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Chapter 1 – Introduction 
 
 
The biophysical structure of myelinated axons 
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What are the biophysical functions of the myelinated axon? The intricate 
wrapping of glial membranes around the primary neural output process – 
the axon – is mostly understood as providing insulation for the underlying 
voltage signal. In addition, the myelin sheath increases the conduction 
velocity of such signals. Yet multiple factors of signal transmission in 
myelinated axons remain largely uninvestigated, including the influence 
of its ultrastructure, such as the submyelin spaces, as well as the complex 
molecular, ionic, and electric interactions between the axon and its 
surrounding glial cells. What role does myelin really play in the nervous 
system? How important is its role as insulator? Can the complex 
interactions underlying saltatory conduction be taken apart? 
 
All known biological cells on planet Earth communicate by exchanging 
electric signals: a select group of ions – mostly Na+, K+, Cl–, and Ca2+ – 
flowing over an electrochemical gradient across the membranes of, or 
between, cells. Over the billions of years of evolution and natural 
selection for multicellular organisms, specialized subsystems, or organs, 
developed within these. In animals (metazoae), one organ in particular 
developed the specialization to exchange electric signals between 
individual cells over large distances relative to the size of the body: the 
nervous system. Beginning in the radially symmetric starfish and jellyfish 
(cnidariae) as diffuse nerve nets, the nervous system would segregate into 
central and peripheral (CNS and PNS, respectively) in bilateriae, which 
comprise the most diverse animal group on the planet (insects, worms, 
chordates, etc.).1 One nerve cell in particular, the neuron, common to both 
the CNS and PNS, developed the ability for long-range communication 
by polarizing into a cell body, or soma, and long, thin process – the axon 
– as early as the radial cnidariae (Watanabe et al., 2009), and is present 
throughout the likely descendants of cnidariae: bilateriae (Martín-Durán 
et al., 2018). An axon often articulates into branches, forming a tree that 
connects to other cells of all kind in a given organism, but particularly 

                                                
1 The evolution of nervous systems and biolectricity in general is introduced in 
greater depth in the Addendum. 
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other neurons. The evolution of an axon would allow animals an effective 
control and communication mechanism with a transmission range 
spanning up to the animal’s entire body. 
 
Myelin is the wrapping of glial membrane (oligodendrocytes in the CNS, 
Schwann cells the PNS) around parts of the principal axon or axonal tree. 
Myelination appears in every bilaterial lineage: deuterostomia (including 
vertebrates), ecdysosozoa (including crustaceans), and lophotrochozoa 
(including different worms) (Hartline and Colman, 2007). Due to the 
phylogenetic distances separating the three bilaterial lineages, 
myelination likely evolved independently at least three times (Hartline 
and Colman, 2007). 
 
Why did myelin evolve? A natural answer may be biophysical, as among 
the first explanations offered for the role of myelin is that of axonal 
insulation (Ranvier, 1878). A natural follow-up question might be, why 
would axons need insulation? Due to the long range of myelinated axons, 
insulation would better preserve an electric signal, much like in the early 
design for the transatlantic telegraph cable (see Addendum). To this role 
of insulator would be added that of capacitance reducer (Huxley and 
Stämpfli, 1949; Tasaki, 1955), lowering the charging time across the 
combined axon and myelin membranes, thus increasing conduction 
velocity in the myelinated regions (blue, Figure 1), between non-
myelinated regions that are typically nodes of Ranvier (black arrows, 
Figure 1). These biophysical elements of the myelin sheath – insulator 
and signal transmission accelerator – form the basis of the prevalent 
model for myelination, the single cable. 
 
Yet the single cable model was developed at a time without electron 
microscopy (EM), which would demonstrate in myelinated axons across 
bilateriae, including vertebrates, a complicated topology (reviewed by 
(Castelfranco and Hartline, 2015)). One such topological space is found 
underneath the myelin sheath, between the axon membrane and first layer 
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of myelin: the periaxonal space (red, Figure 1). Other submyelin 
pathways of note include the paranodal gap, where the myelin sheath is 
attached to the axolemma on either side of the nodes of Ranvier (the 
paranodes), and under which fluid and large molecules easily pass from 
the extracellular into the periaxonal space (Hirano and Dembitzer, 1969; 
Rosenbluth et al., 2013). Are the periaxonal and paranodal submyelin 
spaces conductive? If so, how important is myelin’s role as insulator? 
Moreover, conductive submyelin spaces would fundamentally alter the 
single cable model, adding at least one other cable to the circuit. How 
would such models affect conduction velocity in myelinated axons? 
Finally, if the axo-myelin circuit is altered, what other conclusions may 
be drawn about the role of myelination? This thesis aims to address these 
questions. The techniques employed are highly interdisciplinary, 
stretching from molecular to anatomical, physiological to physical, and 
computational to mathematical. The following introduces these elements, 
with the aim of laying the foundation upon which some answers to the 
above questions can be elaborated. 
 
Molecular aspects of myelination 
The myelin sheath begins as a membranous process extending from either 
oligodendrocytes (CNS) or Schwann cells (PNS). Little is known about 
the molecular or anatomical characteristics of invertebrate myelination. 
Vertebrate myelination is characterized by the compaction of most 
myelin membrane layers, due to the extrusion of cytoplasm and self-
adhesion of these, save often the innermost adaxonal one, or inner tongue. 
In the CNS, myelin wrapping begins with the laying of this non-
compacted innermost adaxonal layer, followed by more compacted outer 
layers, including the outermost abaxonal one (Simons and Nave, 2015; 
Snaidero et al., 2014). Following the wrapping of the adaxonal layer, 
myelination proceeds spirally from the outside in, while simultaneously 
growing mediolaterally (Snaidero et al., 2014). This lateral growth ends 
near small, unmyelinated regions: the nodes of Ranvier, leaving the 
myelinated regions in between as the internodes (Figure 1). The non-
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compacted myelin loops attached at each paranodal edge – the paranodal 
loops – firmly anchor the myelin sheath to the axon membrane via thick 
adhesive structures known as septate junctions, visualized as transverse 
bands with electron microscopy (EM), which also reveals a relatively 
unobstructed submyelin periaxonal space (Figure 1). 
 
 

 
 
 
Figure 1 | Schematic of a neuron with its myelinated axon. Myelin (blue) 
ensheathes the periaxonal space (red) and underlying axon (black) in a 
periodically repeated pattern punctuated by small unmyelinated stretches – the 
nodes of Ranvier (black arrows). Note: the myelin and periaxonal spaces are 
enlarged relative to the axon. 
 
