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Abstract
The insulative properties of myelin sheaths in the central and peripheral nervous systems (CNS and
PNS) are widely thought to derive from the high resistance and low capacitance of the constituent
membranes. Although this view adequately accounts for myelin function in large diameter PNS
fibers, it poorly reflects the behavior of small fibers that are prominent in many regions of the CNS.
Herein, we develop a computational model to more accurately represent conduction in small fibers.
By incorporating structural features that, hitherto, have not been simulated, we demonstrate that
myelin tight junctions improve saltatory conduction by reducing current flow through the myelin,
limiting axonal membrane depolarization and restraining the activation of ion channels beneath the
myelin sheath. Accordingly, our simulations provide a novel view of myelin by which tight junctions
minimize charging of the membrane capacitance and lower the membrane time constant to improve
the speed and accuracy of transmission in small diameter fibers. This study establishes possible
mechanisms whereby TJs affect conduction in the absence of overt perturbations to myelin
architecture and may in part explain the tremor and gait abnormalities observed in Claudin 11-null
mice.
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Introduction
In the CNS, myelin sheaths are elaborated by oligodendrocytes, which spirally-ensheath
segments of axons with multilayered compact membranes. Molecular appreciation of the
morphological complexities of myelin sheaths originally described by Cajal and del Rio Ortega
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(Cajal, 1899; del Rio-Hortega, 1928) have come to the fore over the last decade; however, the
functional consequences of these complexities and the physiological changes that occur during
demyelination and remyelination have been difficult to explore in detail using
electrophysiology alone. Accordingly, computational modeling of myelinated axons (Brill et
al., 1977; Halter and Clark, 1991; Shrager, 1993; McIntyre et al., 2002) has been used widely
to fill this void and has highlighted the interplay between morphological features and the
biophysical properties of myelin (reviewed in Waxman and Bangalore, 2004).

Early experimental measurements suggest that myelin insulates the internodal axonal
membrane by forming a high resistance, low capacitance compartment around the axon
(Tasaki, 1955). Intracellular recordings in large myelinated fibers have substantiated this view,
but demonstrate that myelin is less resistive than originally thought. More recently, Blight
(1985) evaluated myelin as a low resistance cable around the axon that decreases the internodal
membrane capacitance and membrane time constant. This model recapitulates the behavior of
axons typically found in the spinal cord and PNS; however, this model does not adequately
account for conduction using dimensions of small optic nerve axons (Devaux and Gow,
2008). Thus, small caliber fibers, which are common in the CNS, may contain structural
elements that are crucial for conduction and require incorporation into Blight’s model.

Our investigation into the neurological phenotype of Claudin 11-null mice reveals that
autotypic tight junctions (TJs) in CNS myelin sheaths play a crucial role in saltatory conduction
(Devaux and Gow, 2008). These junctions form a continuous diffusion barrier throughout the
internode between successive layers of the myelin membrane sheet (Peters, 1961; Schnapp and
Mugnaini, 1978) and are comprised only of claudin 11 (Gow et al., 1999; Morita et al.,
1999). Importantly, the absence of these TJs has minimal impact on myelin architecture or
axon structure, but conduction velocity (CV) is strongly reduced in small diameter fibers.

To define the mechanism that accounts for the conduction velocity abnormalities in Claudin
11-null optic nerves, we develop and characterize two novel computational models of small
diameter fibers. The first model incorporates TJs in parallel with the compact myelin and is
reminiscent of the double cable model (DCM). The second TJ model (TJM) considers TJs as
a series resistance with the myelin. Both models also include axoglial junctions at paranodes
that are consistent with ultrastructural studies of these junctions (reviewed by Rosenbluth,
1999) as well as our data showing that they are permeable to peptide toxins (Devaux and Gow,
2008). Herein, our simulations reveal that TJs decrease the capacitive charge of myelin in small
fibers and recapitulate important aspects of the electrophysiology of optic nerves from Claudin
11-null mice (Devaux and Gow, 2008).

Methods
Simulation environment

The Cellbuilder module within the Neuron (version 5.9) simulation environment
(http://www.neuron.yale.edu/neuron/) was used to generate models in the current study (Hines
and Carnevale, 1997; 2001). Examples of 0.6 μm axons ehsheathed with 3 wraps of myelin
membrane according to the DCM or the TJM are archived in ModelDB (Accession # 122442)
for downloading from http://www.neuron.yale.edu/neuron/. Scalability within the simulation
environment using the spreadsheet accompanying the archived models enables generation of
a series of neurons with differing axonal diameters. In the current study, we characterize axons
ranging between 0.3 – 4 μm. The Na+ and K+ channels comprising the active membrane
properties are specified using the Channel Builder module. The specific parameters for axon
dimensions and each ion channel are provided in Suppl. Tables 1 – 3.
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Computational accuracy
For numerical accuracy and stability during computations, all compartments are further
subdivided according to the d-lambda rule (Hines and Carnevale, 1997; 2001), with d-lambda
= 0.01. Integrations of differential-algebraic equations are solved for variable time steps
(absolute tolerance = 0.001) using the differential algebraic solver with preconditioned Krylov
(DASPK).

