What is the optimal distribution of myelin along a single axon?
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Abstract

The myelin sheath that insulates some axons in the central nervous system allows for faster signal conduction.
Previously, axons were thought to be either unmyelinated or fully myelinated. Recent experimental work
has discovered a new pattern of myelination (intermittent myelination) along axons in the mouse brain, in
which long unmyelinated axon segments are followed by myelinated segments of comparable length. We use
a computational model to explore how myelin distribution (in particular intermittent myelination) affects
conduction velocity. We find that although fully myelinated axons minimize conduction velocity, varying
the spatial distribution of a fixed amount of myelin along a partially myelinated axon leads to considerable
variation in the conduction velocity for action potentials. Whether sodium ion channel number or sodium
ion channel density is held constant as the area of the unmyelinated segments increases has a strong influence

on the optimal pattern of myelin and the conduction velocity.
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1. Introduction

Some axons in the vertebrate nervous system
are wrapped with layers of myelin, which insulate
these axons allowing for faster conduction of ac-
tion potentials. The myelin sheath is produced
by Schwann cells in the peripheral nervous system
and oligodendrocytes in the central nervous system
(CNS) [18, 19]. Unlike Schwann cells, which act
on single peripheral axons, oligodendrocytes in the
CNS ensheath up to 50 axons [7], allowing them
to exert influence on neural processing on a larger
scale. An individual oligodendrocyte, or a cluster
of neighbouring oligodendrocytes, can have a large
number of nearby axons available to myelinate, but
experimental data [7] supports the proposition that
the choice of which axons to myelinate is not made
at random [27]. Moreover, myelination has been
shown to be a dynamic process that responds to
environmental cues [14, 6].

In a recent study, Tomassy et al. [25] anal-
ysed high-resolution maps of myelination by tracing
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high—throughput electron microscopy reconstruc-
tions of single axons of pyramidal neurons in the
mouse brain. Analysing neurons in layers II/III
from a publicly available dataset of a region of the
mouse visual cortex [2, 3], they observed a new
pattern of myelination. Historically, axons were
thought to be either fully myelinated or unmyeli-
nated. However, when tracing neurons in layers
IT/II1, Tomassy et al. found that 17 out of 22 neu-
rons displayed a pattern of myelination in which
myelinated axon segments are interspersed with
long unmyelinated segments, and they called this
newly identified pattern “intermittent myelination”
(IM). In this myelination pattern, unmyelinated
sections of these axons were observed to be up to 55
pm long, much longer than typical nodes of Ranvier
(approximately 1 pm long).

Since the discovery of intermittent myelination
of (excitatory) pyramidal neurons by Tomassy et
al. [25], Micheva et al. [15] also observed that the
distribution of myelin in layer IT/IIT inhibitory neu-
rons was “patchy” with myelinated segments pref-
erentially located near the cell body. Tomassy et
al. [25] noted that neurons in layer IT/III are in-
volved in more complex cortical functioning than
those found in layers V and VI, where IM was not
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observed. This raises the possibility that IM may
be facilitating more complex neural functioning.

Whilst the evidence that signalling between elec-
trically active axons and oligodendrocyte progen-
itor cells provides an important cue for inducing
OPCs to differentiate into myelinating oligodendro-
cytes is firmly established, see [16], and the evi-
dence that myelin provides more than just insula-
tion to maximise conduction velocity (CV) contin-
ues to mount [9], the mechanisms controlling active
myelination remain largely unknown (reviewed in
Snaidero and Simons [23]).

The discovery of IM by Tomassy et al. raises sev-
eral questions. What is the purpose of IM? Does
an IM distribution provide any advantages to sig-
nal propagation over a fully myelinated pattern?
Obviously, the shortest conduction time will be for
a fully myelinated axon. However, it is not obvi-
ous which distribution of myelin will maximise CV
when only a fixed fraction of the length of an axon is
to be myelinated. In this instance, the distribution
of ion channels also becomes important.

