL ACTIVITY

n the CNS, extracellular K� concentration ([K�]O) is tightly
egulated to ca. 2 or 3 mM, with normal axonal activity
isrupted by even small increases in [K�]O. For example,

ncreasing [K�]O to 4 or 5 mM [i.e., to ca. 3–4% of the
ormal 135 mM intracellular K� concentration ([K�]I)]
auses axonal depolarization and results in repetitive axon
ring (Kofuji and Newman, 2004; Wallraff et al., 2006).
hen [K�]O is raised slightly further, to ca. 6 mM (i.e., to

nly 4% of [K�]I), axonal conduction is blocked due to
ontinuous inactivation of the voltage-gated Na� channels
hat are concentrated at the axon hillock and nodes of
anvier (Hille, 1992; Hodgkin, 1951; Hodgkin and Huxley,
952). Recent evidence suggests that to maintain low
K�]O near these electrically-excitable portions of myelin-
ted axons, particularly in large bundles of myelinated
xons in the brain, spinal cord and optic nerve, higher
ertebrates have evolved an efficient, highly-intercon-
ected internal conduit system (i.e., the panglial syncy-
ium) that functions to: (a) sequester axonally-derived K�

nd its associated osmotic water, (b) transport both K�

nd water over long distances, away from the K�-sensitive
odes of Ranvier, and (c) dispose of this excess K� and
ccompanying osmotic water across astrocyte endfeet into
apillaries or into the subpial space. Based on these new
nderstandings of the role of the panglial syncytium in ionic
nd osmotic homeostasis, it is now possible to begin to
nderstand how local release of K� during normal axonal
altatory conduction, restricted to the juxtaparanodal axo-
emma (described in Section V), must be efficiently trans-
orted away to prevent localized myelin swelling, necrosis,

nd sclerosis. r
III. POTASSIUM SIPHONING: DISCOVERY AND
INITIAL CHARACTERIZATION

n their pioneering 1966 study, Orkand et al. (1966).
sed a dissected optic nerve preparation from Necturus
a cold-blooded animal, which allowed multi-hour re-
ording from its dissected axons) to document long-
istance movement of K� immediately following each
erve stimulation. They showed that following low-fre-
uency (0.5 Hz) stimulation of axons in the retinal end of

he cut optic nerve, each compound action potential
aused a 1–2 mV depolarization (Fig. 2A, small arrow)
f astrocytes at the opposite end of the nerve bundle, up

o several millimeters distant from the stimulating elec-
rode (i.e., several times the distance spanned by one
strocyte). At higher stimulation frequencies (�5 Hz),

he K� potentials in those distant astrocytes fused and
pproached a plateau of �17 mV depolarization (Fig.
A, large arrow). Thus, they suggested that the excess
� released during axonal activity entered and depolar-

zed nearby astrocytes, whereupon it was rapidly trans-
orted away by an unknown mechanism, which never-

heless, caused the recorded strong depolarizations of
istant astrocytes. (Neither gap junctions nor direct as-

rocyte coupling were known at that time.) Because the
xons of Necturus optic nerve are unmyelinated, K�

fflux from unmyelinated axons necessarily occurred
irectly into the peri-axonal extracellular space. Thus,
epolarization of distant astrocytes implied that much of

he axonally-released K� was absorbed directly into the
bundant astrocyte processes that surround each axon.
owever, because K� efflux in myelinated axons occurs

n a protected compartment beneath myelin (Section VI),
t now appears inappropriate for others to have applied
he Orkand model of K� siphoning/“K� spatial buffering”
o myelinated axons. Consequently, this review presents

significantly revised model for K� siphoning that also
ncorporates the unique K� conductance properties of
he myelinated axons in the CNS of higher vertebrates
Section XV).

strocyte K� “leak” conductance is concentrated in
strocyte endfeet

wo decades after the pioneering studies of Orkand et al.
1966), Newman (1986) and Newman et al. (1984) used
ntracellular recordings from the somata of astrocytes
reshly dissociated from Necturus optic nerve, combined
ith focal iontophoresis of K�, to show that K� “leak”
onductances were highest in the astrocyte endfoot pro-
esses (Fig. 2B, traces a, b, g, h) but were minimal at the
strocyte soma and its proximal processes (Fig. 2B, traces
-f). These localized differences in K� leak conductances
mplied that astrocyte somata had very few K� leak chan-
els, but that their distal endfoot processes had densely
acked K� leak channels. The molecular basis for this

ocalization of K� leak conductance to astrocyte endfeet

emained unknown for another decade.
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� efflux during saltatory conduction incorrectly
ocalized to nodes of Ranvier

ntil very recently, it was widely believed that during saltatory
onduction, both Na� and K� conductances occurred inter-
ixed within the nodal plasma membranes at nodes of Ran-

