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Abstract Multilayered, lipid-rich myelin increases nerve im-
pulse conduction velocity, contributes to compact nervous
systems, and reduces metabolic costs of neural activity.
Based on the hypothesis that increased impulse conduction
velocity provides a selective advantage that drives the evolu-
tion of myelin, we simulated a sequence of plausible interme-
diate stages of myelin evolution, each of which providing an
enhancement of conduction speed. We started with the expan-
sion of insulating glial coverage, which led first to a single
layer of myelin surrounding the axon and then to multiple
myelin wraps with well-organized nodes. The myelinated fi-
ber was modeled at three levels of complexity as the hypoth-
esized evolutionary progression became more quantitatively
exacting: 1) representing the fiber as a mathematically-
tractable uniform active cylinder with the effect of
myelination approximated by changing its specific capaci-
tance (Cm); 2) representing it as a chain of simple, cable-
model compartments having alternating nodal and internodal
parameters subject to optimization, and 3) representing it in a
double cable model with the axon and myelin sheath treated
separately. Conduction velocity was optimized at each stage.
To maintain optimal conduction velocities, increased myelin
coverage of axonal surface must be accompanied by an in-
crease in channel density at the evolving nodes, but along with
increases in myelin thickness, a reduction in overall average
channel density must occur. Leakage under the myelin sheath
becomes more of a problem with smaller fiber diameters,
which may help explain the tendency for myelin to occur

preferentially in larger nerve fibers in both vertebrates and
invertebrates.

Keywords Myelin . Evolution . Invertebrates . Conduction
velocity . Computational modeling

1 Introduction

Myelin is a multilamellar, lipid-rich coating of axons that in-
creases the conduction velocity of nerve impulses, contributes
to compact nervous systems, and reduces metabolic costs of
neural activity. Although not widely recognized, functionally
identical myelin sheaths have emerged several times in the
course of evolution (Hama 1959; Günther 1976; Davis et al.
1999; review: Roots 2008). The evident advantages myelin
gives to a nervous system and its multiple occurrences raise
the question of how its rather unique structural and functional
characteristics might have evolved (e.g. Schweigreiter et al.
2006; Hartline and Colman 2007). Two electrical properties
are of major import for speeding impulse traffic: axial resis-
tance of a nerve fiber and capacitance between the inside and
the outside of the fiber. Axial resistance is well regulated by
altering axonal diameter. This is relatively easy to achieve
through evolution as evidenced by the many cases of axonal
gigantism in circuits requiring rapid conduction (see reviews
in Bullock and Horridge 1965; Eaton 1984; Hartline and
Colman 2007). Regulation of capacitance, on the other hand,
has required the evolution of novel mechanisms of cell adhe-
sion and tight control of extracellular flow of electrical current.
Such mechanisms have evolved at least twice in crustaceans,
once in annelids, and once in gnathostomes (higher verte-
brates: Freidländer 1889; Nageotte 1916; reviews:
Schweigreiter et al. 2006; Roots 2008) (Fig. 1). The insulation
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of an axon by a tight investment in multiple layers of cell
membrane, punctuated at intervals by gaps in the sheath at
Bnodes,^ increases transverse resistance and reduces the ca-
pacitance of internodal membrane. This speeds internode
charging, spreads current electrotonically with less attenuation
over distance, and charges membrane at distant nodes more
rapidly. It is further enhanced by the reduction in capacitance
from the restriction of membrane exposed at nodes. The more
rapid charging of nodal membrane allows threshold to be
reached faster, thus speeding the impulse.

Several morphological features, reflecting a complex of syn-
ergistic molecular evolutionary developments, characterize the
myelin of all groups in which it has evolved (Hartline 2008).
The goal in modeling, thus, is to simulate the electrical conse-
quences of these developments and assess their impact on pre-
dicted conduction velocity. First there is a prominent layering of
cell membrane, usually glial, that tightly surrounds a typical
myelinated axon. The layers are held together in regular array
by specially-evolved cell-adhesion molecules. In almost all
known cases, at least parts of this layered structure are
Bcompact:^ the adhesion between adjacent layers is so close
that extracellular or intracellular space between layers has been
excluded, eliminating any significant flow of electrical current
in between layers. The second universal structural feature is an
array of specialized extracellular junctions between adjacent
cell membranes, distinct from compaction and involving a dif-
ferent set of molecules, that serve to impede current flow in
extracellular circuits, as well as providing structural stability
to the layers. These Bjunctions^ are especially prominent at
nodes, and are implicated in maintaining the electrical barrier

to current flow from the high density flow regions of nodal
membrane into the insulated sub- and intramyelinic spaces.

Early models of conduction in myelinated axons employed
active channels described by either the Hodgkin-Huxley (HH)
equations or the Frankenhaeuser-Huxley equations for the frog
node of Ranvier (Hodgkin and Huxley 1952; Frankenhaeuser
and Huxley 1964). These channels were localized to nodal
compartments, and the passive electrical properties of the
axolemma and myelin sheath were lumped and placed in sep-
arate internodal compartments (Fitzhugh 1962; Goldman and
Albus 1968). Using this approach, Moore et al. (1978) (see also
Brill et al. 1977) found that conduction velocity dependedmore
strongly on internodal structure and parameters, particularly
myelin capacitance, than on nodal structure. Hines and
Shrager (1991) developed a model that represented the myelin
sheath as distinct from the axolemma, allowing the inclusion of
current flow in the submyelin space, to assess the effects of
partial demyelination and remyelination on impulse conduc-
tion. They found that eliminating the seals at the paranodal
junctions significantly slowed conduction velocity even with-
out any other demyelinating changes. Other researchers have
used modeling approaches to assess the effects on conduction
velocity of structural changes in the myelin sheath associated
with demyelinating diseases and nerve injury (Koles and
Rasminsky 1972; Novakovic et al. 1998; Devaux and Gow
2008; Lasiene et al. 2008; Powers et al. 2012). Several investi-
gators have addressed the issue of how observed parameters of
nerve impulse conduction come to possess the values observed
in nature through the process of evolutionary adaptation. They
have taken the approach of computing parameter impact on
aspects of neuron physiology in an attempt to reconstruct the
optimal evolutionary response to selective forces acting on
them. Rushton (1951) examined the effects of fiber size on
the properties of myelinated nerves and concluded that if nerves
have evolved to maximize conduction velocity for a given fiber
diameter, then the fiber dimensions must conform to certain
constraints. Among these was that the Bg-ratio,^ the ratio of
axon core diameter to overall fiber diameter (g≡d/D), be
around 0.6, a prediction confirmed by explicit measurements
of Gasser and Grundfest (1939) and simulations of Smith and
Koles (1970). Chomiak and Hu (2009) found that if the con-
straint of a compact nervous system was included explicitly in
the optimization of the g-ratio, then the higher the cost of in-
creasing nerve fiber volume, the larger was the predicted opti-
mal ratio, i.e. the thinner the corresponding sheath. They sug-
gest this as a possible explanation for differences between the g-
ratios observed in vertebrate central and peripheral nervous
systems. Hodgkin (1975) and Sangrey et al. (2004) examined
the impact of channel density on conduction velocity and found
that even in carefully refined models of the propagating action
potential for the unmyelinated squid axon, the observed density
falls well below the predicted optimal density. They ascribe this
discrepancy to the metabolic cost of increased channel density.
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Fig. 1 Simplified phylogeny of myelinated (underlined) and closely-
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These results suggest parameters that may be especially impor-
tant in considering evolutionary progressions. We have applied
this general approach to examining the adaptive value in terms
of conduction speed-up of several design changes hypothesized
to have occurred in the evolution of a myelinated axon from a
non-myelinated ancestral form.

Using models with three levels of detail to examine the
adaptive value of several hypothesized design changes, we
found that even small changes in the surrounding sheath cor-
responding to a partial layer of myelin can cause a significant
increase in impulse conduction velocity. These changes,
which bear little resemblance to the structures seen in
present-day myelin, may represent the first steps in myelin
evolution. As the sheath evolves to cover larger areas, optimi-
zation of conduction velocity requires an increase in channel
density in the remaining unmyelinated portions, which can
represent the evolving nodes. However, along with increases
in myelin coverage and thickness, a reduction in total overall
channel density must occur in order to maintain optimal con-
duction velocity. The evolution of specialized seals at the mar-
gins of the sheath to reduce current leakage under the myelin
sheath can then further increase conduction velocity.