Model compartmentalization
To accommodate the known complexity and domain organization of myelinated axons (Scherer
and Arroyo, 2002), simulated neurons are compartmentalized at the level of the myelin sheath,
with 1 nodal, 4 paranodal, 1 juxtaparanodal, 1 internodal, 1 juxtaparanodal and 4 paranodal
compartments in a repeating pattern. The proximal and distal ends of the axons are closed with
a cell soma (10 μm diameter) and a synapse (1 μm in length), respectively. In addition, the
proximal-most myelin sheath is preceded by a 1 μm compartment of unmyelinated axon. The
physical dimensions of each compartment are calculated using a series of equations detailed
in the following sections.

The schematic in Fig. 1A depicts several relevant structural and spatial complexities in a small
axon ensheathed with four wraps of myelin membrane. The outer lamellae are shown cut away
(left) to reveal underlying structures, particularly the TJs in the sheath, which are collectively
known as the radial component of myelin (Peters, 1961). The radial component is visible with
the electron microscope as local radial changes in membrane thickness across most myelin
lamellae (green dots in Fig. 1B), and is particularly common in the vicinity of the outer and
inner loop.

If the myelin sheath were unraveled from around the axon it would be a flat membrane sheet
or envelope. The cytoplasmic surface of the membrane would be inside the envelope and the
extracellular surface would be outside. Thus, in its native configuration the extracellular
surfaces of adjacent spiral layers are juxtaposed and form the boundaries of a narrow spiral
compartment called the intramyelinic space (inset in Fig. 1B), which extends the length of the
myelin internode. In the absence of TJs, which normally define and seal this compartment,
ions or other solutes may permeate the myelin sheath from the interstitium and periaxonal space
(green arrows in Fig. 1A and B).

Such an organization suggests that TJs may form a series resistance with the myelin membrane
(resistance and capacitance) to impede currents that would otherwise charge the myelin
membrane. Thus, myelin may be represented as alternating TJs and myelin membranes in
series. However, to enable computation, we have simplified this representation to a single TJ
resistance in series with the myelin resistance and capacitance (Fig. 2A; TJM). Alternatively,
myelin TJs could occlude current propagation along the radial (spiral)pathway across the
myelin, which necessitates representation as a resistance in parallel with the myelin membrane
layers. We simplified this representation to a single TJ resistance in parallel with the myelin
resistance and capacitance (Fig. 2B; DCM).

Relationships for internodal axon diameter with paranodal length, myelin thickness and
internodal length

Published data reveal linear relationships between axon diameter and several morphological
parameters – paranode length, internode length, and myelin sheath thickness – enabling us to
generate detailed neuron representations of different sizes. Thus, the length of each paranodal
compartment is described by (Southwood et al., 2004):
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(1)

where, Di = internodal axon diameter

The number of myelin wraps covering the axon at paranodes increases linearly with distance
from the nodes and has constant thickness (internodal myelin thickness) in the juxtaparanode
and internode compartments. The number of myelin wraps (n) at internodes is described by
(Waxman and Bennett, 1972):

(2)

(3)

(4)

The length of the myelin sheath (8 paranodes + 2 juxtaparanodes + 1 internode) is described
by (Ibrahim et al., 1995):

(5)

(6)

Internodal Delays
Conduction velocities were calculated for each myelinated fiber diameter (0.3 – 4 μm fiber
diameter) according to the equation derived by Boyd and Kalu (1979) for small PNS axons.
Internodal delay was then determined by:

(7)

where internodal length was calculated using equation (5) and CV = 4.6 × fiber diameter.

These data were fitted to a two-phase exponential decay curve (R2 = 0.9995) using Prism
software (Graphpad Software Inc., San Diego, CA).

Relationships between resistivity and resistance, capacity and capacitance
In both computational models, we specify TJ resistivity (ρtj) as a transepithelial resistivity in
Ohm.cm2. Similar to previous computational models of polarized epithelia, we assume that
TJs have resistance but negligible capacitance compared with the membrane capacitance. For
the TJM, the TJ resistance in each compartment is given by:

(8)
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where, Stj is the planar surface area of non-compact myelin juxtaposed to the axolemma

Similarly, for the TJM, myelin resistance in each compartment is derived from the resistivity,
ρmy (Ohm.cm2), by:

(9)

where, Smy is the surface area of compact myelin calculated using the radius midway between
the inner and outer myelin surfaces

For the DCM, myelin resistance in each compartment is derived from the canonical myelin
resistivity, ρmm (Ohm.cm2) and ρtj (Ohm.cm2), by:

(10)

The myelin capacitance in each compartment is derived from capacity, cmy, by:

(11)

The axon and the myelin sheath are separated by a narrow fluid-filled space referred to as the
periaxonal space, the resistance of which is defined as:

(12)

where, ρpa = resistivity of the periaxonal space in Ohm.cm; L = compartment length; A = cross
sectional area of the periaxonal space.