ig. 2. Evolution of concepts of K� movement associated with astroc
strocytes following stimulation of the distal end of unmyelinated axon
epolarization (small arrow). At �5 Hz, cumulative depolarizations re
rkand et al. (1966); with permission). (B) Focal application of high [
ndfeet (traces a, b, g, h) but as weak depolarizations of its soma and
ypical textbook diagram indicating inward Na� current at nodes of R
anvier (from Purves et al. (2001); with permission). (D) Association o
aranodal surface of the axon (pPN in D2). Arrowheads point to astro
2) [from Waxman and Black (1984); with permission]. (E) Ultrasharp
ach axonal action potential and following trains of action potentials. E
everal mV, with trains of action potentials raising the recorded voltage

ncreases in K� were obtained by K� iontophoresis (from David et al.
ier in both CNS and PNS axons (Fig. 2C; from Purves et al., b
001), but with K� conductance occurring ca. 1 ms after Na�

onductance (i.e., “temporal separation” rather than “spatial
eparation” of conductances; Fig. 2C, bottom left). Conse-
uently, virtually all physiology textbooks and many experi-
ental studies continue to account for saltatory conduction

nmyelinated versus myelinated axons. (A) Depolarizations of distant
mander optic nerve. At 0.5 Hz, each depolarization causes a 0.5 mV
17 mV (large arrow), the approximate reversal potential of K� (from
detected as strong depolarizations (up to �15 mV) of the astrocyte

l processes (traces c–f) (from (Newman (1986) with permission). (C)
p), followed 1 mSec later by outward K� current at the same node of
es (eA2 in D1, and eA in D2) with nodes of Ranvier (pN) and with the
igodendrocyte gap junctions on outer surface of myelin (D1, left side;
es measured depolarizations of the “peri-internodal space” following
al action potential raised the potential of the peri-internodal space by
V. (Estimated [K�]P is as calibrated against bar at upper left.) Similar
ith permission).
ytes at u
s in sala
ach ca.

K�]O was
proxima

anvier (to
f astrocyt
cyte-to-ol

electrod
ach axon
to �75 m
(1993); w
ased on this incorrect model.
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strocytes near nodes do not sequester K� from the
odal extracellular space

ne major erroneous assumption regarding potential K�

iphoning in myelinated axons of the CNS was that astro-
yte processes near nodes of Ranvier effectively seques-
er the K� that was presumed to be released into the nodal
xtracellular space, similar to that proposed for the unmy-
linated axons of Necturus optic nerve. This presumption
ppeared to be supported by early freeze-fracture electron
icrographs of myelinated axons in higher vertebrates

Fig. 2D, from Waxman and Black, 1984], which showed
strocyte processes in close proximity to nodes of Ranvier
eA2 in Fig. 2D1; eA in Fig. 2D2). This close anatomical
elationship was widely assumed to allow potassium si-
honing directly into astrocytes near myelinated axons,
imilar to that found in Necturus optic nerve. However, this
odel of saltatory conduction and K� siphoning had a
ajor flaw: during repetitive saltatory conduction, there
as no detectable increase in external K� at or near nodes
f Ranvier (Chiu and Ritchie, 1980). That observation
trongly contradicted previous models because it sug-
ested: (a) that there were no voltage-gated K� channels
Kv1 channels) within the nodes of Ranvier through which
� conductance could occur; and therefore, (b) that K�

eleased during saltatory conduction could not enter
nodal” astrocytes. Several lines of evidence (Chiu and
itchie, 1980; Sherratt et al., 1980) quickly revealed that,

ollowing pathological detachment of the paranodal loops
f myelin from the nodal plasma membrane, either: (a) by
nzymatic or by lysolecithin digestion, (b) in demyelinating
iabetic neuropathy, or (c) following exposure of axons to
iphtheria toxin, axonal K� efflux became directly detectable

or the first time near nodes of Ranvier. Those results pro-
ided an important clue that K� efflux during normal saltatory
onduction does not occur at nodes of Ranvier, but rather,
ccurs in the internodal region, under the myelin sheath,
here axonal K� conductance is normally isolated from the

ecording electrodes by paranodal axo-glial septate junctions
nd by the high-resistance interlammelar myelin tight junc-
ions (Bhat et al., 2001; Rios et al., 2003). Unfortunately, the
ignificance of this observation regarding K� conductance in
he internodal region (Chiu and Ritchie, 1980; Sherratt et al.,
980) remained unrecognized for almost another decade.

irectionality of potassium siphoning/potassium
patial buffering

he directionality of K� and water flow has been inferred
rom two primary observations:

1). The distal (output) end of the syncytial pathway is
formed by specialized astrocyte endfoot processes
that release copious amounts of neuronally-derived
K� and associated osmotic water, either into the
peri-capillary space of blood vessels that perfuse the
parenchyma of the brain and spinal cord (Fig. 1,
paired blue and red arrows) or into the subpial space
that surrounds the brain and spinal cord (Nagelhus et
al., 1999, 2004, 1998; Nielsen et al., 1997; Rash et

al., 1998) (Fig. 1, right side). i
2). K� derived from axons during saltatory conduction is
first detected in innermost myelin (David et al., 1992,
1993) (Section IV). However, structural pathways for
K� and water entry into the panglial syncytium are
not well characterized at the molecular level. Thus,
the precise molecular pathways for entry of K� and
water into the panglial syncytium are now under in-
tense scrutiny.