2 Methods

Simulations follow a hypothesized sequence of stages in my-
elin evolution to be introduced in the next section. As the
structure of the evolved sheath was made more complex, the
simulations required increasingly detailed models. Three dif-
ferent models reflecting different levels of simulation detail
were employed, using the NEURON simulation environment
(Hines and Carnevale 1997: www.neuron.yale.edu;
diagrammed in Fig. 2):

Uniform cable (UC) model In the simplest, most abstract rep-
resentation, the fiber was simulated as a single uniform cylin-
der endowed with uniformly-distributed HH ionic mecha-
nisms based on squid giant axon parameters. The equivalent
circuit diagram is shown in Fig. 2b. Different amounts of
myelination were simulated by altering the membrane capac-
itance and maximum conductance parameters of the model,
such that the values represented mean values for combined
nodal and internodal parameters, averaged over a unit length
of fiber. This model assesses the consequences of the reduc-
tion in capacitance due to the myelin sheath independently of
other structural changes associated with myelin evolution and
is a reasonable representation for those myelin morphologies
that lack nodes (e.g. Wilson and Hartline 2011).

Explicit node (EN) model In this version, the fiber was divid-
ed into a series of compartments representing alternating
nodes and internodes (Fig. 2c). The internodes were passive,

with leak conductance and membrane capacitance scaled as a
function (inversely proportional) of the number of myelin
layers. Nodes contained standard squid HH channels, includ-
ing a leak conductance in series with a battery that was adjust-
ed to provide a resting potential of −65 mV. This was neces-
sary because resting potential is affected by active conduc-
tance densities and the physiologically observed value needs
to be applied equally to all model runs to obtain consistent
conduction velocities. This model had the same level of detail
as that of Moore et al. (1978).

Explicit sheath (ES) model In the most detailed version, the
axolemma and myelin sheath were represented as separate,
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Fig. 2 Equivalent electrical circuits of nerve fiber models presented. a
Diagram of myelinated axon with inner (axonal) diameter d and outer
(fiber) diameter D. b Equivalent circuit of the Uniform Cable (UC)
model: membrane parameters, Rm and Cm, represent a weighted average
of the internodal and nodal values of resistance and capacitance,
respectively, and Ri is the axoplasmic resistivity. c Explicit Node (EN)
model circuit: the nodal membrane parameters, Rn and Cm, represent the
active plus leak conductances, and the capacitance of the axolemma,
respectively, while for the internodal parameters, Rs represents the
increased resistance due to the myelin sheath and Cs is the lumped
capacitance of the axolemma and the myelin sheath. d Explicit Sheath
(ES) model circuit: the myelin sheath is represented as a parallel RC
circuit with parameters, Rs and Cs, equal to the myelin resistance and
capacitance, respectively. The longitudinal resistance to current flow in
the submyelin space is modeled with parameters: racc=the access
resistance adjacent to the node (at the paranodal junction) and rperi=the
resistance along the internode. The remaining parameters represent: the
nodal conductances, Rn; the internodal leak conductance, Rl, and the
capacitance of the axolemma, Cm
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parallel RC circuits, which were implemented using the extra-
cellular membrane mechanism in NEURON (see Fig. 2d for
equivalent circuit). This allowed simulation of the current flow
in the periaxonal space between the axolemma and the sheath.
The extracellular mechanism has three parameters: the Baxial^
(longitudinal) resistance of the periaxonal space rperi
(MΩ cm−1), the sheath conductance Gs=1/Rs (S cm−2) and
the sheath capacitance Cs (μF cm−2). The sheath conductance
and capacitance were specified as a function of the number of
double myelin layers, herein termed Blamellae^. As in the EN
model, the fiber was divided into nodes and internodes with
active HH squid sodium and potassium channels confined to
the nodes. The compartments immediately adjacent to the
nodes represented paranodal regions, which are characterized
by junctions that impede current flow into the submyelin space.
This was simulated by adjusting the submyelin axial Baccess^
resistance (racc) in these compartments. Paranodal compart-
ments were set to1 μm in length and contained only a passive
leak conductance in the axolemma in parallel with the mem-
brane capacitance. With the exception of the increased
submyelin axial resistance, racc, the same parameter values
were used for both the paranodal and internodal compartments.
The ES model represented the myelin sheath as physically dis-
tinct from the axolemma, allowing a fiber (axon plus sheath)
diameter to be defined based on the axon diameter, the width of

the submyelin space, the number of myelin lamellae, and the
thickness of each lamella. This model described the evolving
myelin sheath with a degree of structural detail comparable to
double cable models developed by others (Blight 1985; Halter
and Clark 1991; Hines and Shrager 1991;McIntyre et al. 2002),
but with a simplified description of the regions flanking the
node so that the model was sufficiently general to apply to both
invertebrate and vertebrate nerves.

All three models were run on a standard axon chosen to
represent a typical unmyelinated marine invertebrate axon,
which could be progressively Bevolved^ into a frog axon
model as a culminating Bstage,^ consistent with that of
Moore et al. (1978). The corresponding parameter values for
the three versions of the model for the standard axon with ten
myelin lamellae are given in Table 1. The ion channel densi-
ties in the unmyelinated axon were typically set to 6.5 times
that of the HH squid axon, a value that maximized conduction
velocity (see Section 3.1 for details). As myelin Bevolved^,
the channel densities were adjusted, but the ratio between the
different ionic conductances remained unchanged from that of
the HHmodel. Simulated fibers were typically 10 cm in length
for a 10 μm (inner) diameter axon, which was divided into
100 node-plus-internode sections in the EN and ESmodels. A
uniform inner diameter was used for all nodal, paranodal and
internodal compartments in these models. For other diameter

Table 1 Parameter values for a standard axon with 10 myelin lamellae and β=6.5 for each of the three models

Parameter Description Symbol UC Value EN Value ES Value

Temperature T 6.3 °C 6.3 °C 6.3 °C

Axon internal diameter d 10 μm 10 μm 10 μm

Axoplasmic resistivity Ri 60 Ω cm 60 Ω cm 60 Ω cm

Length of node ln 0.5 μm 0.5 μm

Length of paranode lp 1.0 μm

Node spacing 1000 μm 1000 μm

Node fraction nf 0.0005 0.0005 0.0005

Paranodal submyelin gap width δp 1 nm

Internodal submyelin gap width δi 10 nm

Access resistance at paranode racc 1.9×105 MΩ cm−1

Axial resistance along internode rperi 1.9×104 MΩ cm−1

Thickness of lamellaa 18 nm

Axolemma capacitance Cm 1 μF cm−2 1 μF cm−2 1 μF cm−2

Myelin conductanceb Gs 1.5×10−5 S cm−2 5.0×10−5 S cm−2

Myelin capacitancec Cs 0.05 μF cm−2 0.049 μF cm−2 0.048 μF cm−2

Max sodium conductanced gbarNa 0.039 S cm−2 78 S cm−2 78 S cm−2

aWeatherby et al. 2000
b For the ES model: Gs=0.001/(2×number of lamellae) S cm−2 , but in order to compare the three models (see Fig. 3) Gs was reduced to 1×10−6 /(2×
number of lamellae) S cm−2

c Internodal capacitance is based on 10 myelin lamellae in series with axolemma for EN and ES models; for UC model capacitance is averaged over
internode and node
dMax sodium conductance for β=6.5 when mean capacitance equals 0.05 μF cm−2 is (0.12 S cm-2 )(6.5×0.05) for the UC model. For the EN and ES
models, the max sodium conductance in the nodes is (0.12 S cm-2 )(6.5×0.05)/nf=(0.12 S cm-2 )(6.5×0.05)/0.0005
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axons, length was scaled by the square root of the ratio of the
diameters to keep electrotonic length fixed. Numerical simu-
lation of the fibers used NEURON’s default backward Euler
integration method (Carnevale and Hines 2005). Time steps of
0.1 μs were standard for the UC model, but where numerical
stability was of concern, a tenth of the value was tested and
used more extensively if doing so caused more than a 1 %
change in computed conduction velocity. Time steps of 2.5 μs
were standard for the EN and ES models. Decreasing the time
step to 1 μs in simulations of the ES model resulted in a
relative change in the conduction velocity of less than 0.5 %
but significantly increased the computation time. Fibers for
the UC model were usually subdivided into 50 μm compart-
ments, but this sometimes had to be reduced tomaintain stable
results. For the EN model, the nodes and internodes were
divided, respectively, into 0.06 and 27 μm compartments.
The conduction velocity of the ES model was relatively sen-
sitive to the spatial discretization, particularly for large num-
bers of lamellae (e.g. a 3-fold increase in the fineness of the
spatial grid from that of the EN model resulted in a relative
change in conduction velocity of 3 % for 10 lamellae and 8 %
for 100 lamellae). Hence, the fineness of the spatial grid for
the ES model was increased until further refinements pro-
duced acceptably small changes in conduction velocity (see
below), resulting in 0.02 μm compartments for the nodes,
0.11 μm compartments for the paranodes and 3.6 μm com-
partments for the internodes. Conduction velocity was com-
puted from the difference between the times when the action
potential upswing crossed 0 mVat two nodes near the middle
of the axon separated by a known distance, typically the 45th
and 55th nodes separated by 1 cm. The time when the mem-
brane potential crossed 0 mV was interpolated from the times
of adjacent points on the voltage-trajectory spanning 0 mV. A
3-fold increase in the fineness of the spatial grid (number of
compartments) resulted in a less than 0.1 % relative change in
the conduction velocity for both the EN and ES models.