We have demonstrated that axoglial junctions at paranodes, also known as transverse bands,
are porous to peptides in adult mouse optic nerve and rat spinal cord (Devaux and Gow,
2008) which contrasts with the prevailing view that these junctions seal the paranodal space
between the axon and myelin sheath (reviewed in Hartline and Colman, 2007). Accordingly,
we do not represent paranodal axoglial junctions as impermeable barriers in the current study
but, rather, we estimate their resistance from morphologic data. Freeze fracture electron
micrographs reveal that the paranodal periaxonal space is partially filled by the macromolecular
complexes of axoglial junctions (Schnapp and Mugnaini, 1978), which occupy approximately
50 % of the volume. This might reasonably be expected to be double the resistance of Rpa.
Thus, the axoglial junction resistance, Raj, in each paranodal compartment is defined by:

(13)

where, AGJ = the fractional occupancy of axoglial junctions (0.5)

To simplify the equivalent circuit, we assume that the capacitance of axoglial junctions is
negligible.

Specification of active properties of the axonal membrane
To examine active properties, we have incorporated Nav, Kvf, and Kvs channels into
appropriate compartments of the axolemma (Fig. 1C). These mechanisms are not all-inclusive
of those known or thought to be present along myelinated axons; however, they reflect the sum
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of quantitatively-characterized mechanisms and are the dominant components modulating AP
propagation. The Nav, Kvf, and Kvs currents are modeled using the Goldman-Hodgkin-Katz
constant field equations:

(14)

(15)

(16)

where ghk() represents the Nernst equation for each monovalent cation (in parentheses)

(17)

where x = k(V − d)

(18)

The parameters A, k, and d are specified in Suppl. Table 2, and the maximum permeabilities
of the channels in each axon compartment are indicated in Suppl. Table 3. Computational
analyses are conducted (at 37°C) at the fourth node of Ranvier and fifth myelin sheath (Fig.
2A) after initiation of a propagating AP at the level of the cell body.

Simulation execution
Simulations are initiated and allowed to attain a resting state for 5 ms simulation time before
current (2.5 – 7 nA) is injected into the mid-point of the soma as a square pulse of 100 μs
duration. The propagation of the AP along the axon is measured up to 15 ms.

Measuring the membrane time and space constants
Tau and Lambda were measured in different myelin sheath compartments in the absence of
active conductances (Nav, Kvf and Kvs), but in the presence of the passive leak conductance,
to examine the passive cable proprieties of myelinated axons. For Tau, a square current pulse
was injected directly into node #3 for 0.3 ms to depolarize the membrane > 100 mV and the
voltage decay at the mid-points of node #4 and the proximal juxtaparanode and internode of
myelin sheath #5 were plotted against time. Tau was computed as the time (ms) taken to fall
to 37 % of the maximum voltage measured at the location of the measurement.

Lambda was determined by injecting a square pulse (2.5 nA) of 0.3 ms duration (the
approximate rise time of an AP) into node #3 and plotting Vmax at the mid-points of 10
successive nodes, juxtaparanodes or internodes as a function of distance (mm). After fitting a
single phase exponential decay curve to the data, Lambda was computed as the distance
corresponding to 37 % of Vmax at the injection site. The fit of exponential decay curves to the
data were evaluated using several statistical analyses, all of which were implemented using
Prism software. First, Runs tests showed that all data sets did not differ statistically from a
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single phase exponential decay curve (P > 0.16). Second, Goodness of Fit tests showed that
for all curves, R2 > 0.999. Third, Kolmogorov-Smirnov analyses indicated that residuals for
all curves were normally distributed (P > 0.1).

Results
Novel computational models of TJs in CNS myelin sheaths

In the current study, we develop and characterize two novel computational models for small
CNS myelinated fibers using appropriate physical dimensions from the literature and we
incorporate TJ resistances into the myelin (Methods). An overview of the simulation (Fig. 1C)
shows an axon with 20 myelin sheaths, a portion of which is expanded to show salient sub-
compartments (Fig. 2A, B).

In our DCM computational model, we expand on a double cable configuration used previously
for large diameter myelinated axons (Halter and Clark, 1991; McIntyre et al., 2002) by inserting
TJs as a resistance in parallel with the myelin resistance and capacitance (Fig. 2A). In our TJM,
we consider an alternative configuration that effectively places the TJ resistance in series
between the axon and compact myelin membranes (Fig. 2B).

Tight junction resistance has not been measured directly in myelin sheaths of the CNS or PNS;
however, TJ resistivity, ρtj, is known for other tissues and varies widely from 6 – 31,000
Ohm.cm2 (Claude and Goodenough, 1973; Reuss, 2001). The resistivity of Sertoli cell TJs,
which are comprised solely of claudin 11 (Gow et al., 1999), has been reported and
approximates 600 Ohm.cm2 (Janecki et al., 1991). In our preliminary analysis and for the
present study, we tested a wide range of values for ρtj (Fig. 4 and Suppl. Fig. 1). These analyses
suggest that the value for ρtj = 600 Ohm.cm2 is appropriate for simulations of myelin containing
TJs and 60 Ohm.cm2 for myelin lacking TJs.

Published measurements of total CNS myelin resistivity, ρmy, range from 100 – 1000
Ohm.cm2 (Tasaki, 1955; Barrett and Barrett, 1982; Blight, 1985; Halter and Clark, 1991;
Stephanova and Bostock, 1996; Vabnick et al., 1999). Because myelin in the DCM is
represented by the aggregate of the TJ and myelin membrane resistances in parallel, ρmy is
dominated by ρtj and we use the canonical resistivity, ρmm = 20,000 Ohm.cm2, for a double
membrane (Fig. 2A). Thus, we effectively equate the low resistance pathway through the
myelin sheath originally postulated by Blight (1985) to TJs that seal the intramyelinic space.
We make no such assumption in the TJM and we use ρmy = 300 Ohm.cm2 for the TJM, which
still allows for the existence of a low resistance pathway of unknown origin.