IV. EMERGING ROLE OF MYELIN IN
K� SIPHONING

he development and use of ultra-sharp electrodes (David
t al., 1992, 1993) to penetrate and measure electrical
otential in successively deeper myelin layers (Fig. 2E)
rovided new insights into the physiology of saltatory con-
uction. David et al. (1993) showed that following each
ction potential, the innermost “peri-internodal compart-
ent” depolarized to as high as �75 mV following high-

requency axonal stimulation. This was a major surprise
ecause no existing model could account for a positive
lectrical potential of this magnitude, either intracellularly
ithin myelin or extracellularly between the myelin inter-
odal interlammelar spaces, which are minimal in compact
yelin (but see Figs. 6–10 in Peters et al. (1991) suggest-

ng an approximate 10 nm interlamellar space, bridged by
tacked tight junctions). Moreover, because of limited res-
lution of confocal microscopy, it was not possible in that
arly report (David et al., 1993) to determine whether the
eri-internodal compartment corresponded to the extracel-

ular space between the axon and the myelin sheath or to
he innermost cytoplasmic layer of myelin. This distinction
ay be important because it is not yet determined whether
� arising from saltatory conduction is:

a). released from axons directly into the extracellular
peri-axonal space within each myelin segment;

b). occurs through trans-cellular ion channels, directly
from axonal cytoplasm into the innermost layer of
cytoplasmic myelin (potential mechanisms described
in Section V), or

c). occurs via both mechanisms, but each occurring sep-
arately under low versus high stimulation frequencies
(i.e., condition “a,” above, vs. condition “b”).

To begin to address this issue, David and co-workers
howed that iontophoresis of K� into the peri-internodal
ompartment (Fig. 2E, lower trace) mimicked the extreme
oltage changes recorded after normal axonal activity (i.e.,
o as high as �75 mV). This iontophoretic manipulation of
eri-internodal voltage suggested that axonal K� efflux
ccurred into an electrically-isolated compartment, where
eri-internodal K� concentration ([K�]P) was elevated up

o 100 mM for up to several hundred milliseconds after
igh-frequency stimulation (i.e., to 30-fold greater [K�]O
han in normal CSF), approaching but not quite reaching
ormal intracellular concentrations (i.e., ca. 130 mM; Fig.
E; [K�]P; calibration bars at upper left). Moreover, this
xcess K� within the peri-internodal space did not rap-
dly return to the axon, suggesting either: (a) that there
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re few K� leak channels and/or few Na�/K� ATPase
olecules in the axonal internodal plasma membrane to

apidly lower [K�]P, or (b) that the increased K� in the
eri-internodal compartment was not in the extracellular
pace, but instead, was in the innermost layer of cyto-
lasmic myelin, pending trans-lamellar transport to the
uter layers of myelin. (For potential mechanisms, see
ection XV.)

V. STRUCTURE, FUNCTION, AND
COMPOSITION OF NODES OF RANVIER,
PARANODES, AND JUXTAPARANODES

y 2002, Rasband, Scherer, Brophy, Levinson, Trimmer,
osenbluth, Ellisman and others had used a battery of
ntibodies for simultaneous demonstration that:

a). voltage-gated Na� channels (Nav1 family) were lo-

ig. 3. (A) Immunofluorescence image demonstrating that Nav1 (v-g
v1 (v-g K� channels) are localized to the juxtaparanodal surface of
embrane diffusion barriers established by contactin and contactin-ass
eurexin/contactin/paranodin barrier (NCP; blue) segregates Nav1 fro
ptic nerve axons (ON; B3, B4). In the NCP knockout (�/�; B2 and B
hannels in the nodes (green) but do not intermix. Although densities
n the �/�PNS and CNS axons. Note the thin line of Kv1.1 channels li
esolvable in the much smaller CNS axons (B3, B4) [from Bhat et al
yelin, which are linked to the axon by “septate junctions” (yellow arrow
ranch of sciatic nerve; modified from Rash, 1979). (D) Drawing show
nd CNS (below dotted line). A pathway for K� from peri-internod
ermission.] Asterisks (*), K� channels along the inner mesaxon.
calized exclusively within the axonal plasma mem-
brane at nodes of Ranvier (Fig. 3A, green fluores-
cence), whereas