Simulations were run to verify that the three models gave
consistent results when the parameters of each model were
chosen to represent the same degree of myelination. The ES
model has several more free parameters than the other two
models, and these must be set to correspond correctly to the
simpler models. Current flow in the submyelin space was
blocked by setting the axial resistance of the space adjacent to
the paranodal compartments to 106 MΩ, since submyelin cur-
rent flow was not included in the other models, and the con-
ductance per myelin membrane was decreased to reduce cur-
rent leakage through the sheath. The lengths of the nodes and
internodes were fixed for both the EN and ES models. Physical
parameters of the myelin sheath such as the width of the
submyelin space and the lamella thickness were fixed at 10
and 18 nm respectively, since the ratio between the outer
(fiber) and inner (axon) diameters of the myelin sheath in the
ES model was used to adjust the capacitance of a stack of

myelin lamellae when converting between the three models.
Once these parameters were fixed, the corresponding parameter
values for the UC and EN models were computed for a given
number of myelin lamellae in the ESmodel. Figure 3 shows the
results of simulations of the standard axon with corresponding
parameter values for the three models (see Table 1). The con-
duction velocities for these simulations were very similar (with-
in 2 %) when the mean specific capacitance, averaged over one
node spacing (Cmean), was less than 0.1 μF cm−2. In the case of
very few layers of myelin, the restriction of the active channels
to the nodes in the EN and ESmodels, but not in the UCmodel,
resulted in a greater relative difference in the conduction veloc-
ities reaching 19 % for 1 myelin lamella.

3 Results

To assess the impact that the evolution of different features of
myelin might have had on speeding impulse conduction, we
will follow one plausible sequence of evolutionary events. In
the absence of a fossil record, this will be based on a hypothe-
sized progressive elaboration of glial specializations starting
with an unmyelinated ancestral axon (Fig. 4a1, b1). We then
hypothesize that electrical changes in the glial cell sheath sur-
rounding an axon progressively increase the insulation, reduc-
ing fiber capacitance and thus increasing speed. These include
changes in cellular relations such as the expansion of the glial
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Fig. 3 Conduction velocity vs number of myelin lamellae (double unit
membranes in addition to the axolemma) for the three models with
corresponding parameter values. The maximum conductances were set
so β=6.5 (see Section 3.1), which corresponds to 6.5 times the squid giant
axon densities for an unmyelinated axon. These simulations were run for
a 10 μm diameter, 10 cm long axon with a node spacing of 1 mm and a
node length of 0.5 μm. The maximum conductances were adjusted along
with the number of myelin lamellae to keep β fixed
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insulation to cover increasing amounts of uninsulated axon and
the elongation of the mesaxon of the glial investment to reduce
trans-fiber capacitance and transverse current shunt through the
sheath (Fig. 4a2, b2). Remaining patches of uninsulated
axolemma become Bprotonodes^, to which voltage-gated chan-
nels become concentrated to optimize conduction characteris-
tics. Having finally covered most of the axonal surface except
for small protonodes, the capacitance-decreasing trend is con-
tinued by addition of multiple layers to the sheath (Fig. 4c).
Sealing the margins of the myelin sheath at the nodes then
further reduces shunting, although such sealing might as easily
occur at an earlier phase in the evolution. Up to this point, the
myelin produced is Bloose myelin^ representative of the early
developmental stages of vertebrate myelination as well as some

mature invertebrate myelins. The final stage shown (Fig. 4d) is
the compaction of the myelin by eliminating cytoplasm. The
primary emphasis in this qualitative model is on maximizing
conduction velocity, but there are other advantages (as well as
disadvantages) of myelin that undoubtedly figure in its evolu-
tionary course, and these will be mentioned as they arise.

3.1 Huxley’s analysis establishes local optimum in parameter
space

By analyzing traveling wave solutions of the HH equations,
Huxley (1959) determined that the constant velocity of an
impulse propagating along a uniform cylindrical cable can
be represented by:

v0 ¼ f 0 βð Þα1=2; where α≡d0k0=R0C0;β≡γ0=k0C0; ð1Þ

and the subscript B0^ is used to denote values of the parame-
ters relative to those of the Hodgkin and Huxley (1952) squid
axon (Table 2, axon 1): v0, d0, R0, and C0 corresponding re-
spectively to the scaled velocity, (inner) axon diameter, axo-
plasmic specific resistance, and trans-fiber capacitance; the
factors k0 and γ0 scaling, respectively, all active-conductance
rate constants and the maximum conductance (gbar) of all
ionic conductances (including leak). The function f0 depends
on the relationship between ionic current, membrane voltage
and time, and must be empirically evaluated for the particular
physiological process involved. Equation (1) indicates that
velocity is proportional to the square root of diameter and
inversely proportional to the square root of axoplasmic resis-
tivity, since neither of these parameters contributes to β. These
relations fit empirical observations (Hodgkin 1947; Bullock
and Horridge 1965). The function f0(β) can be evaluated using
Eq. (1) with conduction velocities computed from a model for
a range of a single parameter such as membrane capacitance
(C0), rate constant factor (k0) or channel conductance factor
(γ0) (see Table 2 for f0(β) computed for several axon models).
Thus, results from models at different temperatures can be
brought into agreement, since k0 can represent the
temperature-dependence of HH channel kinetics with a Q10 of
3 (see Table 2, axons 1–2). The resulting curve, shown in Fig. 5,
holds for all combinations of the other parameters. Huxley
(1959) plotted f0(β) for the HH model with 0.05<β<5, over
which range it is a monotonically increasing function. Howev-
er, the function peaks at a value of 1.16 for β=6.5, correspond-
ing to a maximum conduction velocity of 14.2 m s−1 in the
squid axon, and drops thereafter. Hence Huxley’s conclusions
based on a monotonic relationship do not hold when the range
of β values exceeds 6.5. The existence of a maximum is poten-
tially significant in considerations of the selective forces on
myelin parameters. Near its maximum, the function f0(β) is
relatively insensitive to small changes in its parameters, hence

a1

a2

b1

ax

gc

c

d

axon

glia

b2

Fig. 4 Hypothetical stages in the evolution of myelin. Axon and
surrounding glia are diagrammed as longitudinal (a1–a2, c, d) and
transverse (b1–b2) sections. a1, b1 The sequence starts with an
unmyelinated cylinder (ax) with uniformly distributed voltage-gated
and leak channels, pumps and mitochondria surrounded by relatively
short glial cells or processes (gc) having short low-resistance mesaxons
connecting the periaxonal space with external conducting spaces. a2
Myelination begins with the longitudinal extension of adaxonal glial
cells, which adds a layer of capacitance-reducingmembrane in series with
that of the axon and b2 elongation and/or blockage of the mesaxon, which
reduces the electrical shunting of the lowered capacitance. Active chan-
nels are concentrated at gaps in this glial sheath forming Bprotonodes^. c
Myelination progresses with the addition of multiple layers to the sheath,
then d development of paranodal seals and compaction of the sheath
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we can write v0≈1.16 α1/2=1.16 (d0k0/R0C0)
1/2. Thus, in this

range, velocity assumes the additional square root dependen-
cies on channel kinetics (k0) and inverse capacitance (1/C0).
This is a local maximum velocity only as a function of the

conductance density scale factor (γ0) (holding the other param-
eters fixed). Increases in k0 and decreases in C0 increase veloc-
ity further, but adjustments must then be made in γ0 to return β
to 6.5, maximizing velocity for the new value of the parameter
and realizing its full square root dependence.

Huxley’s development for predicting conduction velocity
is a special case of a more general uniform cable (UC) model,
with the added constraint that the parameters of all conduc-
tances are scaled by the same factors (γ0 for peak conduc-
tance; k0 for rate constants). In this paper, we have confined
our studies of the UC model to one with the Huxley restric-
tions imposed, to facilitate conduction-velocity predictions.
Cases relaxing these restrictions have been explored else-
where (e.g. Hartline 2008).