The general shape and characteristics of APs generated by the DCM and TJM are similar in
the presence of TJs (Fig. 2C and D; Suppl. Tables 4 and 5). For 4 μm diameter axons, the
latency of APs is only marginally increased by the absence of TJs (dotted APs), which is
consistent with a minimal effect of the ablation of Claudin 11 expression on conduction in
spinal cord axons (Devaux and Gow, 2008). In contrast, the shape, duration, time to threshold
(i.e. −55 mV), latency and amplitude (Vmax) of APs in 0.6 μm axons are significantly impacted
by the absence of TJs in both models (Fig. 2E and F). In the DCM, small axons fail to conduct;
however, they are functional for values of ρtj = 214 Ohm.cm2 and above (Fig. 2E) and exhibit
shape changes similar to those for the TJM (Suppl. Tables 4 and 5). In the TJM, the latency is
increased, Vmax is reduced and the APs are broadened. However, the width of the AP at half
maximal voltage (Vmax/2) is independent of TJs, which indicates that AP broadening mainly
stems from an increase in the time to threshold. Such effects are consistent with an increase in
the membrane time constant, which also accounts for the longer latencies of APs when TJs are
absent.
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The TJ configuration of the TJM best accounts for the optic nerve data from Claudin 11-null
mice

Although DCM and TJM simulations recapitulate the CV slowing observed in Claudin 11-null
mice (Devaux and Gow, 2008), the TJM more effectively models this behavior and an analysis
of CV as a function of axon diameter highlights further differences. As we demonstrated
previously (Fig. 6A of Devaux and Gow, 2008), ratios of the CVs from wild type and Claudin
11-null optic nerves increase with axon diameter (filled diamonds, Fig. 3A) and the TJM
reasonably simulates this behavior (open circles). The DCM also can approximate the
experimental data (filled triangles), but only for axon diameters of 0.9 μm and above; smaller
fibers simulated by the DCM fail to conduct when TJs are absent.

A previous study demonstrated in small PNS axons that conduction velocities evolve linearly
as a function of axon diameter (Di) with a factor of 4.6 m.s−1.μm−1(Boyd and Kalu, 1979).
This relationship appears appropriate for central spinal axons (Blight, 1983; Blight and
Someya, 1985) and is used herein to represent CVs of CNS axons (gray dash, Fig. 3B). The
CVs derived from the TJM are in close agreement with the Boyd and Kalu (1979) data (open
circles) but are significantly slower in the absence of TJs (filled circles). In contrast, CVs
derived from the DCM are slower than the Boyd and Kalu data (1979) in the presence or
absence of TJs and small fibers only conduct with TJs (Fig. 3C). Thus, the DCM does not
adequately represent the electrophysiological properties of optic nerve axons in Claudin 11-
null mice. Indeed, 50 % of the myelinated axons in optic nerve are smaller than 0.9 mm diameter
and the experimental data from Claudin 11-null optic nerve indicates that these fibers conduct
(Devaux and Gow, 2008).

Estimating the resistivity of CNS myelin TJs
In the absence of measurements for ρtj in myelin, the TJM provides two methods for estimating
this parameter. First, previous studies show that the latency between APs at successive nodes,
known as the internodal delay, is independent of axon diameter for large myelinated fibers
(Rasminsky and Sears, 1972) but increases for axons below 4 μm. We calculated internodal
delays using the Boyd and Kalu (1979) data for comparison with internodal delays obtained
using the TJM (Fig. 4A). Testing several values for ρtj in the TJM yields internodal delays that
adequately recapitulate the experimental data when ρtj = 600 – 1000 Ohm.cm2.

The second method to estimate ρtj involves consideration of the shape of internodal membrane
currents recorded from single frog myelinated fibers, which exhibit a narrow split-peak
waveform (Tasaki, 1955). Replicating the shape of these waveforms using the TJM requires
values for ρtj of 200 – 600 Ohm.cm2 (Fig. 4B). The intersection of estimates from each method
suggests a resistivity of approximately 600 Ohm.cm2 for claudin 11 TJs in CNS myelin, which
agrees well with measurements in Sertoli cells (Janecki et al., 1991).