 
General anatomical and molecular rules approximately govern which 
axons receive a myelin sheath. In the CNS, most larger diameter axons 
are myelinated, while smaller diameter ones, which form the majority of 
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axons, are not myelinated (Hildebrand et al., 1993).2 There is a minimum 
calibre to axonal diameter for its myelination; for example, ~0.2 µm in 
some mammalian central systems, with diameters ranging from 0.1 to 2 
µm and beyond (Waxman et al., 1995). The typical thickness of the 
myelin sheath in mammals, measured as the ratio between inner axon 
core and outer combined fibre diameters, or g ratio, has a peak 
distribution around 0.7 in the CNS and 0.6 the PNS (Waxman and 
Swadlow, 1977). The length of myelinated internodes increases with 
larger inner axon diameters (Hildebrand et al., 1993), gradually 
decreasing logarithmically with increasing axon length (Nilsson and 
Berthold, 1988). The compactness and general structural integrity of 
vertebrate myelin largely depend upon two highly expressed proteins in 
the myelin sheath: myelin basic protein (MBP) and proteolipid protein 
(PLP). Each myelin layer, or lamella, is formed by one membrane folded 
and attached onto itself, composing each lamella of two myelin 
membranes. The compaction of the myelin sheath attributable to 
interlamellar attachment, which composes the major dense line (MDL) 
visible in EM, requires MBP (Snaidero et al., 2014), while PLP mediates 
both interlamellar and intralamellar (i.e. intraperiodal) attachments 
(Lüders et al., 2019). The adaxonal myelin membrane is flexibly attached 
to the axolemma via myelin-associated glycoprotein (MAG), to form the 
more open and less protein-dense periaxonal space.3 
 
Saltatory conduction and the single cable 
A critical function of myelination is to accelerate the conduction velocity 
of underlying voltage signals travelling through the axon core. Initially, 
myelin was understood as insulation only, “interrupted” by non-

                                                
2 To give an idea of scale in axon diameters, the majority of CNS axons in the cat 
(white matter and spinal cord) are below 0.5 µm in diameter and unmyelinated, 
while the remainder, up to 1.5 µm in diameter, are largely myelinated. 
 
3 In contrast, invertebrate myelination appears characterized by a general lack of 
compaction and more diverse wrapping topologies. This diversity and other 
aspects of invertebrate myelination are addressed in the Addendum. 
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myelinated regions – the nodes of Ranvier (Figure 1) – which would 
allow the signal to jump rapidly from node to node outside the myelinated 
axon: thus the phenomenon of “saltatory” (from the Latin saltare, to 
jump) conduction (Erlanger and Blair, 1934; Lillie, 1925; Tasaki, 1939). 
In this biophysical model, the source of signal acceleration is the much 
larger and more conductive extracellular space (i.e. extra-myelin), 
relative to the axon core. The mechanism is based on nodes of Ranvier 
becoming sufficiently “irritated” to passively depolarize, creating an 
electric field and current, the transmission of which to the next node is 
only limited by the conductivity of the extracellular space, with 
essentially no need of the internodal axon (Erlanger and Blair, 1934; 
Lillie, 1925; Tasaki, 1939). 
 
The problem with such an extracellular model of saltatory conduction is 
the lack of shielding against external interference, since the rapid part of 
the voltage signal is carried outside the axon (and myelin sheath). Perhaps 
the axon core should carry the rapid part of the signal, while benefitting 
from the myelin shield against external interference (Huxley and Stämpfli, 
1949)? Indeed, interrupting the extracellular signal with a small oil- or 
air-gap does not prevent signal transmission in frog sciatic nerve (Huxley 
and Stämpfli, 1949). With myelin seen as fusing with the axolemma to 
form one membrane, the focus of conduction shifted from outside to 
inside the axon core (Figure 2). Evidence for radial myelin currents 
would support the idea of local action, consistent with an equivalent 
myelin sheath circuit consisting of a resistor and capacitor in parallel, 
with an estimated combined capacitance much lower than that of axon 
membrane alone (Huxley and Stämpfli, 1949), which also consists of a 
resistor and capacitor in parallel (Hodgkin and Rushton, 1946). In the 
resulting internodal circuit, axon membrane and myelin sheath are 
combined into one undivided unit; in other words, with no intermediary 
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conductors: the single cable (Figure 2) (Huxley and Stämpfli, 1949). 4 
Thus Huxley and Stämpfli lay the foundation for the modern theory of 
saltatory conduction, combining a single axial conductor with a 
capacitance-reducing myelin sheath, to insulate the axon core and 
increase the velocity of signals travelling within. 
 
 

 
 
 
Figure 2 | Schematic of the single cable model for myelinated axons (adapted 
from (Stämpfli, 1952)). The axon membrane and myelin sheath are envisioned as 
one continuous membrane structure separated by thinner, unmyelinated 
axolemmal regions called nodes of Ranvier (N1 and N2). N1 is stimulated by an 
excess of inward-flowing positive charges (upward arrow). These flow through 
the axon core (rightward arrow) to exit at the next node, N2 (downward arrow) 
into the extracellular space. The inward current also exits through the myelin 
sheath (dotted lines) to the extracellular space. Exiting currents form the 
extracellular return pathway of this axo-myelin circuit. 
 
 
The theory of saltatory conduction evolved to include a cluster of 
voltage-gated sodium ion (NaV) channels at the nodes of Ranvier. 
Propelled by Hodgkin and Huxley’s NaV and potassium ion voltage-gated 
(KV) channel currents discovered on the squid giant axon (Hodgkin and 
                                                
4 For a brief overview of the history of the single cable, the roots of which lie 
buried deep with the transatlantic telegraph cable and core conductor theory, 
please refer to the Addendum. 
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Huxley, 1952a; 1952b; 1952c; 1952d), and similar dynamics discovered 
at frog nodes of Ranvier (Dodge and Frankenhaeuser, 1958), nodal 
Hodgkin-Huxley (HH) kinetics were formally adopted into the theory of 
saltatory conduction (FitzHugh, 1962). Direct measurement of ionic 
currents at frog nodes of Ranvier confirm a much higher Na+ current, and 
therefore conductance, upon crossing a channel “activation gate” or 
threshold (Nonner et al., 1975). The suspected higher density of nodal 
relative to internodal NaV channels is confirmed at a ratio of 
approximately 500:1, per µm2 of vertebrate axon membrane (Ritchie and 
Rogart, 1977). Within the context of the single cable theory of saltatory 
conduction, the biophysical role of high-density nodal NaV channels is to 
boost the amplitude of the travelling axonal signal through a large influx 
of Na+ at nodes of Ranvier into the axon core. 
 