3.2 UC model studies

3.2.1 Increasing sheath insulation enhances conduction
velocity

A typical unmyelinated fiber is enveloped in glial cells that
support, nurture, and modulate it but generally are thought to
provide little impediment to the flow of active current from the
axon. This is because of extensive conducting extracellular
spaces surrounding the axon and connecting it to the extracel-
lular milieu of the nervous system. These connections include a
periaxonal gap of ca 20 nm and a short mesaxon of similar
width through which current can escape both longitudinally
and transversely (Fig. 4a1, b1). Evenwith several layers of such
glial cells, the resistance to current escaping the glial
ensheathment is low (Binstock et al. 1975). The first hypothet-
ical step toward myelination of an unmyelinated fiber, thus, is
the reduction of this escaping current, initiating insulation of the
axon. Several possible mechanisms might contribute to this

Table 2 Parameter values and conduction velocities for several axonmodels are given along with the parameter values relative to the Hodgkin-Huxley
model used in Eq. (1) (second line). The value of f0(β) was computed from the conduction velocity using Eq. (1)

Axon type Diameter (μm) Cmean gbarNa
a Ra (Ω cm) T (°C) v (m s−1) f0(β) β

d0 C0 γ0 R0 k0 v0

1. Squid – cold 476 1 0.12 35.4 6.3 12.3 1.0 1.0
1.0 1.0 1.0 1.0 1.0 1.0

2. Squid – HH 476 1 0.12 35.4 18.5 18.7 0.78 0.26
1.0 1.0 1.0 1.0 3.82 1.52

3. Squid – γ0=6.5 476 1 0.78 35.4 6.3 14.2 1.16 6.5
1.0 1.0 6.5 1.0 1.0 1.16

4. Crustacean std 10 1 0.12 60 6.3 1.37 1.0 1.0
0.021 1.0 1.0 1.69 1.0 0.111

5. Moore modelb 10 0.00658c 1.2 100 18.5 22.7 0.88 0.63
0.021 0.00658 10.0 2.83 3.82 1.83

aMaximum sodium conductance, gbarNa, has units: S cm−2

bMoore et al. 1978
c Capacitance for the nodes and internodes were 1 μF cm−2 and 0.005 μF cm−2 , respectively, which gives Cmean=0.00658 μF cm−2
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Fig. 5 Huxley’s generalized relationship between velocity and cable
properties: f0(β) vs β. The solid curve was generated from simulations
of a 10 μm diameter axon with squid channels at 6.3 °C, a capacitance of
0.001 μF cm−2, and axoplasmic resistivity of 60 Ω cm, by varying the
conductance factor, γ0, between 1 and 0.00005, below which conduction
failed. Values obtained from simulations with γ0 held fixed at 1.0 and
capacitance varied between 1 and 0.001 lie on the same curve. Squares
indicate values obtained with squid giant axon parameters (C0=
1 μF cm−2; diameter=476 μm; Ri=35.4 Ω cm) and varying γ0.
Diamonds are the normal squid axon (γ0=1) at three different
temperatures: 18.5, 10, and 6.3 °C (order of increasing β). The filled
circle represents a lamprey Mauthner axon as described by Rovainen
(1967) using squid channel conductance parameters (diameter=40 μm,
C0=2.8 μF cm−2, Ri=97Ω cm). All of these parameter sets lead to values
of f0(β) and β that fall on the same curve, as expected. The maximum for
f0(β) is 1.16 at β=6.5
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reduction, including: (a) extending the enveloping glial cells
along the axon, thus lengthening the unbroken submyelin space
and increasing its access resistance (Fig. 4a2), and (b) length-
ening and/or occluding the mesaxonal pathways (Fig. 4b2). As
long as the regions of increased insulation are small compared
to the length constant of the fiber (which length constant in-
creases with insulative coverage), impulse conduction can be
modeled as an unmyelinated HH axon with reduced capaci-
tance. If we make the simplifying assumption that the insulated
region provides perfect DC insulation one unit membrane thick
(i.e. shunting conductance equals zero), with channel density in
the remaining exposed membrane unchanged, then this would
correspond in the UC model to a capacitance equal to the area-
weighted mean of single (axolemma) and double (axolemma in
series with one glial membrane) unit membranes, and a drop in
conductance proportionate to the glial coverage. Under such
conditions, we have:

Cmean ¼ C0 1−pð Þ þ C0p=2 ¼ 1−p=2; for C0 ¼ 1 ð2Þ

γmean ¼ γ0 1−pð Þ þ 0p ¼ γ0 1−pð Þ; ð3Þ

where Cmean and γmean are the relative specific capacitance
and conductance scale factor per unit area of the fiber aver-
aged over both covered and exposed regions;C0 and γ0 are the
relative specific capacitance and conductance scale factors of
the original unmyelinated membrane, and p is the proportion
of the axon surface covered with single-layer Bmyelin^. The
values ofCmean and γmean can be used to compute a new value
of β for any given value of p. Then the predicted conduction
velocity can be computed from the curve of f0(β) in Fig. 5, as
shown in Fig. 6a for the case γ0=1 (squid axon densities).
Predicted conduction velocity initially increases as coverage
increases, owing to the reduction in capacitance. However,
since we are assuming that the adaxonal glial membrane to
be non-DC-conductive, mean trans-fiber conductance drops
as coverage increases. This results in an optimal coverage of
about 65 % (at 6.3 °C), with a maximum increase in velocity
of slightly less than 10 % compared with an unmyelinated
axon. The progressively steeper drop in conduction velocity
with greater coverage results ultimately in conduction failure
at about 98 % coverage of the axon.

3.2.2 Adjusting channel density optimizes conduction velocity

The assumption of the previous scenario that the exposed
axolemma maintains the original non-myelinated channel
densities probably results in a deviation from the course ex-
pected in the evolution of myelin. If we assume instead that
mechanisms evolve to redistribute ion channels along the ax-
on as coverage by the layer of glial membrane increases

(Fig. 4a2), then the increase in conduction velocity can be
maximized. If all channels from the axolemma under the in-
sulation are relocated to the remaining exposed membrane,
then the conductance density averaged over the whole fiber
remains constant, i.e. γmean=γ0, and the conduction velocity
continues to increase with increasing glial coverage instead of
falling off when the coverage exceeds 65 % (Fig. 6b, broken
line). While this produces a greater increase in conduction
velocity for the same amount of coverage by a glial mem-
brane, it is still not optimal. If instead of relocating all the
channels (or losing all covered channels), γmean for the whole
fiber is reduced in proportion to Cmean such that β remains
constant, then the conduction velocity increase is still greater
(Fig. 6b, solid line). The line is initially 16 % above the squid-
parameter line because it corresponds to a 6.5-fold higher
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Fig. 6 Conduction velocity vs fractional coverage of the axonmembrane
by a single layer of Bprotomyelin^ for the UC model. a Active channels
are lost as axolemma is covered. Startingwith γ0=1 for the ummyelinated
axon. b Active channels are redistributed to exposed axolemma as
coverage increases in such a way as to either keep the mean
conductance of axon fixed with γmean=γ0=1 (broken line) or β=6.5
fixed (solid line). Velocity is normalized by conduction velocity of
squid giant axon at 6.3 °C
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channel density (Table 2, axon 3). At full coverage (were that
physically possible for the requisite channel density), the ve-
locity would be 64 % above that for the unmyelinated squid-
parameters, and the optimal channel density (γmean=3.25)
would have dropped to half that of the unmyelinated axon.
This is a large improvement for the relatively simple alteration
in neuron-glia interaction of making the adaxonal glial layer
impermeable to ionic flow, an alteration that is not difficult to
imagine might be achieved readily by evolutionary
mechanisms.

3.2.3 Multilayering can reduce capacitance and speed
conduction further

The velocity increase with increasing coverage by insulation
could continue until the length of the ensheathed regions begins
to interfere with regeneration of the impulse at protonodes, at
which point the next step in myelin evolution might be to in-
crease the thickness of the capacitance-reducing sheath by
adding more sealed layers, leading to the multilamellar struc-
ture characteristic of mature myelin (Fig. 4c). Given perfect
electrical sealing between layers, the capacitance of a mem-
brane stack is Cm/n, where Cm is the specific capacitance (per
cm2) of a single unit membrane and n is the number of unit
membranes stacked together (two per Blamella^ in our termi-
nology). In the UC model, addition of myelin layers can be
represented as a proportionate reduction of capacitance (C0).
As C0 approaches zero, velocity approaches a maximum of
approximately 8 times that of the unmyelinated axon if mean
channel density is held constant at squid densities (see Fig. 7b,
solid line). If, however, natural selection is assumed to maxi-
mize conduction velocity by adjusting the conductance level
(γ0) to maintain β fixed at 6.5, then given that α is proportional
to the reciprocal of C0 and hence directly proportional to the
number of lamellae, it follows from Eq. (1) that velocity in-
creases indefinitely with the square root of the number of la-
mellae (Fig. 7a, solid line). In order for β to remain fixed as C0

decreases, the channel density must also decrease (Fig. 7a, bro-
ken line). Indefinite increase in velocity is only possible in
principle. In practice, other factors such as costs, both nutrition-
al and space-limiting, will limit the advantage of added layers.