TJs isolate internodes from depolarization by APs
The presence of K+ channel-mediated hyperpolarizing afterpotentials in the optic nerves of
Claudin 11-null mice (Devaux and Gow, 2008) suggests that APs depolarize internodal
membranes and activate ion channels beneath the myelin. Voltages across the axolemma, TJs
and myelin are shown in Fig. 5 for a 0.6 μm diameter axon. In the presence of TJs (ρtj = 600),
most of the voltage drop at the paranode occurs across the axolemma and this does not change
when TJs are absent. In the juxtaparanode, significant voltage drops occur across the
axolemma, TJs and myelin sheath and the loss of TJs (ρtj = 60 Ohm.cm2) increases the voltage
across the myelin. Importantly, the voltage across the juxtaparanodal axolemma increases by
more than 5 mV, which significantly increases Na+ and K+ currents in this region (gray lines
in Suppl. Fig. 1).
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Voltage drop in the internode occurs mainly across the TJs and myelin, but the axolemma is
depolarized by 6 mV in the presence of TJs and by 9.5 mV when they are absent. Internodal
Na+ channels participate in axolemmal depolarization in small axons, because lowering their
permeability diminishes the depolarization amplitude. Thus, internodal depolarization stems
from propagation of the nodal APs and activation of internodal Na+ channels. Large diameter
fibers also develop large potentials across the myelin (Suppl. Fig. 2); however, the axonal
membrane in the juxtaparanode and internode is minimally depolarized and ion channel
activation is minimal.

The dependence of juxtaparanodal axonal membrane potentials on TJs in small fibers is a key
finding. As shown in Fig. 6A and B, juxtaparanodal Na+ and K+ currents are strongly influenced
by the presence of TJs. In contrast, axons greater than 1 μm in diameter do not rely on TJs to
suppress membrane currents, which likely stems from the thickness of the myelin sheath.
However, myelin ensheathment of small axons comprises only a few wraps and is relatively
leaky. As a result, the amplitude of juxtaparanodal membrane currents are dependent on ρtj
and axon caliber. Thus, TJs dampen juxtaparanode (and internode) membrane depolarization
and ion channel activation in small fibers, which are selectively vulnerable to the absence of
TJs because of their rudimentary myelin ensheathment.

TJs modify the membrane time constant but not the length constant
The positive effect of TJs on CV indicates that they modify the passive cable properties of
myelin. To understand the underlying mechanism, we removed the active ion conductances
(Nav, Kvs and Kvf) from TJM axons and measured the membrane time constant, Tau, at three
locations: internodes (Suppl. Fig. 3A), juxtaparanodes (Suppl. Fig. 3B) and nodes (Fig. 6C).
At all three sites, Tau is invariant for axons greater than 2 μm diameter irrespective of the
presence or absence of TJs. In axons smaller than 2 μm, TJs reduce Tau by as much as two-
fold which indicates that they decrease the charging of myelin, thereby enhancing its insulation
properties.

Tau increases sharply in axons below 1 μm, particularly in the internode, which reflects
increased myelin capacitance and decreased myelin resistance in small fibers (shaded areas,
Suppl. Fig. 4). Importantly, increases in Tau parallel the rise in Na+ and K+ currents, indicating
that internodal depolarization stems from slow discharging of the myelin capacitance. Thus,
in the absence of TJs the time constant of the axonal membrane is dictated by charging of the
myelin capacitance. Because the myelin is thick for large fibers, its capacitance is very low
and the presence of TJs does not appreciably influence the internodal time constant.

In small fibers, the increase of Tau at nodes in the absence of TJs (Fig. 6C) likely accounts for
the increased AP thresholds observed in optic nerves from Claudin 11-null mice (Devaux and
Gow, 2008). Accordingly, these findings demonstrate that TJs also play an important role in
modulating the properties of axonal membrane domains outside of the myelin sheath to reduce
the nodal time constant and minimize the time to AP thresholds in small fibers.

In contrast to Tau, Lambda is a linear function of axon diameter in the internode (Fig. 6D),
juxtaparanode and node (not shown), and is minimally affected by the presence or absence of
TJs, even in small fibers (Fig. 6D). Thus, the major impact of TJs on myelin function and
saltatory conduction is through changes to the membrane time constant.

Paranodal myelin TJs do not play a major role in isolating the axolemma
Axoglial junctions in the CNS and PNS have received considerable attention following the
molecular characterization of three major components of these macromolecular structures and
because of strong phenotypes in knockout mice associated with the disruption of these
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junctions. Indeed, such studies have led to the view that the role of myelin in enabling saltatory
conduction is critically dependent on the structural integrity of axoglial junctions for
maintaining a boundary between nodal Na+ channels and juxtaparanodal K+ channels.

To determine if paranodal TJs also are important for saltatory conduction, we simulated the
site-specific loss of TJs in paranodes, juxtaparanodes or internodes, and normalized the
resulting CVs to myelin containing TJs. This ratio is shown as a function of axon diameter in
Fig. 7. Reductions in CV are most pronounced in small axons, as expected; however, the
absence of paranodal TJs minimally reduces CV compared with the loss of juxtaparanodal or
internodal TJs. Thus, the function of TJs is clearly most important for minimizing the charging
of the myelin sheath in regions that overlie ion channels in the axonal membrane, rather than
minimizing current shunts between the node and the paranodal compartment.

Discussion
The head-to-head comparisons of the TJM and the DCM performed in the current study and
our preceding work (Devaux and Gow, 2008) indicates that the TJM more closely recapitulates
several aspects of the electrophysiological properties of optic nerve fibers from Claudin 11-
null mice than does the DCM. The TJM accounts for the slower CVs, higher AP thresholds
and larger K+ currents observed in the absence of TJs as well as their dependences on axon
diameter. Importantly, the TJM is much more robust than the DCM when simulating axons
less than 0.9 μm in diameter. Axons in this category are abundant in optic nerve and most of
them conduct in Claudin 11-null mice.