Anatomical aspects of myelination 
With the invention of EM in the 1930s, an explosion of studies followed 
on biological tissue, with vertebrate myelinated axons of both the CNS 
and PNS demonstrating a compact, multilamellar sheath with a diameter 
approximately half that of the axon, while surrounding a clear periaxonal 
space (Figure 3A). Indeed, axons in every major jawed vertebrate, from 
sharks (Long et al., 1968) to fish (Ackerman and Monk, 2016) and 
amphibians (Peters, 1960) to mammals (Nave and Werner, 2014), possess 
an ultrastructurally and morphometrically similar myelin sheath (Figure 
3B). In addition, EM demonstrates another axial submyelin space 
adjacent to the periaxonal, at the paranodal loops (Figure 3C) (Peters, 
1966). Moreover, high-pressure freeze-substitution volume EM 
demonstrates the space between each septate junction linking axon and 
myelin membranes at the paranodal loops (Figure 3D–E) (Nans et al., 
2011). Are the submyelin spaces open to the extracellular? The 
confluence between the periaxonal, paranodal and extracellular spaces is 
demonstrated by numerous tracer studies, where membrane impermeable 
tracer elements diffuse from the extracellular to not only these submyelin 
spaces, but also between the paranodal loops and into the intraperiod and 
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major dense lines (Hirano and Dembitzer, 1969; Rosenbluth et al., 2013). 
This evidence suggests ions may flow through the submyelin spaces to 
potentially complete another axial circuit with the extracellular space. 
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Figure 3 | A, EM image of an optic nerve myelinated axon in Xenopus laevis. 
Note the non-compacted and protein-sparse (darker regions indicate protein-
denseness) periaxonal space (red) relative to the compacted and protein-rich 
myelin sheath. B, schematic of typical vertebrate myelinated axon, with axon 
core, periaxonal space (red), darker intraperiod (I) and major dense (D) lines. 
Note the oft-observed cytoplasmic inner (Ci) or outer (Co) tongues, which 
surrounds the periaxonal space on the inside or forms the end of the spiral wrap 
on the outside, respectively. A and B adapted from (Peters, 1960). C, schematic 
of the ultrastructure at the paranodal loops, with the paranodal gap pathway 
connecting the extracellular and periaxonal spaces indicated (red). Adapted from 
(Peters, 1966). D, 3D volume EM of individual septate-like junction at the 
paranode. Each septate-like junction (between axon and myelin membranes, as 
well as transaxolemmal) attaches at most one paranodal myelin membrane to the 
axolemma across the paranodal gap. Note the locally restricted volume of 
individual septae. Scale bar: 8 nm. E, tomographic EM of individual paranodal 
loop, with the spaces between septate junctions indicated (white arrows). Scale 
bar: 70 nm. D and E adapted from (Nans et al., 2011). 
 
 
Submyelin ion channels 
A large diversity of ion channels is expressed along submyelin 
membranes throughout the internode. Internodal ion channels are found 
along the membranes of both axons and oligodendrocytes, including the 
adaxonal, paranodal loop, and Schmidt-Lantermann incisure (SLI) 
membranes. The kinds of ion channels expressed along the internode 
suggest a diversity of ion permeability comparable to non-myelinated 
regions, including Na+, K+, and Ca2+, through channels such as NaV, 
KV1.1/2, Ca2+-activated K+, Ca2+, AMPA receptors, NMDA receptors, 
inward-rectifying K+ 4.1 (Kir4.1), and various hemi-channels that may be 
permeable to K+ and H2O (Altevogt et al., 2002; Amor et al., 2017; 
Arroyo et al., 1999; 2001; Bhat et al., 2001; Hinman et al., 2006; Hirono 
et al., 2015; Huang et al., 2017; Rasband and Trimmer, 2001; Rasband et 
al., 1998; Rash et al., 2016; Rios et al., 2003; Ritchie and Rogart, 1977; 
Susuki et al., 2007; 2018; Wang et al., 1995; 1993; Zhang et al., 2013). In 
addition to voltage- and ligand-gated ion channels, a number of 
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transporters for partially charged or electrically neutral molecules line the 
axo-glial membranes facing the periaxonal space, including the 
glutamate-Na+/K+ anti-porter, glycine-chloride (Cl–)-Na+ co-transporter, 
and lactate-H+ co-transporters monocarboxylate transporter (MCT) 1 – on 
the axolemma – and MCT2, on the adaxonal membrane (Micu et al., 
2018). Electrophysiological evidence suggests that paranodal KV 
channels on the axolemma may fill the submyelin space with K+ (Chiu 
and Ritchie, 1980), while adaxonal Kir4.1 may buffer excess K+ into the 
oligodendrocyte during electrical activity (Larson et al., 2018; Schirmer 
et al., 2018). The accumulating evidence for ion channels opening into 
various submyelin spaces suggests additional layers of conduction along 
the internode. 
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Figure 4 | A and B, double cable equivalent internodal circuit (adapted from 
(Barrett and Barrett, 1982) and (Funch and Faber, 1984), respectively). The 
periaxonal space and its associated resistance (Ril) are shown in red. Note the 
division of identical Ril elements in circuit A does not change the equivalent 
circuit, i.e. the circuit in A is equivalent to that in B. Additional electrical 
elements in A, from left to right: nodal membrane resistance (RN) and 
capacitance (CN), intracellular axon resistance (Rax), internodal axon membrane 
resistance (Ri) and capacitance (Ci), and myelin sheath resistance (Rmy) and 
capacitance (Cmy). 
 
 
Multilayer cables and computational modelling 
A number of experimental efforts aimed at further elucidating the 
biophysical structure of the internodal circuit focus on the after-
depolarizing potential (ADP), a small depolarization that typically 
follows that of the much larger AP (Barrett and Barrett, 1982; Blight and 
Someya, 1985). ADPs are consequential for the axo-myelin circuit since 
their non-linearity, i.e. subthreshold depolarization after AP 
repolarization to the resting membrane potential, cannot be easily 
attributed to voltage-gated mechanisms. A number of authors have rightly 
attributed the presence of the ADP as evidence for a double cable 
internode (Figure 4A) (Barrett and Barrett, 1982; Blight and Someya, 
1985; McIntyre et al., 2002; Richardson et al., 2000). 
 