3.2.4 Adjusting rate constants can further improve conduction
velocity

One set of parameters capable of increasing velocity further is
the set of rate constants for active conductances. For the
Huxley conditions (Section 3.1 above) all permeability pro-
cesses are scaled equally by the factor k0. For example, a Q10

of 3 is typically used to describe the temperature-dependence
of HH channel kinetics, which would give k0=3

(T-6.3)/10,
where T is the temperature in °C, in the UC model; (temper-
ature changes, however, also alter R0 and γ0: see e.g. Moore

et al. 1978). As described above (Section 3.1), the parameter
k0 appears in expressions for both β and α in Eq. (1), so an
increase in k0 causes both an increase in α and a decrease in β,
with a corresponding shift to the left along the f0(β) curve. For
β<6.5, this means that f0(β) is shifted away from the maxi-
mum value (see Fig. 5, diamonds; Table 2, axon 2). For β~
0.1, the effects on α and f0(β) of changing k0 approximately
cancel, and velocity is relatively independent of channel ki-
netics. Above β~1 the f0(β) curve flattens out as it approaches
its maximum at 6.5, so an increase in k0 for β in this region
results in an increase in conduction velocity due solely to the
increase in α. For β>6.5, an increase in k0 causes both f0(β)
and α to increase, and so has a larger effect on conduction
velocity. The effect is shown in Fig. 7b, for the UCmodel with
conductance densities fixed (γ0=1), which compares the de-
pendence of conduction velocity on increasing myelin layers
for rate constants scaled by three different values of k0. The

N
or

m
. v

el
oc

ity
 (v

0)

N
or

m
. c

ha
nn

el
 d

en
si

tie
s 

( γ
0)

1

100

.01

1

100

.01

velocity

channel density

1 100 1041

10

100

k0 = 3

k0 = 9

N
or

m
. v

el
oc

ity
 (v

0)

Number of myelin membranes

a

b
γ0 = 1

k0 = 1

β = 6.5, k0 = 1

Fig. 7 Effects of adding multiple myelin membranes predicted by the
UCmodel. a Effects of increasing sheath thickness on optimized velocity.
Log-log plot of normalized conduction velocity at 6.3 °C (v0: solid line)
and adjusted conductance required to keep β fixed at 6.5 (γ0: broken line;
β=γ0/C0) against the total number of membrane layers (axolemma plus
myelin) in the fiber, computed from f0(β) given in Fig. 5. Velocity
increases with the square root of the number of membranes, without
limit. b Effect of increasing sheath thickness on conduction velocity for
active rate constants scaled by multiples of k0. The parameter value k0=1
corresponds to HH squid channel kinetics at 6.3 °C. The conductance
densities are kept fixed at squid densities (γ0=1) allowing β to vary
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relative effect of altering k0 on conduction velocity increases
with decreasing mean capacitance. If instead γ0 is allowed to
change such that β is held constant at 6.5 while k0 is increased,
then only α changes and the conduction velocity curve in
Fig. 7a is shifted upward by a factor of k0

1/2. Rate constants
also affect membrane voltage through voltages generated by
gating charge movement. We will not deal with this situation
explicitly, but point the reader to the literature on this phenom-
enon (Hodgkin 1975; Sangrey et al. 2004).

3.3 EN model studies

To follow the hypothesized evolution of the sheath further, we
shift to the EN model in which nodes and internodes are rep-
resented explicitly. With the parameters suitably set (Table 2,
axon 5) this model matched that for a myelinated frog
(Xenopus) axon first explored by Moore et al. (1978). Their
parameters corresponded to a value of β=0.6, well under the
optimal value of 6.5 (see Fig. 7a). For β=0.6, the curve of
f0(β) from Fig. 5 gives an estimated conduction velocity of
23 m s−1 which agrees reasonably well with the conduction
velocity of 22.65 m s−1 those authors obtained. The value of
β=0.6 for a myelinated frog axon suggests that our standard
axon with β=6.5 represents a higher channel density than is
found in some myelinated vertebrate axons.

3.3.1 Increased myelination can enhance
temperature-stability of conduction

Moore et al. (1978) made the interesting observation that
myelination without any changes in the channel densities or
kinetics could rescue an axon that failed to conduct impulses
at a given temperature. Impulse propagation failed in our an-
cestral unmyelinated axon with HH squid axon channel den-
sities at temperatures above 32 °C, simulated by increasing k0
with a Q10 of 3. In the UC model, if Cmeanwas decreased to 1/
k0 (bringing β back to 1.0), which is equivalent to adding
myelin membranes to the fiber, the impulse propagation was
restored. Similarly, the EN model (with β=1.0) was able to
conduct at high temperatures, at least up to 56.3 °C, by setting
the internodal specific capacitance such that Cmean was equal
to 1/ k0 and leaving the conductance densities unchanged.
Modeling the changes in temperature as affecting only the rate
constants is clearly an over simplification, but we expect the
observation that a myelinated axon can sustain impulse con-
duction at higher temperatures than the Bcorresponding^ un-
myelinated axon to hold for a more complete description of
the temperature dependence of impulse velocity. It opens the
possibility that the extension of the temperature range of sus-
tainable conduction could be a contributor to the selective
advantage of the evolving sheath.

3.3.2 Protonodes evolve toward small size

As myelination approaches full coverage, mechanisms for
preserving gaps in the myelin (Bprotonodes^) must arise to
provide access to the external medium for active mechanisms
in the axolemma (Fig. 4c). In principle, the smaller the node
the smaller the fiber capacitance and hence the faster the con-
duction speed (Fig. 6b). In practice, however, the speed en-
hancement obtained by increasing the fraction of membrane
covered (p) may be presumed to have a limit imposed by the
basic cell biological fact that channels and anchoring mole-
cules take up space and are constrained by physical and chem-
ical factors, which limits how far the process can be taken.
Once nodes form, evolution of mechanisms for controlling
their spacing to maximize efficiency while minimizing cost
in conduction velocity is to be considered.

3.3.3 Node spacing evolves toward an optimal value

If nodes have a lower limit to their length, and myelin thick-
ness has been Boptimized^ (which as mentioned includes
more than conduction velocity), the only way left to decrease
capacitance with mechanisms already discussed is to expand
the distance between the midpoints of successive nodes—the
Bnode spacing^. Two sets of simulations of the EN model
were run to establish effects of the transition from an axon
with uniformly distributed channels (as in the UC model) to
one with active channels segregated into nodes separated by
increasingly elongated internodes, as shown in Fig. 8. In the
first set, the node size was kept fixed to correspond to the
hypothesized cellular minimum. In this scenario, as the node
spacing increased, the fraction of the fiber occupied by the
node, or Bnode fraction^ (nf=1−p), progressively decreased,
and along with it, the averaged specific capacitance of the
axon, Cmean, resulting in a corresponding change in β.
Channel densities in the nodes were thus adjusted to maintain
β fixed at 6.5. The results are shown in Fig. 8 (broken line) for
node spacings ranging from 0.1 to 45 mm. When nodes were
very close together, the fiber was in effect unmyelinated be-
cause the ratio of myelinated to unmyelinated fiber is very
small. As internodes increased in length and Cmean dropped,
conduction velocity rose steeply from this low level, follow-
ing the v=14.2(d0/R0Cmean)

1/2m s−1 prediction of the UC
model (Eq. (1)). This peaked at 44.2 m s−1 for a node spacing
of 6 mm in the particular case shown, somewhat below the
46.3 m s−1 prediction of the UC model (see Table 2, axons 3–
4). The optimal node spacing (i.e. the node spacing that gives
the peak conduction velocity) depended on the internodal spe-
cific capacitance, which corresponds to myelin thickness in
the ENmodel, with the optimal node spacing shifting to larger
spacings as the capacitance dropped, (e.g. the optimal node
spacing shifted from 4 to 10 mm as the internodal specific
capacitance was dropped from 0.002 to 0.0005 μF cm−2 with
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the other parameters kept as in Fig. 8). As expected a decrease
in internodal specific capacitance also resulted in an increase
the peak conduction velocity. However, as the fixed node size
became a small fraction of the distance between nodes, the
decrease in capacitance with increasing node spacing dimin-
ished disproportionately, so that advantage was lost. Velocity
then dropped linearly with node spacing to a point where
conduction failed when axonal regions with access to the out-
side became electrotonically too isolated from each other.
Hence for a fixed node size and specific capacitance of the
internode (myelin thickness), there was an optimal node spac-
ing that maximized conduction velocity. Similar results were
obtained when the nodal channel density was adjusted to keep
γmean fixed as the node spacing increased (not shown).