In Fig. 8, we highlight salient morphological features of a myelinated fiber that suggests an
equivalent circuit with a series configuration for TJs in the myelin sheath. Our rationale stems
from topographic similarities between polarized epithelia (Tsukita et al., 2001) and non-
compact regions of myelin (paranodal loops and inner mesaxon). In both of these cases, the
paracellular space is occluded by TJs and, accordingly, we represent the non-compact
cytoplasmic loops of myelin as a polarized “microepithelial” compartment subjacent to layers
of compact membrane. The equivalent circuit of polarized epithelia has been explored
previously (Clausen, 1989;Reuss, 2001) and is adapted in the current study to describe non-
compact and compact regions of myelin at the internode (Fig. 8Aa) and paranode (Fig. 8Bc).
We hypothesize that current shunting across the TJs simplifies the circuit to that shown in Fig.
8Ab and 8Be.

The TJM fits the physiological data and resolves inconsistencies from previous models
In pioneering work, Blight (1985) conceived a novel computational model of large myelinated
axons by representing the internode as a double cable (separating the myelin compartment from
the axonal membrane) and the myelin as a low resistance pathway across the internode. The
representation demonstrates that charging and discharging of the myelin capacitance accounts
for the depolarizing afterpotentials which follow APs, and suggests the existence of a paranodal
leakage pathway, such as the one observed in earlier electrophysiological studies (Barrett and
Barrett, 1982).

Although Blight’s DCM accurately accounts for the propagation of APs in large PNS fibers
with thick myelin sheaths, it poorly represents the properties of small fibers that are common
in the CNS. Indeed, our attempts to model AP propagation in optic nerve fibers using the DCM
in previous work (Devaux and Gow, 2008) and the current study are inconsistent with
electrophysiological measurements from wild type and Claudin 11-null mice. In particular,
this model cannot account for slowed CVs stemming from the loss of myelin TJs in axons
smaller than 0.9 μm (representing > 50% of optic nerve axons). These inadequacies indicate
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that the DCM lacks important features of CNS myelin that play major roles in the mechanisms
governing saltatory conduction.

In the current study, our characterization of the TJM reveals that TJs insulate internodal
membranes and diminish the capacitive charging of myelin, particularly in small fibers. As
such, the TJM both corroborates and provides a molecular basis for Blight’s hypothesis
(1985) that myelin diminishes internodal capacitance and shortens the membrane time
constant. Because of TJ localization to juxtaposed membrane surfaces around the perimeter of
the myelin sheath, we conclude that these junctions seal the extracellular intramyelinic space
within the internode and increase myelin resistance. Consequently, TJs increase CV, lower the
threshold of AP generation at nodes and suppress ion channel activation at juxtaparanodes and
internodes. Although K+ currents do not directly influence CV, they do regulate nodal
excitability and firing frequency by reducing internodal depolarization that may otherwise re-
excite Na+ channels and prolong the refractory period.

Our conception of electrically-tight TJs in myelin sheaths, which minimize depolarization of
the internode, does not contradict the widely-held view that paranodal axoglial junctions are
critical mediators of saltatory conduction. However, our results do indicate that these junctions
are permeable to soluble peptide toxins (Devaux and Gow, 2008) and our simulations
demonstrate that they need not be electrically-tight to enable saltatory conduction. To be sure,
axoglial junctions are critical for adhering the edges of myelin lamellae to the paranode and
for maintaining the subdomain organization of the paranodal region, particularly with respect
to the targeting of ion channels. Nonetheless, both axoglial junctions and TJs contribute to the
conduction properties of myelinated fibers, with TJs playing their most important role in small
fibers with a few membrane wraps.

An unresolved issue in the current study is the inability of either the DCM or the TJM to
simulate myelinated axons with CVs as slow as those we measure in Claudin 11-null optic
nerve and controls at 35°C (Suppl. Fig. 5). We have considered several alternatives to account
for these discrepancies. First, the magnitudes of the Nav channel permeability and the nodal
and paranodal leak currents in the simulations may be inappropriate. Ion channel permeabilities
are unknown for CNS axons and we use values obtained from PNS axons (Suppl. Tables 1 and
3). Simulations of 0.6 μm axons with higher nodal leak or lower Nav channel permeability
exhibit significantly slower CVs in both models; however, internodal currents are grossly
distorted (resulting in triple maxima waveforms) and resemble neither split-peak internodal
currents in vivo (Tasaki, 1955) nor currents arising from the TJM in Fig. 4B. Second, we have
assumed a high axial resistance for the intramyelinic space (Rip in Fig. 8) because of its narrow
width (ca. 30 nm Agrawal et al., 2009) and considerable length along the internode and it is
tempting to speculate that TJs may also contribute significantly to this resistance. However,
simulations in which we lower the axial intramyelinic resistance when TJs are absent have no
impact on conduction; thus, this parameter is unlikely to be a major source of CV discrepancies.
Finally, to determine the length of myelin sheaths for different axons we use the internodal
length versus fiber diameter equation derived by Ibrahim and colleagues (1995), which pertains
to 1 – 12 μm CNS axons. Although this range of diameters largely overlaps the axons simulated
in the current study, we cannot exclude the possibility that our estimates do not reflect the
lengths of myelin sheaths in optic nerves in vivo.