One groundbreaking study in particular recorded lower intra-myelin 
versus intra-axonal potentials (with respect to the extra-myelin space) 
during AP propagation, which suggest the separation of axonal and 
myelin voltages by a conductive periaxonal space (Figure 4B) (Funch and 
Faber, 1984). However, these experimental studies all face the same 
major drawback: a direct impalement of the myelin sheath with sharp 
microelectrodes, which likely opens the proposed multilayer internodal 
circuits to the extracellular space. 
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Nevertheless, many theoretical studies confirm the plausibility of double 
or triple cable models for the axo-glial structure (Blight, 1985; Gow and 
Devaux, 2008; Halter and Clark, 1991; McIntyre et al., 2002; Richardson 
et al., 2000; Stephanova and Bostock, 1995; Young et al., 2013). 
Software such as NEURON (Hines and Carnevale, 2001), implementing 
discretized cable equations over user-defined morphological spaces, 
greatly facilitate the simulation of electrical behaviour in complex 
biological structures. In particular, different circuit geometries can be 
directly tested – perhaps best performed with NEURON’s massively 
parallel software functionality (Migliore et al., 2006) – to effectively 
enable circuitry validation against experimental data. Yet current 
software is limited by an absence of robust and sufficiently general circuit 
or parameter solvers, which could not only help eliminate competing 
equivalent circuits, but also alternative parameter solutions. Such issues 
should be addressed to first determine whether a given biophysical 
parameter, such as submyelin conduction, is quantifiable, followed by its 
experimentally and statistically verified quantity. 
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Overview 
 
Chapter 1 introduces the anatomical, molecular, and biophysical 
structures of the myelinated axon, with a particular focus on the 
vertebrate central nervous system. The prevalent biophysical model for 
the myelinated axon, the single cable, is discussed. Current lacunae are 
also addressed, including anatomical and electrophysiological evidence 
for submyelin conduction and multilayer cable models, as well software 
approaches to biophysical modelling. Chapter 2 offers experimental and 
computational evidence for a double cable internodal architecture, in 
which coaxial currents travel through the axon core and across the 
internodal axolemma, flowing into the periaxonal and paranodal spaces 
and out across the myelin sheath, as well as over the submyelin paranodal 
gap, to the extracellular space. The modification to the single cable axo-
myelin equivalent circuit is described. Methodological techniques include 
simultaneous whole-cell current-clamp at axon ends and somata, optical 
(voltage-sensitive dye) combined with current-clamp recordings for 
voltage-calibrated readings along the submyelin axolemma, and large-
scale computational modelling. Some important consequences of the 
double cable model are also investigated, such as the diminishing role of 
myelin capacitance relative to submyelin conduction, and the structure’s 
generation of rising and falling internodal potentials over time and space. 
Chapter 3 generalizes and automates the digital and optimization 
approaches in the previous chapter into the software application Salto, 
which automates the creation and biophysical optimization of neuron 
models based on experimental data. Some of the functions and algorithms 
developed or improved include action potential optimization for 
underlying ion channel conductances, the non-uniform (NU) optimization 
algorithm, comparative exponential sampling of parameter space initial 
values, an evolutionary algorithm for multi-generation optimization, as 
well as automated solution ranking, selection, and viewing procedures 
with or without a fully functioning graphical user interface. The resulting 
biophysical models are further explored, yielding a mechanism for 
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intrinsic hyperexcitability in demyelinated axons, which reveals the 
suppressive role of the myelin sheath in the double cable. In Chapter 4, 
additional consequences of submyelin conduction are discussed and 
explored, including its necessity for the operation of ion channels along 
the internodal axon or adaxonal membrane, potential role in axonal 
signalling plasticity, and impact on degenerative myelin diseases.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                
5 An Addendum also broadens the background to the dissertation, including a 
brief history of bioelectricity and the derivation for the standard, single and 
double cable equations. 
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Summary 
The propagation of electrical impulses along axons is highly accelerated 
by the myelin sheath, and produces saltating or ‘jumping’ action 
potentials across internodes, from one node of Ranvier to the next. The 
underlying electrical circuit, as well as the existence and role of 
submyelin conduction in saltatory conduction remain, however, elusive. 
Here, we made patch-clamp and high-speed voltage-calibrated optical 
recordings of potentials across the nodal and internodal axolemma of 
myelinated neocortical pyramidal axons combined with electron 
microscopy and experimentally constrained cable modelling. Our results 
reveal a nanoscale yet conductive periaxonal space, incompletely sealed 
at the paranodes, which separates the potentials across the low-
capacitance myelin sheath and internodal axolemma. The emerging 
double cable model reproduces the recorded evolution of voltage 
waveforms across nodes and internodes, including rapid nodal potentials 
travelling in advance of attenuated waves in the internodal axolemma, 
revealing a mechanism for saltation across time and space. 
 
Introduction 
Vertebrate axons are ensheathed by multiple compacted myelin 
membranes spirally wrapped around the axolemma between the nodes of 
Ranvier, forming the anatomical basis for the rapid and saltatory 
conduction of electrical impulses in peripheral and central nervous 
systems (Hartline and Colman, 2007). In recent years, many important 
insights have emerged regarding the cellular and molecular organization 
of myelination, including the neuro-glial interactions regulating sheath 
formation and activity or experience-dependent regulation of myelination 
(Fields, 2015; McKenzie et al., 2014; Nave and Werner, 2014; Snaidero 
et al., 2014). However, in part due to the physical limitation in accessing 
the axolemma beneath the myelin sheath, our understanding of how 
myelination accelerates action potential (AP) propagation remains 
incomplete. 
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The common model for saltatory conduction is based on the seminal 
electrophysiological recordings of frog sciatic nerve by Tasaki (Tasaki, 
1955; 1939) and Huxley and Stämpfli (Huxley and Stämpfli, 1949). In 
the equivalent circuit representation, the axon and myelin sheath form 
one tightly combined membrane without intermediary conducting 
pathways, here referred to as ‘single cable’. Although the view that 
myelin insulates internodal axolemma is widely accepted, alternative 
models that include submyelin or intramyelin conduction pathways have 
previously been proposed. Based on sharp-electrode intracellular 
recordings (Barrett and Barrett, 1982; Blight and Someya, 1985; Funch 
and Faber, 1984) and computer simulations (Arancibia-Carcamo et al., 
2017; Blight, 1985; Dimitrov, 2005; Gow and Devaux, 2008; McIntyre et 
al., 2002; Richardson et al., 2000; Stephanova and Bostock, 1995; Young 
et al., 2013), it is thought that axial conduction may occur between the 
myelin sheath and axon membrane, in the fluid-filled periaxonal and 
paranodal spaces, forming thereby an equivalent circuit referred to as 
‘double cable’. Submyelin current flow via the paranodal domains and 
within the periaxonal space would be consistent with tracer and electron 
microscopy (EM) studies indicating a continuity between the 
extracellular medium and submyelin or mesaxonal spaces (Hirano and 
Dembitzer, 1969; Rosenbluth et al., 2013; Shroff et al., 2011). However, 
given the lack of experimental data for potentials beneath or across the 
myelin sheath, the evidence for or against the involvement of submyelin 
conduction remains contentious. Furthermore, optical recordings of APs 
using voltage-sensitive dyes reveals a strikingly complex gradual pattern 
of onset latencies along the internodes and nodes (Popovic et al., 2011; 
Stuart and Palmer, 2006), which remains to be explained.   
 