A second set of simulations examined the effects on con-
duction velocity of varying the internode length while nf was
kept fixed and the channel density in the nodes was set to
correspond to β=6.5. Thus as the node spacing was increased,
the size of the node increased proportionally, so that γmean and
Cmean for a node plus internode segment remained fixed. For
short internodes, the active conductances in the nodes approx-
imated a continuous distribution of channels along a

myelinated fiber, which was reflected in a conduction velocity
approximately equal to that predicted by the UC model
(50.3 m s−1 Fig. 8, solid line). For moderate node spacings
(between 0.1 and 5 mm for our simulations), the conduction
velocity remained relatively constant, within 5 % of the pre-
dicted UC velocity. As node spacing increased beyond this
range, the conduction velocity slowed in a linear fashion,
paralleling the trend in the previous scenario, and ultimately
failing as the node spacing became too large to support salta-
tory conduction.

3.4 ES model studies

3.4.1 Restricting access to submyelin space improves
conduction

In utilizing the EN model, we have assumed a Bperfect^
sheath, electrically equivalent to a parallel resistance-
capacitance circuit including the axolemma, with no internal
current shunts. Real sheaths have a submyelin space between
axolemma and sheath, space between the myelin layers in
non-compact myelin, and electrical access to these spaces in
the paranodal region, all of which can result in the shunting of
current into the external medium surrounding the fiber. Hence,
specialized structures that seal the margins of the glial sheath
at the nodes are required for the optimal functioning of the
evolving myelin (e.g. Hartline 2008). At vertebrate nodes,
terminal loops at the margins of the glial sheath are sealed
against the axon by septate junctions, which control electrical
access to the submyelin space (Robertson 1959; Poliak and
Peles 2003). The effect on conduction velocity of evolving
mechanisms that block current flow between the nodes and
the submyelin space was investigated with the ES model,
which allows current flow in the submyelin space to be repre-
sented explicitly. The axial (longitudinal) resistance of the
submyelin space was specified as a function of the size of
the gap between the myelin sheath and the axolemma, and
the resistivity of the solution it contained, which was set to
the cytoplasmic resistivity. Hence, as the gap was decreased,
the submyelin axial resistance increased. The effect of chang-
ing raccwas investigated for a range of values starting with the
default width of the submyelin space along the internode of
10 nm, which produced an access resistivity of 1.9×
104 MΩ cm-1 (or 1.9 MΩ over the 1 μm paranode). The range
extended up to 1010 MΩ cm−1 (106 MΩ over 1 μm), which
represented a high resistance seal that effectively blocked lon-
gitudinal current flow into the submyelin space. Figure 9a
shows the effect of different degrees of tightness of the
paranodal seal on the relationship between myelin thickness
and conduction velocity, with β fixed at the optimal level of
6.5. Decreasing the paranodal gap (δp) below the 10 nm stan-
dard for unspecialized submyelin space simulates the evolu-
tion of specializations to seal the margins of the myelin.
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Fig. 8 Effects on conduction velocity predicted by the EN model of
changing node spacing, defined as the distance from the midpoint of
one node to that of the next. Simulations were run for a 10 μm
diameter axon at 6.3 °C as the node spacing increased for two different
cases: i) fixed node size (broken line) and ii) fixed node fraction (solid
line). i) Broken line: fixed node size ln=1 μm and internodal specific
capacitance Cmi=0.001 μF cm−2. The channel density in the nodes was
adjusted to keep β fixed at 6.5 as the node spacing was increased.
Parameter values were chosen so that Cmean approaches 0.001 μF cm−2

as the node spacing goes to infinity. ii) Solid line: fixed node fraction nf=
0.0005 and internodal specific capacitance Cmi=0.0005 μF cm−2. This
gives a mean capacitance for the axon of Cmean=0.001 μF cm−2, roughly
corresponding to the UC model with 500 lamellae. Nodal channel
densities were set to 13 times the standard HH squid axon densities so
β=6.5. Node spacings from 0.1 and 45 mm correspond to node sizes
ranging from 0.05 to 22.5 μm
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Conduction velocity increased with the resulting increased
access resistance. Not surprisingly, the effect of sealing the
myelin margins at the nodes on conduction velocity was great-
er the larger the number of myelin lamellae. The effects were
only modest for δp decreasing from 10 to 1 nm, suggesting
initially only a relatively weak selective advantage during the
early phases in paranodal seal evolution. However, the speed-
up was significantly greater for further increases in access
resistance, especially for greater myelin thicknesses, suggest-
ing stronger selection in this range. Similar results were ob-
tained when the nodal channel densities were kept fixed and β
was allowed to increase with increasing numbers of myelin
lamellae (not shown).

Once the seal around the nodes has evolved, it is possible to
increase the width of the space between the axolemma and the

myelin sheath along the internode (δi) without losing toomuch
of the benefit of myelin on conduction velocity. This is shown
in Fig. 9b for a modest seal corresponding to δp=1 nm. While
this degree of paranodal sealing wasn’t sufficient to prevent a
drop in conduction velocity as δiwas increased, it did maintain
the velocity elevated above that of an unmyelinated axon. For
large myelin thicknesses, the decrease in nodal channel den-
sity required to maintain β=6.5 resulted in a slight decline in
conduction velocity that became more noticeable for larger δi.
This decline wasn’t observed when nodal channel densities
were kept fixed instead of β (not shown). This illustrates the
departure of the ES model from the behavior predicted by the
UCmodel as current flow in the submyelin space increases. In
particular, in these more Brealistic^ models we can no longer
assume that holding β fixed optimizes conduction velocity.
For the ES model with δp=1 and δi=100 nm, when channel
densities were fixed with γ0=1, the conduction velocities were
greater than those shown in Fig. 9b (dashed line, filled circles)
for sheaths with more than 20 myelin lamellae (e.g. for 100
lamellae: v=6.8 m s−1 instead of v=4.9 m s−1).

The final stage in the hypothesized sequence of events in
myelin evolution is the compaction of the myelin by elimi-
nating glial cytoplasm (Fig. 4d). This undoubtedly reduces
current shunting between membrane layers and decreases
the fiber diameter allowing for a more compact nervous sys-
tem. The associated reduction in the thickness of a lamella
increases the amount by which Cmean decreases with each
added myelin wrap in the ES model, since the capacitance
per unit length for each added layer depends on the fiber’s
expanding outer diameter. This results in an increase in con-
duction velocity which is proportionately small for a few
myelin layers but greater for many layers (e.g. a 50 % reduc-
tion of lamella thickness to 9 nm resulted in a 0.4 % increase
in conduction velocity with 5 lamellae and 17 % increase
with 500 lamellae for the ES model with the parameter values
used in Fig. 3).

3.4.2 Increased efficiency can be achieved with large
diameter axons

In developing vertebrate nervous systems, fibers are myelin-
ated only after they reach a certain size (Peters and Vaughn
1970). It would be of interest if a similar size-principle were in
operation in myelin evolution. The effect of adding myelin
lamellae on conduction velocity was thus compared for three
axon (inner) diameters: 1, 10 and 100 μm. In each case the
submyelin gap was set such that δp=1 nm and δi=10 nm. In
order to remove the effect of increased axon diameter on the
conduction velocity, the conduction velocities were scaled by
(10/diameter)1/2. Hence, unmyelinated fibers of all three di-
ameters would have the same scaled conduction velocity.
Figure 10 shows that the increase in conduction velocity with
the addition of myelin lamellae saturated at a greater number
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of lamellae in larger diameter axons. For the 1 μm diameter
axon, little additional increase in relative conduction velocity
was achieved beyond the addition of 20 myelin lamellae,
while the conduction velocity of the 100 μm diameter axon
was still increasing after the addition of 100 lamellae. Scaled
conduction velocity was very close for the three fibers when
only a couple lamellae were added, showing that in the case of
very few myelin layers the conduction velocity still scales
with the square root of the axon diameter. If the seals at the
margins of the nodes were increased by reducing δp to 0.1 nm,
the scaled conduction velocities of the three fibers remained
close for a greater number of myelin lamellae.