We examine the consequences for CV of the
partial myelination of axons. The geometry of
our model depends crucially on one parameter, L,
which is the length of both the myelinated segments
and the unmyelinated segments. This pair is re-
peated periodically over a fixed length of axon. We
only study the effects of myelin distribution on sig-
nal CV but we note that there are several other
facets of neural information processing that depend
on myelin distribution, such as the reliability of ac-
tion potential (AP) propagation [8] and the energy
consumption [11, 20, 21].

2. Materials and methods

Our modelling was based on the NEURON [4, 5]
implementation of a highly influential model of
spike initiation in a myelinated mammalian axon
by Mainen et al. [12]. We simplify this model
by removing the dendrites but keep the ion chan-
nel kinetics characteristics, based on recordings of
neocortical pyramidal neurons from the rat brain.
Mainen et al. [12] used this kinetic model to sim-
ulate experimental measurements of rat pyramidal
neurons [24].

Our simplification of this model consisted of a
single axon, with inner diameter d = 1 pym, which
is approximately twice the diameter of the axons
examined by Tomassy et al. [25], and outer diam-
eter (inner axon plus myelin lamellae) of 1.5 pm.
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Figure 1: Schematic displaying the spatial setup of the IM
simulation model. The left boundary of the axon is stimu-
lated by a pulse which travels along a typical periodic node—
internode region (Region 1) before reaching Region 2, which
is the analysis region, where IM distribution is varied and
conduction time (CT), measured in ms, is calculated. This
region is 4000 pm in length (so conduction velocity CV =4 /
CT m/s. For illustration, panel (a) displays an intermittent
myelination pattern corresponding to L = 2000 pm, whilst
panel (b) displays an intermittent myelination pattern corre-
sponding to L = 1000 um (in our analysis we never consider
an intermittent pattern with L > 400 pym). Region 3 is iden-
tical to Region 1 and is included to avoid spurious boundary
effects in the calculation of CV.

This yields a realistic ratio of internal to external
axon diameter, the g-ratio, of 0.66. In Mainen et
al. [12], internodes of length 100 pm were period-
ically interrupted by nodes of Ranvier of length 1
pm. The resting potential of the axon was taken
to be —70mV. At the nodes of Ranvier, modi-
fied Hodgkin-Huxley (HH) type ion channels were
present.

To minimize any boundary effects, we broke the
axon into three regions (as shown in Figure 1): a
pre—analysis region (Region 1), an analysis region
(Region 2) and a post—analysis region (Region 3).
The current is injected at the left boundary of Re-
gion 1. To create Region 1, we generated a sequence
of 20 node—myelin pairs, each pair with combined
length 100 pm (a 99 pm internode and a 1 pum node
of Ranvier). Region 1 is joined to Region 2, a 4000
um long axon segment made up of (a variable num-
ber of) node—myelin pairs of variable length. Re-
gion 2 is the analysis region where we calculate the
CV, and is joined to Region 3, which is created in
the same way as Region 1.

The uniformity of Regions 1 and 3, across all our
models, facilitates cross—model comparison by en-



suring each model has identical initial conditions
whilst maintaining accurate results (by calculating
CV in Region 2, far from the outer boundaries). If
the IM pattern in Region 2 is replicated in Region
3 only a slight numerical change in conduction time
(CT) results. A schematic of this setup is shown in
Figure 1. Note that Region 2 is much longer than
the axons traced by Tomassy et al. [25]. This was
necessary to distinguish signal arrival times to high
precision. It must be emphasized that we do not
attempt to build a replica of the short thin axons
examined in Tomassy et al. [25] but rather simulate
their salient features (an IM pattern for thin pyra-
midal neurons). This guided our choice to use the
model of Mainen et al. [12].

The left boundary node is stimulated by a 40 nA
pulse, of 0.1 ms duration, which initiates an AP
which travels to the right along the axon. The CT
is calculated by recording the time taken, in ms, for
the AP to depolarize the beginning of the twentieth
node to a voltage of —15mV, which we call ¢;, and
the time taken to depolarize a spatial point 4000
pm upstream of node 20, to a voltage of —15mV,
to say. The CT over this interval is then simply
(t2 —t1) ms, and CV = 4/CT (in units of m/s).