Detailed insight into electrical membrane properties of neurons and glia 
can be achieved by patch-clamp recordings combined with morphology-
constrained passive cable modelling of voltage transients (Chan et al., 
2013; Major et al., 1994; Nörenberg et al., 2010; Rall et al., 1992; Rapp 
et al., 1994; Roth and Häusser, 2001; Schmidt-Hieber et al., 2007). Here, 
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we hypothesized that such an approach may yield direct insights into the 
intra-internodal circuit pathways in myelinated axons. Using 
computational modelling in combination with high-speed voltage-
calibrated optical recordings of the axolemma, as well as EM analysis, 
we find evidence for a second longitudinal conducting pathway formed 
by the periaxonal and paranodal submyelin spaces. The resulting double 
cable model reveals that a capacitance-lowering myelin sheath combined 
with a conducting submyelin layer are integral to reproduce the 
spatiotemporal profile of action potential saltation. 
 
Results 
A double cable circuit is necessary to account for axonal voltage 
transients 
Using two patch-clamp electrodes, we simultaneously recorded Vm at the 
soma and axon up to ~830 µm away from the soma in rat thick-tufted 
layer 5 (L5) pyramidal neurons (Kole and Popovic, 2016; Kole et al., 
2007) (Figure 1A). To solve the combined passive cable parameters for 
the neuron and its myelin sheath, capturing transient cable elements such 
as axial resistance and capacitance, we injected brief current pulses at the 
soma and recorded passive voltage responses (>300) averaged each for 
the soma and axon end (Methods, Figures 1 and S1). From six high-
quality recordings we developed anatomically detailed cable models 
(Figures 1 and S2). The total length of the primary axon ranged from 145 
to 830 µm, encompassing 1 to 6 myelinated internodes, increasing in 
length with distance from the soma (Figure S3). Within biophysical 
bounds (Table S1), we began by optimizing the myelinated axon as a 
single cable (SC, Figure 1B). Optimization was performed 
simultaneously for neuronal intracellular resistivity (Ri), specific 
membrane resistance (Rm) and capacitance (Cm), as well as specific 
myelin sheath resistance (Rmy) and capacitance (Cmy), taking advantage of 
an optimization algorithm we developed for unsupervised solution 
selection (Figures 1B, Methods). The optimal SC solution predicted high 
Rmy but only modestly low Cmy values and could not capture the rapid 
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rising phase in axonal Vm in combination with amplitude attenuation, 
robustly observed in all axonal recordings (Figures 1B and S4, Table S2).  
 
To examine whether parameters were accurately estimated with soma-
axon voltage transients only, we made additional simultaneous recordings 
from somatic, dendritic and axon initial segment sites in L5 neurons but 
found no difference between Ri, Rm and Cm, thus suggesting the main 
neuronal parameters are well constrained (Tables S2 and S3; P > 0.255–
0.999, Methods; n = 12 cells). Next, in a bid to improve the SC fit error 
and better understand the dynamics of the axonal response, we kept the 
optimal solutions for Ri, Rm and Cm, and fixed the myelin parameters Rmy 
and Cmy to their expected values, based on 10 myelin lamellae (2 myelin 
membranes per lamella). With the serial compaction of each myelin 
layer, Rmy and Cmy were accordingly fixed to 20 ´ Rm and 0.05 ´ Cm, 
respectively (eqs. 7–10, Methods). The results showed that the expected 
SC captured the onset of the rising phase but not its second attenuated 
component, leading to an even larger fit error (Figure 1B, D and S4). 
 
While the experimentally observed sharp rise time in the axon (Figures 1 
and S4) could reflect the smaller capacitive load of myelinated 
internodes, the presence of a second component suggests an additional 
resistive path. We therefore hypothesized that the submyelin space may 
be conducting and connected to ground at the paranodes, forming a 
double cable (DC). To implement submyelin conduction, we added an 
axial resistor (rpa) longitudinal to the entire length of the reconstructed 
internode and an axial paranodal resistance parameter at its edges (rpn, 
fixed length of 2.3 µm) through which current leaves to ground (Figure 
1C, Table S1 and Methods). Subsequently, we re-optimized the models 
with rpa, rpn, and the neuronal and myelin membrane parameters (Ri, Rm, 
Cm and Rmy, Cmy, respectively). The optimized DC model results 
demonstrated a significantly improved fit of the biphasic axonal 
transients, as well as the somatic transient across all six models (Figures 
1C, D, S4 and Table S4). Moreover, even without rpn, the DC model 
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produced a better fit and improved combined axo-somatic error relative 
to those of the expected and optimal SC models (P < 0.0001; Methods). 
Finally, to assess the validity of the passive cable solutions, different 
sources of error were explored via uncertainty analyses, SC and DC 
circuits were compared via sensitivity analyses, and alternative SC 
circuits were optimized with separate myelin sheath resistance and 
capacitance parameters for each internode (1–6 internodes), together for 
over 2 million core-hours on two supercomputers at the Neuroscience 
Gateway ((Sivagnanam et al., 2013); Methods). The results of these 
analyses indicated that the combined axo-somatic fit error was 
consistently larger than DC model solutions (P < 0.0001, Methods).  
 
Taken together, our experimentally constrained passive cable modelling 
reveals a conducting submyelin axial pathway as integral to the 
equivalent circuit of a myelinated internode. 
 
Double cable parameters predict the myelin ultrastructure 
To test whether the cable properties predict features of the myelin 
ultrastructure, we examined biocytin– or horseradish peroxidase (HRP)–
filled thick-tufted L5 neurons, including 4 of the 6 simulated neurons 
post-hoc with EM (Figure 2A and B). The observed number of myelin 
lamellae (nmy) varied between axons (range: 5–19 lamellae, Figure 2C) 
but was constant with distance from the soma on average (Figure S3). 
The nmy scaled linearly with inner axon diameter, resulting in a ratio of 
inner to outer axon diameter, or g ratio, of 0.698 (n = 18 internodes from 
9 axons, Figure 2D), as expected for central nervous system axons 
(Waxman and Swadlow, 1977).  
 
We next examined whether the optimized SC or DC cable parameters 
could predict nmy and the thickness of the myelin sheath (dmy), as well as 
the resistance and capacitance of each myelin membrane (Rmm and Cmm, 
respectively; Figure 2B and E; eqs. 7–12). Given the serial compaction of 
each myelin layer, total myelin sheath resistance could be estimated as 
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the sum of the resistance of each layer, and the capacitance the reciprocal 
of the reciprocal sum of the capacitance of each layer. Therefore, nmy 
could be directly predicted from total myelin sheath capacitance (Cmy), by 
dividing each model Cm by twice Cmy. The double cable parameters 
predicted an average of ~15 myelin lamellae, the same as observed in EM 
(~14 lamellae, Mann-Whitney P = 0.345; Figure 2F). Furthermore, since 
the thickness of the myelin sheath separates two parallel capacitor plates, 
dmy may be predicted by deriving Cmy as the sum of the separation of each 
myelin membrane capacitor. This relationship predicted an average dmy of 
242 nm, well in range of the measured dmy of 225 nm (Figure 2F). In 
contrast, the SC parameters predicted a substantially thinner myelin 
sheath of only ~4 lamellae (predicted dmy = 29.5 nm and nmy = 3.68, 
respectively; Table S2), yielding poorer predictions compared to the DC 
parameters (Kruskal-Wallis with Dunn’s correction, SC vs EM P = 
0.00970, DC vs EM P = 0.930). 
 