b). voltage-gated K� channels (Kv1 family) were not co-
localized at nodes of Ranvier as commonly believed,
but instead, were localized to the internodal axonal
plasma membrane, concentrated entirely beneath
juxtaparanodal (Poliak et al., 2003; Rasband, 2004;
Wang et al., 1993) and internodal myelin (Fig. 3A,
blue fluorescence), including in a thin line that fol-
lowed the inner mesaxon from juxtaparanode to jux-
taparanode (Fig. 3B1). This linear distribution of Kv1
channels along the inner mesaxon was beautifully
documented in PNS axons (Fig. 3B1, B2) but was
only weakly discernable in the much smaller CNS
axons of the optic nerve (Fig. 3B3, B4). Interposed
between voltage-gated Nav1 and Kv1 channels were:

c). contactin and contactin-associated protein (caspr;

nels) are present at nodes of Ranvier (green fluorescence), whereas
s (blue fluorescence), with the two sets of channels segregated by
roteins (caspr, red) associated with paranodal tight junctions. (B) The
channels in both PNS sciatic nerve axons (SN; B1, B2) and in CNS

uorescence not present), Kv1 channels (red) migrate up to the NaV1
els remain unchanged, saltatory conduction is reduced or destroyed

juxtaparanode to juxtaparanode in the PNS (B1, B2) but only faintly
with permission]. (C) Thin-section TEM image of paranodal loops of
e composed of contactin and caspr (Image of node of Ranvier in small
utions of Nav1, Kv1.1 and contactin/caspr in PNS (above dotted line)
to astrocytes is not specified. [Redrawn from Brophy (2001); with
Na� chan
the axon
ociated p
m Kv1.1
4; blue fl
of chann

nking from
. (2001);
s) that ar

ing distrib
al space
Fig. 3A, red fluorescence), which are two primary
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components of the septate or septate-like junctions1

(Fig. 3C2, arrows; Fig. 5; from small branch of sciatic
nerve. Modified from Rash, 1979). Septate junctions
link the paranodal loops with the axonal plasma mem-
brane (Wiley and Ellisman, 1980), forming strong diffu-
sion barriers between the nodal extracellular space and
the peri-internodal space (Arroyo and Scherer, 2000;
Brophy, 2001; Rasband, 2004; Rasband et al., 1999;
Rios et al., 2003) (Fig. 3D, red band). Rosenbluth, Bhat
and co-workers showed that both contactin and caspr
were essential for maintaining a 1–2 �m spatial and
electrical segregation of voltage-gated Na� channels of
nodal plasma membranes from voltage-gated K� chan-
nels of the juxtaparanodal plasma membrane (Bhat et
al., 2001; Rios et al., 2003) (Fig. 3B2, B4). They then
documented that after caspr/contactin knockout, Kv1
channels drifted from juxtaparanodes to close to the
nodes (Fig. 3B4), but did not intermix with Nav1 chan-
nels. They also showed that under these conditions,
saltatory conduction ceased when the neurexin/contac-
tin/caspr-paranodin barrier was disrupted (Bhat et al.,
2001), even though both Nav1 and Kv1 channels were
still present at normal densities. This demonstrated that
electrical isolation of Na� versus K� conductances by
the septate junctions, and not simply their spatial seg-
regation, was essential for the process of saltatory
conduction.

Based on the demonstration that axonal K� efflux occurs
nto the protected and isolated peri-internodal compartment
David et al., 1993), this means that astrocyte fingers that are
ormally found near nodes of Ranvier, and therefore are
utside the peri-internodal compartment, cannot be exposed
o increased K� in the extracellular space around nodes (Fig.
D; shown diagrammatically as Fig. 3D, below the dashed

ine). Although not explicitly stated, this observation effec-
ively eliminated the previously-assumed entry point for ax-
nal K� into the astrocyte syncytium during potassium si-
honing. It also required the existence of a previously unsus-
ected route for K� siphoning, initially into internodal myelin
efore entering the astrocyte syncytium (Sections V and XV).

roposed structural pathway for K� in the
uxtaparanodal axon plasma membranes

ore than 30 years ago, freeze-fracture replicas of myelin-
ted axons in the PNS revealed abundant “rosettes” of