4 Discussion

An efficiently functioning nervous system is vital to the sur-
vival of an organism, so evolution of myelin must proceed
through intermediate stages each of which in all likelihood
provides a selective advantage over the earlier stage. In a
previous paper examining the transition of nerve conduction
from the continuous condition of unmyelinated axons to a
saltatory mode as the tightness of a pre-formed sheath was
increased (Young et al. 2013b), we found a consistent slowing
of conduction preceding the onset of more rapid saltation. We
noted that this produces an obstacle to evolving or developing
a myelin sheath, as it places a non-adaptive barrier to be
surmounted in the pathway. Based on those studies, we spec-
ulated that this barrier would be most easily bypassed by
evolutionary/developmental paths that minimize the slow-
down. Such minimization was found to occur in larger-

diameter axons, which we noted is consistent with the ob-
served tendency of myelination to occur preferentially, in de-
velopment and among myelinate taxa, in larger axons. In the
present paper, we have demonstrated that evolutionary/
developmental pathways exist that avoid the admittedly some-
what artificial slow-down bottle neck of the previous simula-
tions. We found that at each stage, conduction velocity can be
increased above that of a non- or partially-myelinated precur-
sor and that it is possible to proceed from one stage to the next
maximizing conduction velocity at each stage.We examined a
sequence of possible intermediate stages that focused on
changes in the structural properties of the sheath that are com-
mon to myelinated axons of all taxa. The current study sug-
gests that relatively modest changes in the glial sheath sur-
rounding an axon can lead to increases in the conduction ve-
locity that could provide the adaptive impetus to initiate the
evolution of myelin. These might be followed by a series of
optimizing adjustments as the myelin evolves into its present
state:

4.1 Huxley’s relation suggests a local optimum
for conductance values that maximize conduction velocity

Central to our analysis is Huxley’s relation, Eq. (1), which
provides insight into the impact of sheath parameters on con-
duction velocity at each stage. Although this relation only
directly applies to the UC model, it provides a useful approx-
imation to the behavior of the other models for parameter
values close to those corresponding to the UC model (see
Fig. 3). The UC model represents a Blimiting case^ of a my-
elin sheath, with no current leakage between the layers of
membrane or along the submyelin space and a uniform distri-
bution of ion channels, and as such it has the fastest conduc-
tion velocity for a given level of myelination in the three
models. As the models included more characteristics of a re-
alistic myelin sheath with more pathways for current leakage,
the conduction velocity slowed, so the Huxley relation pro-
vides a standard against which the Befficiency^ of a myelin’s
design can be measured.

Using Huxley’s relation, we examined the impact of cable
and membrane parameters, in particular C0, γ0 and k0, on the
hypothesized evolutionary sequence. As noted above, con-
trary to Huxley’s conclusion that f0(β) is a monotonically in-
creasing function, we find that when the range of β is extended
beyond that investigated by Huxley, the function passes
through a maximum at β~6.5. This was verified for
Huxley’s original non-normalized function (Huxley 1959) as
well as when the normalized function f0(β) is computed for
fibers with other geometries and electrotonic properties (e.g.
diameter=10 μm; Ri=100 Ωcm). Hence, our analysis starts
with the expectation that the optimal parameter mix is one that
maintains a maximum f0(β), i.e. β~6.5 in the reference fiber,
at which level conduction velocity is 16 % greater than for the
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Fig. 10 Conduction velocity as a function of the number of myelin layers
for axons with 3 different diameters: 1 μm, 10 μm and 100 μm (ES
model). Velocity is scaled by (10/d)1/2 to normalize conduction velocity
to that of a 10 μm diameter axon. The node spacings were scaled by
(d/10)1/2 to keep the electrotonic length fixed. Parameter values for
10 μm axon were those of the standard axon (Table 1)
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squid giant axon at 6.3 °C. This conclusion, however, is most
relevant to optimization of active conductance densities (γ0),
since the second factor in the equation for velocity is α (=
d0k0/R0C0), which while independent of γ0, is dependent on
both k0 and C0. The squid giant axon with β=1 is significantly
removed from this optimum. Why does the squid axon not
invest in the extra channels needed to achieve a maximum
velocity? One likely contributor is that adding channels in-
creases the metabolic cost of restoring ionic balance after an
impulse passes. This would amount to a 6.5-fold increase in
metabolic energy to achieve a mere 16 % gain in conduction
speed. For the same increase in channel number and hence
metabolic costs, it can obtain almost ten times the boost in
conduction velocity—155 %—with a 6.5-fold increase in di-
ameter instead, albeit other costs attend such a large axonal
size.

Other researchers have remarked on the difference between
the channel density of the squid giant axon and a predicted
optimal density. Hodgkin (1975) hypothesized that the sodi-
um channel density of the squid giant axon has evolved to
maximize conduction velocity. To investigate this hypothesis,
he added a fixed capacity to the HH equations as a means for
simulating the movement of sodium channel gating charges
associated with the impulse, and then used the method of
Huxley (1959) to generate a curve for the conduction velocity
as a function of channel density. With this approach, he pre-
dicted an optimal channel density of 1000 channels per μm2

(β=2.1) instead of the mean measured value of 480 per μm2

of Keynes and Rojas (1974). Hodgkin concluded that for
small diameter fibers with higher surface to volume ratios,
the metabolic energy required to restore the ionic concentra-
tions after an impulse might be sufficiently high to require a
lower sodium channel density. Sangrey et al. (2004)
reexamined Hodgkin’s hypothesis of an optimal channel den-
sity with a refined model of the squid action potential that
included both a voltage-dependent sodium channel gating-
current mechanism and modified Na+ inactivation and K+

activation kinetics. They found that even though the model
accurately reproduced the experimentally measured action
potential shape and conduction velocity, the predicted chan-
nel density that optimized conduction velocity was more
than twice that of the actual squid density (β>2).
However, when they examined the metabolic energy cost
of the action potential, they found that it attained a mini-
mum near the biological values of the channel densities and
axon diameter, for conduction velocity fixed at observed
levels, suggesting that instead the energy cost of conduction
velocity is being optimized (Crotty et al. 2006). Whether
the evolution of myelinated nervous systems has been driv-
en primarily by the need to increase conduction velocity or
to reduce the metabolic cost of neural activity is a subject
of ongoing debate (Hasenstaub et al. 2010; Harris and
Attwell 2012).

4.2 Decrease of ionic channel density in parallel
with capacitance

We started this investigation of myelin evolution with an un-
myelinated Bancestral^ axon that was optimized for conduc-
tion velocity, and so had a higher density of ion channels than
is observed in modern squid giant axons (β=6.5). To retain
this optimum β as myelin evolves (and the capacitance of the
myelin sheath, or more accurately, the mean trans-fiber capac-
itance drops), channel densities must decrease (Fig. 7a). Thus
even without assuming explicit nodes, the UC model predicts
(for unchanged k0) a reduction in the metabolic cost of the
impulse. Hence, in contrast to Rushton’s assumption that the
specific membrane properties of different size axons are the
same, our assumptions required that the specific membrane
properties change as myelin evolves (Rushton 1951). Thus
our results are not directly comparable to his or to the numer-
ical results of Goldman and Albus (1968) and others (e.g.
Smith and Koles 1970; Brill et al. 1977). However, the differ-
ences were primarily quantitative and we found many of the
same qualitative trends that have been documented by others.
When we fixed the channel density instead of β, we found that
conduction velocity was a monotonically increasing function
of myelin thickness that saturated for large numbers of layers
(Fig. 7b, solid line), which has been observed in other studies
where fiber diameter was allowed to increase along with the
increase in myelin layers (Smith and Koles 1970; Moore et al.
1978; Chomiak and Hu 2009; Young et al. 2013b). Similarly,
if the fiber diameter of the ES model was fixed at 10 μm such
that adding myelin layers resulted in a decrease in inner axon
diameter, then there was a g-ratio that gave a maximum con-
duction velocity. However, the ratio that corresponded to the
maximum conduction velocity depended on whether it was β
or the channel density that was kept fixed, with the maximum
occurring for fewer layers (or larger g-ratios) if β was fixed.
For fixed channel density, the maximum velocity occurred for
a g-ratio between 0.7 and 0.8, which is in reasonable of agree-
ment with other studies (Goldman and Albus 1968; Smith and
Koles 1970; Moore et al. 1978; Chomiak and Hu 2009).

4.3 Evolution of the kinetics of ionic conductances

If evolution speeds conduction by reducing capacitance, keep-
ing β fixed at the optimum of 6.5 can be achieved by either
reducing γ0 as in the runs we have presented, or by increasing
k0 such that the product k0C0 remains fixed. In the latter case,
conduction velocity increases linearly with k0 rather than as
k0

1/2. Maintaining β around 6.5 by reducing γ0 has little im-
pact on conduction velocity but a large impact on metabolic
cost. Maintaining it by increasing k0 has a large (synergistic)
impact on velocity, no savings in metabolic cost but additional
costs in terms of membrane synthetic and space requirements.
Thus a trade-off in costs between metabolic load and
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membrane production leading to some compromise among
these parameters would seem logical (see also discussion of
this in Moore et al. 1978).