Modelling axons displaying IM, such as the axons
analyzed by Tomassy et al. [25], presents a unique
challenge. The usual periodic pattern of short (ap-
proximately 1 pm) nodes of Ranvier (with a high
density of sodium channels that ensures depolar-
ization), followed by a much longer myelin intern-
ode (typically one hundred times the length of the
node) is replaced by a pattern of unmyelinated and
myelinated regions of comparable length. In myeli-
nated axons, potassium channels are mostly found
beneath the myelin sheath (more specifically in the
juxta—paranodal region that is separated from the
node of Ranvier by the paranode). Since we are
not modelling repetitive firing of APs, it is assumed
that sodium channel kinetics dominate AP conduc-
tion. We compare the CVs obtained by varying
the IM pattern characteristic length L under two
sodium ion channel assumptions.

The main reason for the increased CV of myeli-
nated axons is that it reduces effective membrane
capacitance [26]. Following Mainen et al. [12],
the myelin sheath is characterized by increasing the
outer diameter, reducing the specific membrane ca-
pacitance C,, and increasing the membrane resis-
tance R, (both of which are independent of ge-
ometry). These values are presented in Table 1.
The relative simplicity of this representation of the

myelin internodes facilitates the inclusion of sodium
ion channels in the internodal regions, reflecting ex-
perimental evidence [26]. Internodal channels have
been omitted from more detailed models of myeli-
nated axons, such as [13].

Our first model assumes that the density of the
sodium ion channels is constant as the length of the
unmyelinated segments L is increased. Our second
model assumes that the number of sodium chan-
nels in the unmyelinated segments is constant (i.e.
that it matches the number present in the L = 1
pm node of Ranvier). For simplicity, we achieved
this by making the density of the ion channels in
the unmyelinated segments inversely proportional
to the length of the unmyelinated segments (L).
This yields a uniform distribution of sodium chan-
nels, with the longest unmyelinated segments hav-
ing lowest (uniform) sodium channel density. A
noninactivating potassium current was included in
the IM unmyelinated axon segments (with constant
maximum conductance g, as described in [12]).
This had a repolarising effect on APs but very lit-
tle numerical effect on CT.

Spatial discretization is implemented in NEU-
RON by dividing each each compartment (section)
into n segments with evenly spaced boundaries at
intervals of 1/n. The spatial discretization was cho-
sen to be approximately n = 1 per micron in Re-
gion 2 where CT is calculated (see Figure 1) and
also in Regions 1 and 3. A fixed time-step repre-
senting At = 0.01 ms was chosen and the modified
Crank—Nicolson method within NEURON was used
to perform the time—integration of the cable equa-
tions. To increase accuracy, interpolation was used
to approximate the times at which the voltage rises
to —15mV at the beginning and end of Region 2,
times t; and t, respectively.

We choose an IM pattern where half of the 4000
pm axon in our analysis region is to be covered with
myelin and that unmyelinated segments are to have
the same length as the myelinated segments. We
vary the length of these segments, and hence the
number of unmyelinated segment—myelinated seg-
ment pairs, and calculate the CV of an AP crossing
this 4000 pm length of axon.

3. Results

As noted earlier, little is known about the ion
channel densities in the extended unmyelinated seg-
ments of IM patterned axons. Whilst the axon ini-
tial segment and hillock are known to have a high



Segment type Value

R, (ohm cm) “node” /unmyelinated 200
internode 200
R (ohm cm?) “node” /unmyelinated 2133
internode 40000
Cm (pF/cm?) “node” /unmyelinated — 0.75
internode 0.04
gNa (pS/pm?)  “node” /unmyelinated 30000 x H
(sodium internode 30
conductance)
gx (pS/pm?) unmyelinated 60
(potassium elsewhere 0
conductance)