Septate junctions, as originally defined, are intercellular junctions
etween glial cells of insects, where their primary protein, Neurexin-IV
Baumgartner et al., 1996), is evolutionarily homologous to contactin in
ertebrate septate-like junctions (Arroyo and Scherer, 2000; Boyle et
l., 2001; Einheber et al., 1997). Despite the similarity of function and
olecular homology, many investigators insist that the paranodal junc-

ions at nodes of Ranvier be called “septate-like junctions” (Einheber et
l., 1997) rather than septate junctions. However, I note that other

unctionally-related intercellular junctions (e.g., invertebrate vs. verte-
rate gap junctions) are given the same name even though these gap

unctions are composed of non-homologous proteins (innexins vs.
onnexins). In contrast, invertebrate septate junctions and vertebrate
eptate-like junctions are similar in structure and are composed of
F
omologous proteins. Thus, in this review, I refer to these ubiquitous
iffusion barriers as septate junctions.
ntramembrane particles (IMPs) in the external membrane
eaflet (E-face) of the juxtaparanodal axon plasma membrane
Fig. 4A and inset), as well as in a thin strip running along the
nner mesaxon from juxtaparanode to juxtaparanode (Miller
nd Pinto da Silva, 1977; Stolinski et al., 1981, 1985),
recisely where K� conductance/voltage-gated Kv1 chan-
els were subsequently shown to occur in abundance (Fig.
C2; from (Altevogt et al., 2002)). This suggested even
hen that the axonal rosettes might have an unrecognized
ole in saltatory conduction, possibly corresponding to volt-
ge-gated K� channels (Stolinski et al., 1985). Equally

mportant, the same freeze-fracture replicas (Miller and
into da Silva, 1977; Stolinski et al., 1981, 1985) revealed

hat the innermost (adaxonal) layer of Schwann cell myelin
embrane overlying the juxtaparanodal axonal plasma
embrane also contained distinctive rosettes of P-face

protoplasmic leaflet) particles (Fig. 4B1, B2, arrowheads)
f exactly the same spacing as the axonal E-face particle
osettes (Fig. 4B1, arrowheads; B3, large arrow). On rare
ccasions, the fracture plane stepped from axonal to
chwann cell plasma membranes within an individual ro-
ette (Fig. 4B3, large arrow), revealing that the axonal
-face particles were precisely aligned with the particles in

he P-face rosettes in the myelin plasma membrane (Sto-
inski et al., 1981), demonstrating structural coupling and,
herefore, implying functional coupling of the two distinct
ypes of rosette particles. Thus, Stolinski et al. (1981,
985) presciently speculated that the axonal rosettes
ight represent voltage-gated K� channels—a conjecture

hat has yet to be validated. They further speculated that
he closely-associated myelin rosettes might represent un-
dentified channels for metabolic or ionic communication
etween the axon cytoplasm and the innermost cytoplas-
ic layer of Schwann cell myelin (i.e., properties of gap

unction channels). Regardless, the functions of the axonal
-face particle rosettes and the myelin P-face rosettes

emained unknown and unexplored for more than 30
ears, pending development of high-resolution electron
icroscopic immunocytochemical labeling methods.

onnexin29 (Cx29) co-localized with Kv1 channels

x29 (connexin of 29 kDa) is expressed in both oligoden-
rocytes and Schwann cells, but unlike other connexins,
x29 does not form gap junctions (Ahn et al., 2008; Nagy
t al., 2003b) (next paragraph). This may indicate that
x29 has been co-opted for a different but related function.
y immunofluorescence microscopy, both Cx29 and Kv1
hannels are closely co-localized within juxtaparanodes,
nd more remarkably, narrowly follow the inner mesaxon

n myelinated axons in both CNS and PNS (Fig. 4C) (Al-
evogt et al., 2002).

x29 identified in adaxonal myelin P-face rosettes;
onnexon hemichannels versus coupled ion channels

odium dodecyl sulfate detergent-washed fracture replica
abeling (SDS-FRL) (Fujimoto, 1995, 1997) and freeze-
racture replica immunogold labeling (FRIL) [(Rash and
asumura, 1999; Rash et al., 2001b); derived from SDS-

RL and confocal “grid-mapped” freeze fracture (Rash et
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l., 1995, 1997)] are high-resolution immunocytochemical
ethods for biochemical analysis of subcellular structures
t the ultrastructural levels, with FRIL having the added
dvantage of allowing confocal grid-mapping of immuno-
ytochemically-identified structures, from the gross ana-
omical and histological levels to the ultrastructural and
acromolecular levels. FRIL analysis of myelinated axons

n sciatic nerve revealed that the P-face particle rosettes in
he adaxonal layer of Schwann cell myelin (Fig. 4D), in-
luding those that were tightly clustered in Schwann cell
uxtaparanodal membranes, were immunogold-labeled for
x29 (Li et al., 2002). Because no connexin coupling
artner for Cx29 has been identified in the axonal plasma
embrane (Ahn et al., 2008; Altevogt et al., 2002), one
ossibility is that Cx29 rosette IMPs represent unpaired
x29 “hemichannels.” The structural coupling of Cx29