4.4 Evolutionary elongation of the internode

We investigated two scenarios for the elongation of the inter-
node and the concentration of active channels in the
protonodes. When the node size is fixed, corresponding to
an intrinsic minimum imposed by cellular constraints, and
the internode elongates independently of node size, our results
agree qualitatively with those of other researchers (Huxley
and Stämpfli 1949; Goldman and Albus 1968; Brill et al.
1977). In particular, conduction velocity is very sensitive to
internode length for short internodes, reaches a broad maxi-
mum not much below that predicted by the UC model and is
relatively independent of internode length for intermediate
lengths (Fig. 8, broken line). Since we assumed that the β=
6.5 was fixed instead of the nodal channel density, the maxi-
mum conduction velocity occurred for longer internode
lengths than has been observed by others. This pattern of
dependence of conduction velocity on internode length has
recently been verified in experimental studies that were able
to vary internode length without co-varying axon diameter
and myelin sheath thickness (Wu et al. 2012; Simpson et al.
2013).

When we allowed the node size to expand at the same rate
as the internode, the effect of increasing node spacing was
always negative. Still, the conduction velocity remained rela-
tively constant up to moderately long internode lengths
(Fig. 8, solid line) but there wasn’t an internode length that
optimized conduction velocity. This implies that if the ratio
between the exposed and insulated portions of the axolemma
is fixed then optimizing conduction puts a minimal constraint
on the internode length. This isn’t surprising since the reduc-
tion in capacitance due to the elongation of the internode is
balanced by the increase in capacitance due to the expansion
of the node, and hence the mean capacitance of the axon
remains unchanged.While the expansion of nodes in conjunc-
tion with internodes is not observed during the development
of myelinated vertebrate axons, it is possible that the variation
in the size of protonodes during myelination might occur in
myelinated invertebrate axons. For example, during the devel-
opment of myelinated axons in the copepod, Bestiolina
similis, a proportion of the axons pass through a stage of
Bpartial^ myelin when the sheath doesn’t fully encircle the
axon but leaves a fraction of the circumference with just the
axolemma (Wilson and Hartline 2011). Nevertheless, optimi-
zation considerations suggest that nodes should at least not
increase in size as rapidly as internodes during development
or evolution.

For sufficiently large node spacings, the conduction veloc-
ity was found to drop linearly with approximately the same

slope in both scenarios (Fig. 8). In particular, if the specific
internode capacitance was reduced (by 10 % in the simula-
tions shown) for the fixed node size scenario, the conduction
velocities for the two scenarios roughly (within 1 m s−1) co-
incided with each other for node spacings between 10 and
40 mm. Hence, for these large node spacings, the rate of
spread of depolarization along the internode, and not the nodal
parameters, which differ between the two scenarios, is the
dominant influence on the conduction velocity. This increase
in internodal conduction time for large node spacings more
than compensates for the speed up in conduction velocity due
to the increasing Bjump distance^ between nodes. In this con-
nection, Huxley and Stämpfli (1949) also predicted a linear
decrement of conduction velocity with node spacing for large
node spacing and fixed node size.

4.5 Paranodal sealing

The conduction velocity of the ES model increased with in-
creasing myelin lamellae even without specialized seals at the
margins of the myelin sheath (Fig. 9a, dotted line for δp=
10 nm; similar results were obtained by Hartline 2008 and
Young et al. 2013b), but the addition of seals to the paranodal
compartments that restricted the shunting of nodal currents
under the myelin sheath caused a significant increase in con-
duction velocity, particularly for thicker sheaths. This agrees
with the results of studies that looked at the effect of removing
paranodal junction seals without assuming a redistribution of
channels from the nodes (Hines and Shrager 1991; Halter and
Clark 1993). Hines and Shrager (1991) found a reduction in
conduction velocity when the seals were removed without any
additional changes in the model, implying that demyelination
that only disrupts the junctional seals will still result in a sig-
nificant decrease in conduction velocity. Our results are also
consistent with the speed-up found by Young et al. (2013b) as
the sheath was tightened for submyelin gaps of less than
0.1 μm, although in the ES model only the submyelin space
in the short paranodal compartment, δp, was restricted rather
than the space along the entire internode, δi. Furthermore, the
present study found that metabolic savings resulting from
maintaining β constant were only realized once the edges of
the myelin start to seal.

4.6 Axonal gigantism

Conduction velocity scales up with the square root of inner
axonal diameter provided the number of laminae is unchanged
(in vertebrate myelin, the linear dependence on fiber diameter
is due to proportionate increases in sheath thickness: Goldman
and Albus 1968; Moore et al. 1978; Hartline and Colman
2007). In addition, in evolving myelin, certain issues of sheath
efficiency are less severe for larger axons than for smaller
ones. Our simulations (Fig. 10) demonstrated this greater
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Befficiency^ of a given amount of myelin in larger axons. This
is because the access and shunting produced by a given
electrolyte-filled periaxonal shell of fixed gap size are propor-
tionately less the larger the axon. Since myelin is thought to
have evolved to speed impulses, as is axonal gigantism (e.g.
Hartline and Colman 2007), the natural occurrence of giant
axons in pre-myelin ancestors is quite likely, givingmyelin the
opportunity to evolve first under less stringent design condi-
tions and likely greater adaptive pressure than would have
prevailed for smaller axons (see also Young et al. 2013b).
Indeed, in the shrimp-like crustaceans belonging to the
Euphausiacea and Mysidacea, the only myelinated axons in
the ventral nerve cord are the giant axons (Hartline and Kong
2008; personal communication).

4.7 Further applications of myelin structure simulations

We have focused on the effects on conduction velocity of
major changes in the structure of the glial sheath that we
hypothesized may have occurred in the course of myelin evo-
lution. Similar changes in the structure of the sheath occur
during development with the myelination of previously unmy-
elinated axons. While many of the changes that occur during
development are beyond the scope of the studies presented
here, some changes recapitulate the structural changes that
we have investigated (Carpenter and Bergland 1975; Xu
et al. 1994; Vabnick and Shrager 1998; Brösamle and
Halpern 2002; Wilson and Hartline 2011; Snaidero et al.
2014). Recent studies of the mammalian central nervous sys-
tem (CNS) have found that myelin sheaths might be more
heterogeneous and dynamic than previously suspected with
characteristics such as internode length, myelin thickness (g-
ratio) and the distribution of unmyelinated axon segments
varying by region; modified by experience and throughout
adulthood by myelin remodeling (Fields 2008; Lasiene et al.
2009; Bakiri et al. 2011; Young et al. 2013a; Tomassy et al.
2014). Axons myelinated by later developing oligodendro-
cytes have identifiable changes in myelin characteristics in-
cluding shorter internode lengths and slightly thinner sheaths
(higher g-ratio) (Lasiene et al. 2009; Young et al. 2013a). Our
simulations show that shortening internode lengths can have a
variety of effects on conduction velocity: near the broad peak
of the velocity verses internode length relationship one would
expect little change in conduction velocity while on either side
of the peak shortening would have opposite effects, an in-
crease in conduction velocity for long internodes and a de-
crease for short ones (Fig. 8). If the length of the node was
changed proportionately then conduction velocity might be
fairly insensitive to changes in internode length (Fig. 8). Our
simulations support the observation reported by others that the
effect of changes in internode length (and other parameters) on
conduction velocity is sensitive to the tightness of the sheath
and the seal at the paranodes (Fig. 9) (Lasiene et al. 2008;

Young et al. 2013a). For small diameter axons in the CNS, it
is possible that conduction velocity might be insensitive to
small changes in g-ratio, unless the sheath was quite thin
(fewer than 10 layers) (Fig. 10). Thus our simulations suggest
that the impact of these changes on conduction velocity might
be subtle. However, Fields (2008) and Pajevic et al. (2014)
have pointed out that small changes in conduction velocity
can have profound effects on the operation of neural circuits,
so predictions of subtle changes may nevertheless be
significant.

4.8 Conclusions

We have demonstrated how a sequence of relatively simple
evolutionary innovations might lead to the origin of and then
progressive development of a myelin sheath optimized for
enhanced conduction velocity. Features that could produce
the desired optimization in the evolving sheath include: 1)
the reduction of total ionic channel density with decreasing
capacitance as the sheath coverage and thickness increases; 2)
speeding the kinetics of ionic conductances as the sheath
thickness increases; 3) elongation of the internodes to an op-
timum length prescribed by the node size; 4) sealing the mar-
gins of the sheath at the nodes to further amplify conduction
velocity increases, and 5) decreased susceptibility of larger
diameter axons to sheath imperfections. The studies con-
firmed earlier indications of a trade-off between the advan-
tages of enhanced conduction speed and the energetic, lipid
resource and space costs of that speed. Exploration of these
issues should yield further insight into the evolution of
myelin.
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