Since myelin sheath resistance and capacitance is composed by a series 
of connected myelin membrane resistances and capacitances, we could 
estimate the specific properties of individual myelin membranes by using 
the average number of myelin membranes, accordingly dividing Rmy to 
obtain Rmm or multiplying with Cmy to predict Cmm (Figure 2G). 
Interestingly, although the insulation provided by the total myelin sheath 
resistance was an order of magnitude greater than that of the axolemma, 
the resistance of a single myelin membrane was more than twice lower 
(Rmm = 8.56 ± 3.27 kΩ cm2; range: 2.28–20.6, n = 6; Figure 2H). A low 
specific myelin membrane resistance is in good agreement with values 
obtained from direct recordings of oligodendrocyte precursor cells (4.1 
kΩ cm2 (Chan et al., 2013)), and numerical predictions of corpus 
callosum myelin membranes (1.8 up to 16 kΩ cm2 per membrane (Bakiri 
et al., 2011)). Finally, the specific membrane capacitance for each myelin 
membrane was estimated at 1 µF cm–2 (1.00 ± 0.199 µF cm–2, n = 6; 
Figure 2H), close to the biological constant for phospholipid bilayer 
membranes (Gentet et al., 2000).  
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Together, these results show that our experimentally solved DC cable 
parameters for the myelin sheath are internally consistent and predict the 
ultrastructure of the myelin sheath. 
 
Conductivity in the submyelin space 
To determine how axial resistance corresponds to the submyelin space 
and how easily charges can flow, we calculated the axial resistivity. To 
do so, we converted the solved axial resistance in the periaxonal and 
paranodal spaces (~125 GΩ cm–1 and ~2.45 TΩ cm–1, respectively; Table 
S4) into resistivity (units of Ω cm, see eq. 5) by multiplying with the 
corresponding cross-sectional areas. To obtain reliable quantitative 
estimates of periaxonal space width (dpa), we used a high-pressure freeze-
substitution EM approach (HPF EM, (Möbius et al., 2016)) and measured 
the intercellular distance between the outside borders of the adaxonal 
myelin membrane and internodal axolemma (Figure 3A). The results 
showed that dpa was on average 12.3 nm (± 0.192, range: 8.50–17.1 nm; 
Figure 3B), in close agreement with previous estimates (Li et al., 1994; 
Montag et al., 1994) and the crystal structure dimensions of myelin-
associated glycoprotein (MAG), an important transmembrane protein in 
the axon-myelin space (~10 nm (Pronker et al., 2016)). Using this 
average dpa value together with the biophysical relationship between axial 
resistance and cross sectional area, we could estimate the axial resistivity 
of the periaxonal space fluid (Rpa; see eq. 5, Figure 3C). Rpa was predicted 
at 53.7 Ω cm, strikingly close to the measured resistivity of extracellular 
fluid in the mammalian cerebral cortex (~55 Ω cm at 35 ºC) 
(Fenstermacher et al., 1970). Next, to estimate axial resistivity for the 
fluid path through the paranode (Rpn), we used a previously 
experimentally determined value of 7.4 nm (Nans et al., 2010), 
corresponding to a Rpn value of ~550 Ω cm (eq. 5; n = 6 axons; Figure 
3E). Rpn is thus on average 10´ higher than Rpa, consistent with the 
presence of transverse bands (Hirano and Dembitzer, 1969; Rosenbluth et 
al., 2013). 
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These empirical estimates of the submyelin ultrastructure and its axial 
resistivity indicate that the nanoscale (~12 nm) periaxonal space is 3´ 
more conductive than the axon core, with submyelin conduction 
relatively restricted at the paranodal domains.  
 
Submyelin resistance produces saltatory conduction in the temporal 
domain 
How does submyelin conduction change AP propagation along the 
myelinated axon? To answer this question, we made model simulations. 
Following previous terminology (Halter and Clark, 1991), the three 
elemental voltages in the double cable circuit are represented by, first, 
neuronal membrane Vm, the potential difference between axon core and 
periaxonal space (also called transaxonal Vm). The second by transmyelin 
Vmy, the potential difference between periaxonal and extracellular spaces. 
The third voltage element represents the total membrane potential Vmym, 
between the axon core and extracellular space (also called transfibre 
Vmym, Figure 4A). 
 
To examine the role of submyelin conduction, the experimentally 
recorded axonal AP of cell #5 was used as a voltage-command potential 
(‘AP-clamp’) at the third node, propagating through its optimized DC 
internodes without active conductances (Figure 4B, Table S4, Figure S2). 
The model simulations demonstrated that Vm at downstream nodes 
depolarized faster and earlier than the transaxonal Vm of the upstream 
internodal axolemma (Figure 4B). In addition, the amplitude of the next 
node’s Vm was higher than that of the upstream internodal axolemma’s 
Vm. The waveforms were also highly distinct during the second 
depolarizing peak in internodal Vm, during which Vmy showed an opposite 
direction to Vm and hyperpolarized. To explore the voltage profiles across 
the entire axon (~725 µm), the AP-clamp was applied to the first node 
(Figure 4C). The maximum amplitudes in Vm were higher in nodes and 
gradually attenuated within the internode, mirrored by opposite 
deflections in maximum Vmy. Furthermore, the spatial distribution of 
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onset latencies in Vm revealed a gradual pattern of deceleration and 
acceleration repeated in each internode. Both the maximum onset delays 
and minimum amplitudes in Vm occur at around the middle of each 
internode, with Vm in longer internodes more attenuated and slower rising 
than Vm in shorter internodes. These results can be explained by the initial 
rapid charging of the upstream end of the myelin sheath generating a 
feed-forward charging of the downstream end, forming the basis for the 
velocity and shape of the next node’s response. 
 
Together, these results highlight how a conducting submyelin space 
produces gradually attenuating and slower internodal waves, with nodal 
potentials appearing repeatedly displaced back in time, creating the effect 
of what we here call temporal saltation. 