MPs to the axonal E-face rosette IMPs is equally confus-
ng because no connexin is found as E-face particles in
ny membrane. Interestingly, innexins (invertebrate con-
exins; homologous to pannexins; Section VI) form gap

unctions in invertebrates that consist of E-face particles
rather than the P-face particles that comprise vertebrate
ap junctions), potentially suggesting an innexin/pannexin
oupling partner for Cx29. However, a more likely struc-

ig. 4. Axonal and myelin rosettes correlated with Kv1.2 and Cx29, re
anvier (N), its contiguous paranodal surface (P) and juxtaparanodal s
hallow grooves representing imprinted paranodal junctions (Wiley and
embrane, but a few are between paranodal imprints (above the P). I
npublished image courtesy of Dr. Nancy Shinowara, NIH). (B1) E-fac

n the innermost layer of Schwann cell myelin (B1 from Miller and Pi
ermission). (B2) Rosettes are abundant in innermost myelin juxtapar
eveal that the rosette IMPs are aligned from axon to myelin plasm
oupling. (C1–C3) Co-localization of Cx29 (C1) and Kv1.2 (C2) at juxta
overlay in C3), precisely where the rosettes occur in axonal and myel
D) By FRIL, Cx29 was localized to P-face rosettes on innermost juxtap
n inset). No connexin coupling partner for Cx29 is present in the in

embrane (from Li et al. (2002); with permission).
ural and functional coupling partner for the Cx29 rosettes t
re the abundant Kv1 channels that are concentrated in
he same area (Fig. 4C2).

VI. NODES OF RANVIER IN THE CNS: DUAL
AXONAL AND GLIAL FUNCTIONS

t is well established that in the CNS of higher vertebrates,
ligodendrocytes form multiple sheet-like cytoplasmic pro-
esses that spiral around axons and then compact to form the
ature myelin sheaths. Because of their distinctive appear-
nce by light microscopy, the unmyelinated spaces between
uccessive myelin segments, as delineated by closely adja-
ent myelin swellings, were designated axonal “nodes” by
anvier (1871). However, these nodes of Ranvier are more
roperly defined, not by their absence of myelin, but instead,
y the molecular specializations and compositions of the
xon nodal plasma membrane and of the membranes of its
ssential glial co-participants (Arroyo et al., 2004; Bhat et al.,
001; Rios et al., 2003; Wiley and Ellisman, 1980).

lial specializations at the node of Ranvier

he composite node of Ranvier is characterized and delin-
ated by the most complex and elaborate intercellular junc-

ional complex in all biology, involving three different cell

y. (A) E-face image of axon plasma membrane, revealing the node of
). Terminal loops of paranodal myelin (PM) contact the axon, forming
, 1980). Axonal E-face rosettes are concentrated in the juxtaparanodal
er magnification view of 16 rosettes. (From Electrophorus electricus;

s in the axonal plasma membrane (yellow arrow) and P-face rosettes
lva (1977); with permission; B2, B3 from Stolinski et al. (1981); with
-face. (B3) Fractures from axonal E-face to innermost myelin P-face
ane, demonstrating tight structural coupling and implying functional
s and along the inner mesaxon, from juxtaparanode to juxtaparanode

nal plasma membranes (from Altevogt et al. (2002); with permission).
myelin (two rosettes labeled for Cx29 by 10-nm gold beads are shown
segment, but Kv1 channels are co-localized in the axonal plasma
spectivel
urface (J
Ellisman
nset; high
e rosette
nto da Si
anodal P
a membr
paranode
in adaxo
aranodal
ternodal
ypes (neurons, astrocytes, and oligodendrocytes) that form
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ultiply-redundant intercellular appositions that utilize four
ifferent types of intercellular junctions to regulate and aug-
ent saltatory conduction in CNS axons:

1). Septate junctions (Fig. 5 and inset, red triplet IMPs),
which are at the edge of the myelin sheet, bind the
non-compact paranodal loops of myelin to the axonal
plasma membrane, forming a continuous spiral diffu-
sion barrier (Fig. 5; red spiral around axon, lower left
and right; enlarged in inset, lower right) that sepa-
rates the internodal peri-axonal space (P) from the
nodal extracellular space (N). These multi-stranded
diffusion barriers efficiently compartmentalize and
isolate the axonally-released K� from the K�-sensi-
tive node of Ranvier.

2). Tight junctions, arranged in multiple parallel strands
(Fig. 6), link the innermost abaxonal and adaxonal
layers of cytoplasmic internodal myelin (Fig. 5, triple
line of brown diamonds), as well as each succes-
sively more external layer of compact myelin. These
complex tight junctions strands run continuously from
one paranode to the next (Meier et al., 2004; Mug-
naini, 1986) (Fig. 6A, B), forming multiple isolated
extracellular compartments, one per turn, within in-
ternodal myelin. Thus, the internodal myelin intrala-
mellar compartments are separated by strong inter-
lamellar tight junction barriers that further prevent
circumferential diffusion of K� and water from the
internodal “peri-axonal space” (P) into the space be-
tween successive myelin layers (numbered compart-
ments) or into the peri-nodal extracellular space (N).
Additional circumferential tight junction strands (Ka-
masawa et al., 2005) link successive paranodal loops
of myelin (Fig. 5, left end and right end; Fig. 7D1, D3),
further isolating these interlamellar compartments
from the extra-nodal space.