Table 1: Electrophysiological parameters for our model ax-
ons. The two departures from the model of Mainen et al. [12]
are that R, has been increased to 2133 ohm cm? (chosen so
that the time constants in the myelinated and unmyelinated
sections are identical). This change was necessary to ensure
the membrane resistance was suitable for an extended un-
myelinated segment of the axon. The second departure is
that the channel distribution is altered by introducing the
factor H to uniformly redistribute the sodium ion channels
in the unmyelinated segments. Either the number of sodium
ion channels per nodal area is held constant (in which case
H =mn/A, where A = d L is the nodal area, d is the axon
diameter and L is the length of the node/unmyelinated seg-
ment ) or the sodium ion channel density is held constant
(where a sensitivity analysis was performed with the factor
H chosen to yield gna = 300 ,600 and 900 pS/um?). The
nodes of Ranvier in the model of Mainen et al. [12] were 1 pm
in length, whereas in the IM patterns observed in Tomassy
et al. [25] and in our analysis, they are extended. To cap-
ture repolarisation of APs, a constant potassium ion channel
density was included in all IM unmyelinated segments (with

gKx = 60 pS/um?).

density of channels, the unmyelinated segments dis-
covered by Tomassy et al. [25] extend much fur-
ther from the soma, highlighting the need for new
measurements before a definitive understanding of
any biological advantage conferred by IM can be at-
tained. However, our computational modeling en-
ables the implications of distinct scenarios to be
explored.

Each scenario is parameterized by the common
length L of the unmyelinated segment and of the
myelinated segment in the 4000 pym long Region
2 and by whether the sodium ion channel density
in the unmyelinated segments depends on L or not.
When assuming constant sodium channel density as
L increases, we display results for three values of the
maximum sodium conductance gn.. The results of
these NEURON simulations are displayed in Table
2 and their spatial profile at time ¢ = 4 ms is plotted
in Figure 2.

We see from Table 2 that the optimal pattern of
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Figure 2: Comparing the effect on AP propagation of hold-
ing sodium channel density or sodium channel number per
node constant as the length of the unmyelinated segments
increases. Three distinct IM patterns at time t = 4 ms
are shown in each panel. A particular IM pattern is dis-
tinguished by the common length L of its myelinated and
unmyelinated segments (cf. Figure 1). The density of potas-
sium channels is held constant throughout. Computations
were performed with NEURON software [4, 5]. a) The
APs resulting from three distinct periodic IM patterns (IM
L =50, 100, or 200 pm) whose unmyelinated segments have
constant sodium channel density (gn, =900 pS/(um?)).
b) The APs resulting from three distinct periodic IM pat-
terns (IM L =50, 100, or 200 pm), with a constant number
of sodium channels, 20007, distributed in the unmyelinated
segments of each pattern, as described in Table 1.

myelin to cover 50% of an axonal region depends
critically on the number of sodium ion channels in
the unmyelinated segments. When the number of
sodium channels in a node of Ranvier is conserved
as the length L of the unmyelinated segment in-
creases, shorter internodes (and unmyelinated seg-
ments) are optimal. This is because shorter un-
myelinated segments will have a much higher axonal
sodium channel density than longer segments whose
sodium channels must spread out over a greater dis-
tance. The opposite is true when the sodium chan-
nel density is held constant at the node of Ranvier
value as L increases. When the sodium channel
density yields a maximum sodium conductance of
gNa = 600 or 900 pS/pm?, the CV has a mini-
mum value at L = 100pum. We show in Table S2 in
the Supplementary Material that this is due to the
presence of the sodium channels under the myelin
sheath exerting a greater influence on CV for longer
internodes, where the AP is in greater need of re-
generation. When there are no sodium channels
in the myelinated regions, CV is monotonically de-



Constant number of channels per node

Standard 2.86
Unmyelinated

IM L =25 0.78
IM L =50 0.66
IM L =100 0.54
IM L = 200 0.43
IM L =400 PF

Constant channel density (pS/pm?)

gna = 300 gna =600  gna = 900
0.30 0.38 0.43
0.54 0.66 0.73
0.54 0.66 0.73
0.54 0.65 0.72
0.55 0.66 0.73
0.56 0.67 0.74