 
Voltage-calibrated optical recording of temporal saltation at the circuit 
level  
The spatial profile of onset latency resembles previous findings using 
voltage-sensitive dye (VSD) imaging of transaxonal Vm along the axon of 
L5 pyramidal neurons (Palmer and Stuart, 2006; Popovic et al., 2011). 
However, even without Na+ channels, the presence of a myelin sheath 
with a conducting submyelin space may alone suffice to temporally 
advance Vm at nodes relative to upstream and downstream internodes 
(Figure 4). To test and quantify this experimentally, we performed VSD 
imaging using the highly sensitive electrochromic transmembrane dye 
JPW3028, reporting Vm with a delay of ~11 µs (Ehrenberg et al., 1987). 
The lipophilic styryl dye integrates into the neuronal plasma membrane 
enabling a direct optical readout of transaxonal Vm beneath the myelin 
sheath and at nodes (Figure 5A, (Popovic et al., 2011)). To obtain passive 
conditions, we used a solution with extracellular blockers (Figures 1 and 
S1; Methods). Furthermore, we calibrated the fluorescence signals (∆F/F) 
to absolute Vm changes (Figure S5). The location of nodes was identified 
by interruptions of the myelin sheath as imaged under oblique contrast. 
Post-hoc staining further guided a micrometer-precise analysis of the 
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regions of interest (ROIs; spatial resolution of 1 µm) to the corresponding 
nodes (first or second) and their upstream and downstream internodes 
(Figure 5B, C). The results indicated that optically recorded Vm in nodes 
was temporally advanced relative to the Vm transients in adjacent 
upstream and downstream internodes (Figure 5C, D). The onset latency 
(the time to 50% of the peak amplitude) revealed an advancement of 
~200 µs at the nodes of Ranvier with respect to internodal axolemma at 
~5 µm distance from the node (P < 0.01, Figure 5C, D, n = 7 axons). 
Comparing this experimental result with predictions from optimal DC 
models showed that Vm at the nodes was temporally advanced by an 
average of ~400 µs relative to upstream or downstream internodal Vm ~5 
µm from the node (Figure 5E; n = 5 DC models with at least two nodes). 
 
Together, these results establish temporal saltation in passive myelinated 
axons and delayed yet substantial internodal depolarizations, both 
consistent with the optimized models and a double cable architecture. 
 
High-speed optical recording of APs reveals spatial and temporal 
structure of saltation 
A related prediction of the DC model is that during AP propagation, Vm 
along the internode is non-uniform, slower in its rise time and gradually 
attenuating in its peak amplitude (Figure 4). To test this experimentally, 
we performed VSD imaging of APs under physiological conditions, 
using the maximum temporal resolution of the camera (20 kHz) and 
taking advantage of our voltage calibration approach for fluorescence 
signals (Figure S5). Nodal APs across the axolemma (Vm) were observed 
temporally preceding those at adjacent internodes by ~100 µs (n = 12 
nodes from 7 axons, Figure 6A, B). On average, the internodal APs were 
~25 mV smaller in amplitude and rose 3´ slower than at adjacent nodal 
axolemmal APs (dVm/dt internodes, ~300 V s–1 vs. ~900 V s–1 in nodes, n 
= 12; Figure 6B). Furthermore, to explore the spatiotemporal pattern of 
APs along multiple nodes and the entire length of internodes, we imaged 
at a lower frame rate (10 kHz), enabling a view of the first ~250 µm of 
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the axon (Figure 6C). The recording showed that the pattern of saltatory 
propagation was reliably repeated along the first three internodes, 
showing both slower rise times and attenuated peak depolarizations while 
still reaching approximately –30 mV in the middle of the internode 
(Figure 6C-D and Movie S1). 
 
These results demonstrate that saltatory conduction of Vm occurs both in 
the spatial and temporal domains, consistent with simulation predictions 
predicated on a double cable circuit in the myelinated axon. 
 
A conductance-based DC model constrained to voltage recordings 
reproduces the structure of saltation. 
To explore how the periaxonal space impacts saltatory conduction, we 
used the optimized DC models of cells #3 and #6, representing the upper 
and lower estimated range for submyelin axial resistance, respectively 
(Table S4). The models were extended with active conductances, 
distributed along the dendrites, soma, axon initial segment, nodes and 
internodes. They were initialized with the expected values, followed by 
manual and automated optimization constraining the model to the 
somatic and axonal APs. The results on the basis of the DC parameters 
showed an excellent fit, including the narrower shape of the axonal AP, 
its biphasic rising phase, afterdepolarization and conduction velocity 
(CV; Figure 7A, S6, Methods), obtained with low Na+ peak conductance 
density (𝑔"#) in the internodes (2–10 pS µm–2) and a much higher 
density in the nodes (25–40 nS µm–2). Changing these showed that CV 
was strongly dependent on nodal 𝑔"#but essentially independent of 
internodal 𝑔"#, while the latter caused regenerative spiking when raised 
only 2-fold (Figure S6). Importantly, DC models robustly generated 
saltation of transaxonal Vm both in the spatial and temporal domains 
(Figure 7B–C and Movies S2–S3). Plotting the three potentials revealed 
that during the AP jump from the 3rd to the 4th node, primarily the myelin 
sheath capacitor was rapidly charged (Figure 7C). The upstream 
internodal region transfers this depolarization in a feed-forward manner 
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to the downstream end via the periaxonal space, exiting gradually to 
ground through the paranode. This pattern repeats itself at each internode, 
generating the jumping of an AP from node to node (Figure 7C and 
Movies S4).  
 
Simulating the tightening of the periaxonal space to 1 nm (eq. 5, 
Methods), while maintaining the same paranodal seal resistivity, 
produced a more rapid AP propagation associated with a binary 
internodal ∆Vm attenuating to nearly zero values within a few 
micrometers into the internode (Figure 7D, E). This binary mode of 
propagation is inconsistent with the gradual spread of Vm within the 
internode, as captured by optical recordings and optimized models 
(Figure 6 and Movies S1–S3). Vice versa, widening the periaxonal space 
increased transaxonal depolarizations while substantially decelerating 
CV, with the velocity at a dpa of 1 µm reaching the same slow values as 
models without myelin (Figure 7E, F), consistent with previous models 
(Richardson et al., 2000; Young et al., 2013). Finally, to dissect the 
contribution of myelin to AP conduction velocity, the thickness of the 
myelin sheath in model cell #3 was varied from 1 to 32 lamellae (nmy, 
eqs. 7–10, Methods). The results showed that CV was highly accelerated 
by only a few lamellae and fully optimized at the experimentally 
determined ~16 lamellae, with modest gains beyond (Figure 7D, E). This 
acceleration of CV by addition of myelin membranes was mainly due to 
their capacitance-lowering effect rather than radial insulation (Figures 7E 
and S6).  
 