3). Autologous (interlamellar) gap junctions couple suc-
cessive cytoplasmic layers of paranodal myelin (Fig.
5, green IMP clusters indicated by brackets; also
Figs. 7D1, D2, D4, D5). These gap junctions provide
direct trans-lamellar pathways for ions and water,
thereby ionically, osmotically, and electrically linking
the innermost to the outermost layers of cytoplasmic
paranodal myelin (Kamasawa et al., 2005; Menich-
ella et al., 2006). Paranodal gap junctions are com-
posed of a single (“homotypic”) connexin protein
(Cx32), making this essential pathway particularly
susceptible to genetic disease (Section XII).

4). Heterologous (intercellular) gap junctions couple the
outermost cytoplasmic layer(s) of myelin to abutting
astrocyte processes forming oligodendrocyte/astro-
cyte (O:A) gap junctions (Fig. 5, green IMP clusters
on outermost layer of myelin, including everted par-
anodal loops; Fig. 5, lower left inset; Kamasawa et
al., 2005). These O:A gap junctions, are composed of
four or five different connexin proteins (i.e., they are
“heterotypic;” Section VII), which not only imparts
special conductance properties to these junctions

(Orthmann-Murphy et al., 2009), but this redundancy

A
i

of connexin expression also seems to insure their
continued functionality should any one of their five
connexin genes be mutated. (Myelin disrupting dis-
eases resulting from mutations of glial connexins are
described in Sections XII and XIV.)

VII. GAP JUNCTIONS OF THE PANGLIAL
SYNCYTIUM

eneral considerations

n all vertebrate species, gap junctions are tight aggre-
ates of a few transmembrane channels (“connexons”) to
ens of thousands of connexons. Within each gap junction,
ndividual connexons pair and link across the extracellular
pace to form leakless pathways between the cytoplasms
f coupled cells. In vertebrate species, gap junctions pro-
ide for direct intercellular diffusion of ions, water, and
mall globular molecules up to about 500 mw (Hu and
ahl, 1999). In each of two coupled cells, gap junction
emiplaques are composed of from one to as many as
hree of the 20 or 21 different connexin proteins (Söhl and

illecke, 2003) identified in the mouse and human ge-
omes.2 Current evidence suggests that in most gap junc-

ions in vivo, six identical connexin molecules assemble
ike barrel staves to form a “homomeric” connexon
emichannel. Although it is theoretically possible that two
ifferent connexins can assemble to form a “heteromeric”
onnexon, there is as yet no direct evidence for hetero-
eric connexons in vivo in any cells of the CNS.

In coupled cells of the same histological type (i.e.,
omologous coupling), homomeric connexons may link to
imilar homomeric channels in the second cell, forming
homotypic” channels (Li et al., 2008). In contrast, gap
unctions formed between unlike cells (heterologous cou-
lings) may consist either of identical homomeric connex-
ns, forming homotypic channels (e.g., Cx43:Cx43, as in
:A gap junctions), or they may assemble from unlike
omomeric connexons, forming heterotypic channels (e.g.,
x47:Cx43 (Kamasawa et al., 2005; Li et al., 2008); as in
:A gap junctions). Moreover, many cell types express two
r more connexins (Coppen et al., 2003), and when these

ike cells couple, they may form bi- or tri-homotypic gap
unctions (Li et al., 2008). Similarly, unlike cells, each
xpressing two or more connexins may also form bi- or
ri-heterotypic gap junctions (Li et al., 2008). All of these

In invertebrate species, including insects and mollusks, gap junctions
re composed of non-homologous proteins called “innexins” (inverte-
rate connexins’), which allow permeation of slightly larger molecules

han vertebrate gap junctions (1000-1400 mW (Loewenstein, 1966) vs.
a. 500 mW (Hu and Dahl, 1999)). Recently, three homologous in-
exin-like genes were found in the human genome and designated
pannexins” [pan-specific inexins] (Baranova et al., 2004; Barbe et al.,
006; Bruzzone et al., 2003; Panchin et al., 2000; Panchin, 2005).
x-1 and Px-2 are found in the vertebrate CNS, but to date, pannexin
roteins have not been demonstrated in any gap junction in any
ertebrate species, and their localization, ultrastructural configura-
ions, and functions remain unknown. However, Px-1 and Px-2 have
een proposed to represent functional “hemichannels” that release
TP, Ca��, and small molecules into the extracellular space (Vanden