Table 2: Simulation results comparing conduction velocity (CV) in m/s for a standard myelination pattern (1 pm nodes,
separated by 99 pm internodes), a totally unmyelinated axon with diameter 1 ym and five periodic patterns of IM (alternating
myelinated and unmyelinated axon segments of equal length L pm). Unmyelinated axon segments have diameter 1 gm, whereas
myelinated segments have diameter 1.5 pm). The unmyelinated tract is a bare axon modeled by the modified Hodgkin—Huxley
dynamics described in Mainen et al. [12]. Scenarios are distinguished by the ion channel model (whether channel number
per node or density is held constant with increasing L). If the ion channel density is held constant, three values for gna
are implemented. Propagation failure (PF) occurred if the electrophysiological parameters were too weak to facilitate the
propagation of the AP into the Region 2. For reference, typical CVs for pyramidal neurons in the cortex are in the range 0.2
to 4.5 m/s for myelinated axons and 0.2 to 1.45m/s for unmyelinated axons, reviewed in [10].

creasing as L increases.

We performed a sensitivity analysis of our results
by analyzing a more detailed model of the myelin
sheath developed by Mclntyre et al. [13], which ex-
plicitly includes the myelin lamella and the paran-
odal regions where the lamella interface with the
bare unmyelinated nodal segments and obtained
identical conclusions regarding the critical role of
the distribution of sodium channels in determining
CV in partially myelinated axons.

4. Discussion

Our study reveals considerable differences in CV,
with consequent implications on optimal allocation
of a fixed total amount of myelin per neuron to
maximise CV, depending on the density of sodium
channels in the unmyelinated segments. If we as-
sume that the number of sodium channels in the
unmyelinated regions remains constant as the com-
mon length L of the myelinated and unmyelinated
increases, we find that lower values of L lead to
faster conduction. If instead, we assume that the
density of sodium channels remains constant with
increasing L, then higher values of L lead to slightly
faster conduction. Thus we see that nodal charac-
teristics can play an important role in modulating
CV contrary to established theory and experiments
based on axons with short nodes of Ranvier. In Ta-
ble S2 in the Supplementary Material it is shown
that if the sodium channels in myelinated segments
are removed, then lower values of L will also yield
higher CV.

The sensitivity of CV to the number of sodium
channels in the unmyelinated segments of IM pat-
terns that we have demonstrated in Figure 2, should
be compared to the relative insensitivity of fully
myelinated patterns to increases in the area of
nodes of Ranvier [17], where the negative effect of
increased capacitance and positive effect of an in-
creased number of channels present on CV effec-
tively cancelled out. In Figure S2 in the Supple-
mentary Material we see that, holding the nodal
surface area fixed, ion channel distribution can have
a strong influence on which myelination pattern
length gives fastest conduction. The optimal pat-
tern length that maximises CV is much longer when
the total number of sodium channels in Region 2 is
constant compared to when the number of channels
per node of Ranvier is constant.

In a recent combination of experimental in-
vestigation and simulation modelling, Arancibia—
Cércamo et al. [1] found evidence consistent with
ion channel densities being constant over a range of
node lengths of approximately 0.5-3.5 pym in rat op-
tic nerve and cortical axons. Their modelling pre-
dicted that these changes in the length of the nodes
of Ranvier could alter conduction velocities by ap-
proximately 20%. The unmyelinated portions of the
IM patterns that motivated our study were much
longer (at approximately 50um). Keeping the ion
channel density constant at the high levels found
in nodes of Ranvier over such a large surface area
seems unlikely and awaits experimental measure-
ment.

Evidence for the dynamic redistribution of ion
channels over time has been found from recordings



of APs, which propagate (continuously) through
demyelinated axons.  Upon remyelination, the
ion channels redistribute into the standard node—
internode pattern to allow the recovery of saltatory
conduction [10, 26]. Since the remyelinating intern-
odes are shorter than the internodes they replace
[26], recovering saltatory conduction requires dis-
tributing ion channels to create nodes of Ranvier
at locations previously wrapped with myelin. It is
therefore crucial that non—uniform (and dynamic)
distributions of ion channels are considered. We
consider the effect on CV of two non—uniform dis-
tributions of sodium ion channels in the unmyeli-
nated segments in Table S1 in the Supplementary
Materials.