Neurological phenotypes associated with disrupted myelin TJs
Previous molecular studies of white matter pathophysiology have focused on the roles of the
paranode or axoglial junctions in causing abnormal localization of Na+ and K+ channels
(Dupree et al., 1998; Bhat et al., 2001; Boyle et al., 2001; Sherman et al., 2005). Our data reveal
a distinct mechanism whereby neurological abnormalities may stem from decreased
juxtaparanodal and internodal TJ resistivity in the absence of abnormalities of the axoglial
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junction or other internodal abnormalities. Indeed, slowed CVs in the cerebellar, striatal,
cerebral, or spinal white matter may easily account for the fine tremor, gate ataxia and hind
limb weakness we observe in Claudin 11-null mice (Gow et al., 1999).

We also envision that neural network processing, which involves small myelinated axons
connecting many regions of the brain through the corpus callosum, may be negatively impacted
when myelin TJs are disrupted. If so, our data may account for some of the endophenotypes
observed in patients with cognitive diseases. In this regard, reduced expression of CLAUDIN
11, and several other myelin-specific genes, has been reported in microarray analyses of
autopsy samples from cingulate cortex and hippocampus of schizophrenia patients
(Haroutunian et al., 2007). The neural pathways in these cortical regions are predominantly
small myelinated fibers (Aboitiz et al., 1992), and significant temporal delays in transmission
in the tens of milliseconds are likely in humans. Such delays would significantly perturb spike-
timing dependent plasticity (Kampa et al., 2007), which suggests a plausible mechanism for
the disconnectivity syndrome hypothesis (Stewart and Davis, 2004).