beele et al., 2006). To date, there is no evidence that pannexins have

ntercellular interactions with any other transmembrane channels.
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ig. 5. Diagram of one segment of oligodendrocyte myelin, unrolled to show molecular specializations of both inner (adaxonal, right side) and outer
abaxonal, left side) surfaces. The oligodendrocyte soma (green) is connected by oligodendrites to many different myelin segments. An astrocyte
blue) has processes that form gap junctions with the abaxonal surface of myelin, including on everted paranodal loops (left side and left inset). #1�#7,
ntra-myelin extracellular spaces, separated by tight junctions; asterisks, cytoplasm in innermost and outermost cytoplasmic tongues of myelin; arrow,
ermination of septate junction at first everted paranodal loop; blue cylinder, axon; blue rosettes, Kv1 channels in the axon internodal plasma
embrane, concentrated at the juxtaparanodal surface and along the inner mesaxon; brackets, paired Cx32-containing gap junctions linking the
baxonal to the successively more external adaxonal surface; brown diamonds in lines, tight junction strands on myelin abaxonal surface (light lines)
o those on the next outward adaxonal surface (dark lines); green IMPs in hexagonal arrays and lines, Cx32-containing gap junctions between
aranodal loops of myelin, either as small plaque or string gap junctions; greenish-yellow-hexagonal arrays, Cx32/Cx47 to Cx30/Cx43 heterotypic
eterologous gap junctions; N, nodal extracellular space; P, peri-axonal internodal extracellular space; triplet red ovals as dotted lines, septate

unctions binding the paranodal loops to the axon plasma membrane, forming a spiral barrier separating the nodal extracellular space from the
eri-internodal extracellular space; yellow rosettes, Cx29 intramembrane particles in innermost adaxonal myelin; left inset, longitudinal section of
verted par anodal loops; lower right inset, detailed view of the Kv1.1 and Cx29 rosettes in the juxtaparanodal region, adjacent to the septate junction
arrier (represented as triplet red IMPs); upper right inset, cross-sectional view of myelin, 1, first intra-myelin extracellular space, between the
nnermost two sets of tight junction strands (brown diamonds); P, peri-internodal space.
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otential configurations occur in the panglial syncytium,
nd as documented below, each connexin pairing combi-
ation uniquely contributes to the process of voltage-aug-
ented dynamic K� siphoning that is associated with my-
linated axons.

ig. 6. (A, B) Intralamellar tight junctions. (A) Multiple tight junction s
nternodal myelin extracellular space into ionically and electrically-dis

yelin. (B) Tight junctions of two adjacent myelinated fibers are aligned
xon pairs resemble a “Figure 8.” Arrowheads, tight junctions; Ax, ax

ig. 7. Co-association of Caspr and Cx32 in paranodal myelin. (A) Im
x32 (red) frequently occurs within paranodal myelin (from Kamasaw

unction labeled for Cx32 by immunoperoxidase (from Li et al. (1997); w
strocyte process identified by the imprint of an AQP4 “square array”

unction consists of multiple clusters of hexagonally-arranged 9-nm pa
ugnaini, 1982; Mugnaini, 1986). Nine 10-nm gold beads label Cx

uccessive paranodal loops. Gap junctions consist of 9-nm IMPs in P-
or Cx32 by 12-nm (D2, D4) and 6-nm gold (D5). In such formaldehyde

-faces (black vs. white arrows), whereas gap junctions consist of 100% P-
aranodal tight junction IMPs (D3, white vs. black arrows; from Kamasawa et
ell-specificity of connexin expression

Ependymocyte connexins. By immunofluorescence
icroscopy and by FRIL, gap junctions between adjacent
pendymocytes consist of Cx43 in both apposed hemi-

acked from outer mesaxon to inner mesaxon separate each layer of
partments, one per layer of myelin wrapping. Arrow, outer tongue of
er tongue to outer tongue (arrow), making these linked cross-fractured
asm. Scale bars, 1 �m.

ling for caspr (green) occurs only at paranodes, whereas labeling for
005)). (B) Thin section TEM image of astrocyte/oligodendrocyte gap
ission). (C) Astrocyte-to-oligodendrocyte (A:O) gap junctions, with the
rrow) linked by a gap junction to the outer surface of myelin. The gap
the otherwise relatively smooth outermost layer of myelin (Massa and
Kamasawa et al. (2005)). (D1) Cx32 in “string” gap junctions link
, D5) and/or 9-nm pits in E-faces (D4, D5), both of which are labeled
ue, tight junctions (D3) consist of mixed IMPs and pits on both P- and
trands st
tinct com
from out
munolabe
a et al. (2
ith perm

(yellow a
rticles in
32 (from
faces (D2
-fixed tiss
face IMPs and 100% E-face pits. Note grooves (linear pits) linking
al., 2005).