Our results lead us to question the purpose of
IM or partial myelination of axons more generally.
Harris and Attwell [11] analysed the energy sav-
ings from myelinating an axon and concluded that
there is not necessarily a net energy efficiency ben-
efit when the energy required to maintain oligo-
dendrocytes at their resting potential is included.
Whilst the IM patterns and ion channel distribu-
tions we modelled can result in almost doubling the
CV, the magnitude of the differences is still small.
Micheva et al. [15] noted that such small increases
in CV are unlikely to be the main benefit of myeli-
nating an axon. Such small adjustments to the CV
over the short distances observed in the cortex are
more likely to be important in the synchronisation
of high—frequency spike-timing or the provision of
metabolic support by oligodendrocytes to the axon
[10, 15].

Support for the role of myelination in synchronis-
ing spike arrival times may be found in experiments
analyzing the avian auditory system that have re-
vealed a role for myelin in signal isochronicity. An
axon was found to branch to ipsilateral and con-
tralateral destinations in the brainstem. The con-
tralateral path was twice as long as the ipsilateral
path but the axon diameter and myelin sheath are
smaller and shorter thereby halving [22] the con-
duction time (CT) and facilitating isochronicity.

Explaining the functional significance of partial
myelination is important as it may be used to gauge
how deeply oligodendrocytes are involved in orches-
trating neural functioning and plasticity. Once a
segment of myelin has been laid down, no synapses
to neighbouring axons can originate from that loca-
tion. Having extended unmyelinated regions along
axons could therefore facilitate enhanced neural in-
terconnectedness and plasticity (inspection of Fig.

2 (B) in Tomassy et al. [25] reveals synapses con-
nected to the unmyelinated axon segments of an in-
termittently myelinated axon that would not have
been possible had this axon been fully myelinated).
However, since there are no measurements of the
electrophysiological parameters of the mice axons
studied by Tomassy et al. [25], our results empha-
size that judgement on the functional significance
of the IM pattern must be deferred until electro-
physiological measurements reveal the ion channel
distribution in the unmyelinated segments.
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Supplementary Material

Non-uniform distribution of channels in unmyelinated segments of length L in an IM
pattern:

In the main text our simulations examined the effects on CV of varying how the high density
of sodium ion channels present in a node of Ranvier are distributed as the node length L
increases. Both possibilities (constant channel number and constant channel density) resulted
in a uniform distribution of sodium channels in the unmyelinated segment. We now consider
two non-uniform distributions of the sodium channels; the hill and pit distributions are
described below and displayed graphically in Figure S1.

In the hill-shaped distribution of ion channels, the number of channels rises linearly from half
its concentration in the reference uniform distribution scenario to 1.25 times its value in the
uniform scenario over a distance of L/3. It remains at this concentration for a distance of L/3
before falling linearly over a distance of L/3 to half its concentration in the uniform
distribution scenario.

Similarly, in the pit-shaped distribution scenario, the ion channel concentration falls linearly
from twice its value in the reference uniform distribution scenario to half its value, then
remains at this value for a distance of L/3, then rises to its previous value of twice the
reference uniform concentration.

When an axon becomes demyelinated, the distribution of sodium ion channels will more
closely resemble the pit-shaped distribution than the uniform or hill-shaped distribution.
Since the new myelin internodes generated through remyelination of an axon are almost
always shorter than the one they replace [28], understanding the dynamics of ion channel
distribution is crucial to understanding demyelinating diseases and stimulating remyelination.
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Figure S1. Three sodium ion distribution scenarios. Distance is in units of L, the length of the
unmyelinated segments, and the vertical axis is in units of the maximum sodium conductance
of the uniform distribution for the constant number of sodium channels present in the
unmyelinated segment.