Together, this study accounts for, and provides mechanistic insights into, neurological
abnormalities observed in Claudin 11-null mice and highlights the importance of claudin 11
TJs in small myelinated fibers for normal brain function (Devaux and Gow, 2008). Moreover,
our data may provide unanticipated insight into schizophrenia endophenotypes and evoke novel
therapeutic strategies focused on modulating ion channel activity, rather than
neurotransmitters, to ameliorate disease symptoms.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Equivalent circuits for modeling myelin sheaths
A. Schematic representation of an axon ensheathed with four wraps of myelin membrane. Outer
layers are cut away (left) to reveal the underlying structures. Partial unraveling of the myelin
shows it to be a flat membrane sheet spiraling around the axon. Current flow into the
intramyelinic space between layers of the myelin membrane is normally blocked by TJs, which
are parallel rows of intramembrane particles that seal the entire perimeter of the myelin sheath
(green dots). This is analogous to the role that TJs play in sealing the paracellular space in
polarized epithelia. The absence of TJs in Claudin 11-null mice would favor current flow
through the intramyelinic space (green arrows). B. Cross section of a myelin sheath in A
showing the spiral intramyelinic compartment and the path through the myelin sheath (green
arrows) if TJs (green dots) were absent. Current can also flow through the myelin membrane
(red arrows). The inset, right, shows in greater detail the lipid membrane spiral in the myelin
and spiral intramyelinic compartment. C. Model of a myelinated neuron with 19 nodes of
Ranvier and 20 myelin sheaths (top). The expanded view shows that 1 compartment is used
for representing nodes, 4 for paranodes, 1 for juxtaparanodes and 1 for internodes. At
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paranodes, myelin thickness increases linearly away from the node and is constant across the
juxtaparanode and internode. Arrows represent axial (orange) and radial (blue) current
pathways. Axon diameter is constant along the fiber (Rosenbluth, 1995).
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Fig. 2. Geometry and equivalent circuits for the DCM and TJM
A, B. Equivalent electrical circuits for the internode of a myelinated axon. In A, the double
cable model (DCM) incorporates TJs as a low resistance path in parallel with the myelin
membrane. In B, the TJM incorporates TJs in series with the myelin. The TJ capacitance is
assumed to be negligible compared to the membrane capacitance (Clausen, 1989; Reuss,
2001) and is ignored. Ra and Rpa, axial resistances of the axoplasm and periaxonal space;
gpas and Cm, conductance and capacitance of the axonal membrane; Rtj, TJ resistance; Rmy and
Cmy, resistance and capacitance of myelin; Rmm, high resistance of a typical membrane bilayer.
C, D. APs simulated in a 4 μm diameter axon (measured at the midpoint of node #4) using the
DCM and TJM, respectively, in the presence (ρ tj = 600 Ohm.cm2) and absence of TJs (ρ tj =
60 Ohm.cm2). E, F. APs simulated in a 0.6 μm diameter axon using the DCM and TJM,
respectively, in the presence (ρ tj = 600 Ohm.cm2) and absence of TJs (ρ tj = 60 Ohm.cm2).
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Fig. 3. CV as a function of axon diameter in the DCM and TJM
A. Ratios of CVs derived from optic nerves of wild type and Claudin 11-null mice (Devaux
and Gow, 2008), and simulated by the DCM and TJM in the presence (ρtj = 600 Ohm.cm2)
and absence (ρtj = 60 Ohm.cm2) of TJs, expressed as functions of axon diameter. B, C. Values
of CVs calculated using the equation of Boyd and Kalu (1979) for small PNS axons are
expressed as a function of axon diameter (gray dash) and compared with simulations from the
TJM (B) and DCM (C) in the presence and absence of TJs.
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Fig. 4. Estimates of myelin TJ resistivity
A. Internodal delays calculated from the equation of Boyd and Kalu (1979) (Methods) and
using the TJM for several values of ρtj are plotted as functions of axon diameter. The TJM
closely fits the published data (solid line) when ρtj is 600–1000 Ohm.cm2. B. Waveforms of
internodal currents recorded at the mid-point of myelin sheath #5 for a 0.6 μm axon are shown
for a series of ρtj values. Above a value for ρtj ~ 600 Ohm.cm2, internodal currents exhibit
monotonic increases and decreases. Narrow split-peak waveforms are generated for smaller
values of ρtj and are reminiscent of membrane currents recorded in vivo (Tasaki, 1955). Each
peak in the waveforms reflects currents generated by APs at the proximal and distal nodes
(respectively) of sheath #5.
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Fig. 5. Potentials across the myelin sheath in the presence or absence of TJs
Using the TJM and ρtj = 600 Ohm.cm2, voltages across the axolemma, TJs and myelin sheath
for a 0.6 μm axon have been determined at paranodes, juxtaparanodes and internodes. The loss
of TJs has been simulated for ρtj = 60 Ohm.cm2. The voltages across the myelin increase
substantially when the TJs are absent. The juxtaparanodal axonal membrane is significantly
depolarized when TJs are present, but more so in the absence of TJs. Depolarization of the
internodal axolemma is also increased in the absence of TJs.
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Fig. 6. TJs suppress juxtaparanodal currents in small fibers and increase the membrane time
constant
A, B. Juxtaparanodal Na+ (A) and K+ (B) currents are plotted as functions of axon diameter
(0.6 – 4 μm) in the presence and absence of TJs in the TJM. Juxtaparanodal currents in the
smallest fibers are activated by APs even in the presence of TJs, but increase further in the
absence of TJs. These currents become negligible for axons greater in diameter than 0.9 μm
in the presence or absence of TJs. C. The membrane time constant, Tau, is measured at nodes
of Ranvier in the absence of active conductances and is plotted as a function of axon diameter
(0.3 – 4 μm). The presence of TJs strongly reduces Tau in small axons but has little effect in
axons larger then 2μm. D. The space constant, Lambda, measured at internodes
(juxtaparanodes and nodes are not shown) is a linear function of axon diameter and is not
significantly affected by the presence of TJs in either small or large fibers.
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Fig. 7. Relative contributions to CV of TJs in different regions of the myelin sheath
To determine the regional importance of myelin TJs in TJM simulations, ρtj have been
decreased from 600 to 60 Ohm.cm2 in the paranodes, juxtaparanodes or internodes separately
(open symbols) or collectively (closed symbols) and the effects on CVs have been computed
as functions of axon diameter. The ratio of CVs in the presence (CVTJ+) or absence (CVTJ−)
of TJs demonstrates that juxtaparanodal and internodal TJs are more important for conduction
than paranodal TJs.
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Fig. 8. Morphological model and equivalent circuits to describe the TJM
A. Cross-section of a myelinated internode showing compact membrane (black) overlying an
inner mesaxon (asterisk). The expanded view shows a trans-myelin pathway (red) across the
compact membrane layers (red arrow) and a spiral pathway across the TJs. The TJs are aligned
in the myelin but do not form a transverse current pathway. Rather, the flow is spiral through
the TJs, which are in series with each other in successive myelin wraps and form a spiral
pathway through the intramyelinic space. a. An equivalent circuit for the non-compact inner
loop “microepithelium” (upper portion) and the compact membrane stack (lower). Rpa, axial
periaxonal resistance; Rip, axial lamellar resistance. Rmx, Cmx, resistance and capacitance of
the mesaxonal membrane; Rcm and Ccm, the resistance and capacitance of the myelin; Rtj, TJ
resistance. The TJ capacitance is assumed to be negligible compared to the membrane
capacitance (Clausen, 1989; Reuss, 2001) and is ignored. b. Because the mesaxonal/paranodal
membrane resistance is high (Chiu and Schwarz, 1987), transverse currents may be largely
shunted through Rtj, and the circuit can be simplified by placing Rtj in series with the myelin
resistance and capacitance, Rmy and Cmy. B. Longitudinal section of a paranode (gray) and
overlying myelin lamellae (black). Red and green arrows represent trans-myelin and spiral TJ
pathways, respectively. Black arrow represents axial pathways through the periaxonal space,
which is partially filled with axoglial junctions (dark gray circles). c. The equivalent circuit of
paranodal loops shows compact myelin membranes (upper portion) and the paranodal loop
“microepithelium” (lower). Ram, Cam, resistance and capacitance of the apical membrane of
the paranodal loops; Rbm, Cbm, the basal membrane. d. Partial simplification of the circuit,
where Ram, Cam and Rbm, Cbm are combined to yield Rpl, Cpl and the circuit is rotated 180°
for comparison with the circuit in Aa. e. Similar to Ab, the circuit in Bd is simplified.
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