A)
Uniform Hill Pit
cT cv cT cv cT cv
IM L=25 5.48 0.73 5.49 0.73 5.46 0.73
IM L=50 5.50 0.73 5.54 0.72 5.45 0.73
IM L=100 5.52 0.72 5.61 0.71 5.45 0.73
IM L=200 5.49 0.73 5.61 0.71 5.51 0.73
IM L=400 5.40 0.74 5.49 0.73 5.55 0.72
B)
Uniform Hill Pit
cT cv cT cv cT cv
IM L=25 5.11 0.78 5.12 0.78 5.01 0.80
IM L=50 6.10 0.66 6.14 0.65 6.05 0.66
IM L=100 7.44 0.54 7.52 0.53 7.37 0.54
IM L=200 9.27 0.43 9.33 0.43 9.66 0.41
IM L=400 PF PF PF PF PF PF

Table S1. CT (in ms) and CV (in m/s) obtained from redistributing the sodium ion channels.
A) Redistributing sodium ion channels from the scenario with constant channel density (the
reference uniform scenario is from Table 2 with gy, = 900 pS/um?). B) Redistributing sodium
ion channels from the scenario with constant channel number per node (the reference
uniform scenario is from the first column of Table 2 with 2000nt sodium channels in each
unmyelinated segment).



Sodium ion channels beneath the myelin in an IM pattern:

gna in myelinated Conserved Conserved
regions (pS/um?) 30 0 90 A B

IM L=25 5.48 5.55 5.34 5.28 4.9

IM L=50 5.50 5.59 5.33 5.41 5.14
IM L=100 5.52 5.68 5.29 5.52 5.29
IM L=200 5.49 5.84 5.20 5.63 5.39
IM L=400 5.40 6.29 5.11 5.81 5.48

Table S2. The effect of sodium ion channels in the myelinated regions of an IM pattern on CT.
We analyse the scenario in Table 2 with gy, = 900 pS/um’ where, counterintuitively, a
minimum CT was observed when IM L = 100 um (included as column 1). In column 2, the
sodium ion channels in the myelinated segments are removed and a monotonic dependence
on L is recovered. By tripling the constant density of sodium channels in myelinated regions,
the CT becomes monotonically decreasing with increasing L, column 3. If the number of
sodium channels in each myelinated segment is conserved (in the Conserved A and B columns,
the number of channels is conserved at the value present in the [=100 um internode with
constant density ga = 30 pS/um? and gya = 90 pS/um?, respectively), then CT is monotonically
increasing as L increases.



The effect of sodium channel distribution on fully myelinated axonal patterns

In Figure S2 we compare the effect of varying internode length, and hence the number of
nodes of Ranvier, in a standard fully myelinated pattern, keeping either the total number of
sodium channels constant over all of Region 2, Figure S2 (a), or keeping the number of sodium
channels per 1 um length node of Ranvier constant, Figure S2 (b). The area of the node is fixed
in each case and we include sodium channels in intermodal regions with a constant maximal
conductance gy, = 30pS/um’

We examined the effect of redistributing all the sodium channels from a periodic 100 um
standard myelinated axonal pattern spanning Region 2 (40 nodes of Ranvier, each with either
1250m, 2000m or 2750m sodium channels per node), amongst the nodes of Ranvier of a
different pattern length spanning Region 2 (different number of nodes), where the total
number of sodium channels was kept constant. For example, if the number of sodium
channels per node in a 100 um pattern is 2000m, then there will be 4000m sodium channels
in each of the 20 nodes of Ranvier of a 200 um pattern spanning Region 2.

With fixed nodal area, the “flat maximum’ in CV as pattern length increases, noted by Huxley
and Stampfli (1949) [29], doesn’t materialize if the number of channels per node of Ranvier
is fixed as pattern length increases, Figure S2 (b).
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Figure S2. The effect of sodium channel distribution on CV (m/s) over a 4000 um axon (Region
2) in a standard, fully myelinated pattern (pattern length = internode length + node length,
where node length is fixed at 1 um) as the internode length is varied. Computations were
performed with NEURON software [4, 5]. a) Dependence of CV on internode length when the
total number of sodium channels in Region 2 is constant. A sensitivity analysis on the total
number of sodium channels in Region 2 is included, see the text for details. b) Dependence of
CV on internode length when, instead, the number of sodium channels in each node is
constant.
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