Together, these results indicate that the conducting nanoscale periaxonal 
space, partially sealed at the paranodes, combined with a low-capacitance 
myelin sheath, are fundamental components of saltatory conduction. 
 
Discussion 
We show independent lines of evidence for an anatomical and electrical 
separation of the axon and its myelin sheath by the submyelin space. The 
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emergent double cable properties were consistent with the low 
capacitance produced by ~15 myelin lamellae, a conductive nanoscale 
periaxonal space (~50 Ω cm) and electrical sealing of the paranodes 
(~550 Ω cm; Figures 2and 3). These findings are in agreement with 
earlier predicted incomplete insulation by the myelin sheath on the basis 
of experimental recordings (Barrett and Barrett, 1982; Blight and 
Someya, 1985; Funch and Faber, 1984) and provide a quantitative 
framework for axoplasmic, periaxonal and paranodal resistivity, 
substantially advancing our understanding of the parameters to model 
submyelin conduction (Arancibia-Carcamo et al., 2017; Blight, 1985; 
Dimitrov, 2005; Gow and Devaux, 2008; Halter and Clark, 1991; 
McIntyre et al., 2002; Richardson et al., 2000; Stephanova and Bostock, 
1995; Young et al., 2013).  
 
The spatial and temporal evolution of the transaxonal potentials beneath 
myelin is strikingly complex with gradually attenuating waves towards 
the middle of the internode (Figures 5 and 6). Such a pattern of APs is 
incompatible with either a tightly sealed double- or single-cable circuit 
model the internode (Huxley and Stämpfli, 1949; Tasaki, 1939), which 
would produce rather a binary propagation of APs (Figure 7), but 
supports the concept that internodes are equivalent to weakly-sealed 
coupled capacitors of the internodal axolemma and myelin sheath. In 
internodes with a submyelin nanocircuit, nodal APs start earlier at 
downstream nodes compared to upstream internodes, creating the 
phenomenon of nodal APs ‘jumping’ across not only internodal space but 
also time, propagating as temporally advanced transaxonal waves before 
the slower upstream transaxonal potentials of the internode (Figures 6–7, 
Movies S1–S4). These findings provide an explanation for the optically 
recorded pattern of onset latencies along the axon (Palmer and Stuart, 
2006; Popovic et al., 2011), and the loss of temporal saltation in 
demyelinated axons (Hamada et al., 2017). 
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Computational modelling of nanoscale axo-myelin domains 
The biophysical basis of the propagation pattern and local circuits in a 
double cable internode are, however, complex and require further study. 
In a DC circuit alone, the various radial and axial interactions generate 
differential spatial and temporal voltage gradients between the myelin 
sheath and axolemma, and are influenced by multiple factors including 
internode length or resistivity of both periaxonal and paranodal spaces. 
For example, transmyelin potentials not only rapidly depolarize but also 
rapidly repolarize to drive local-circuit currents that impact the time 
course of internodal axolemmal potentials (Movie S4). Furthermore, 
questions remain regarding other anatomical specializations within 
internodes. While our simulation of the submyelin space represented the 
path by two serially connected resistors connected to ground, which 
sufficed to reproduce our experimental findings, the outer loops of the 
spirally-wrapped myelin membranes are characterized by multiple tight 
junctions and mesaxonal pathways (Gow and Devaux, 2008; Nave and 
Werner, 2014; Shroff et al., 2011; Snaidero et al., 2014), for which 
double cable models with additional radial and axial circuits within the 
myelin sheath have been previously proposed (Gow and Devaux, 2008; 
Stephanova, 2001). Another intriguing observation is the presence 
spirally and longitudinally arranged inner mesaxon loops continuing into 
the myelin sheath and even linking the two opposing juxtaparanodal 
domains (Altevogt et al., 2002; Rash et al., 2016). Whether these 
mesaxonal loops play an electrical role in saltatory conduction or in K+ 
ion buffering during repetitive firing is unknown. Although the present 
model lacked an explicitly simulated juxtaparanodal domain, the 
observed ~80 mV depolarizations at these sites (Figure 6) are likely also 
shunted by the opening of voltage-gated K+ channels and predicts 
substantial millimolar changes in K+ concentration in the nanoscale 
periaxonal space. To study the spatiotemporal gradients of intra-
internodal K+ concentrations, future models involving Poisson-Nernst-
Planck equations need to be developed to directly resolve electrodiffusion 
in three dimensions (Dimitrov, 2005; Lopreore et al., 2008).  
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A double layer architecture for myelinated axons 
Comparative analysis shows that myelin likely evolved four times 
independently across widely separated taxa and with distinct axo–myelin 
arrangements, differing in their cellular origin and degree of compactness 
but each form of myelin ensheathment surrounds a fluid-filled submyelin 
space (Castelfranco and Hartline, 2016; Hartline and Colman, 2007). 
Notably, the giant axon of the Penaeus shrimp, characterized by a highly 
distinct axon-myelin organization including fenestrated nodes, also 
exhibits a wide submyelin space (~100 µm) which is filled with a gel-like 
substance with an axial resistivity of ~25 Ω cm, producing one of the 
fastest recorded conduction velocities across nervous systems, up to ~210 
m s–1 (Kusano, 1966; Xu and Terakawa, 1999).  
 
In contrast, the presence of a periaxonal space in mammalian axons is 
limiting speed (Figure 7, (Young et al., 2013)). The submyelin space may 
reflect an evolutionary trade-off between maximizing conduction velocity 
and depolarization of the internodal axolemma, enabling the activation of 
voltage-gated channels or axoplasmic Ca2+-dependent signalling 
pathways. Indeed, electrophysiological and imaging studies show that the 
internodal axolemma contains a wide variety of voltage-gated ion 

channels (David et al., 1993; Shrager, 1989; Zhang and David, 2016). 
Moreover, the periaxonal space also plays an important metabolic role by 
supplying energy substrates from the myelin sheath into the internodal 
axon core, including lactate and pyruvate (Fünfschilling et al., 2012; 
Nave, 2010; Nave and Werner, 2014). In this view, an outstanding 
fundamental question remains on the extent of the depolarization of the 
inner tongue in non-compact myelin during AP propagation. The volume 
of this cytoplasmic collar is variable along the internode and the adaxonal 
myelin membrane expresses N-methyl-d-aspartate (NMDA) and α-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
glutamate receptors, as well as inward-rectifying K+ channels including 
Kir4.1 (Micu et al., 2018; Saab et al., 2016; Schirmer et al., 2018; 
Snaidero et al., 2014). If the adaxonal membrane depolarizes during 
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saltatory conduction this could act as a coincidence signal to open 
NMDA/AMPA receptors or close Kir4.1 channels and rapidly convey 
local activity-dependent information in the myelin sheath.  
 
Our present model for saltatory conduction may open additional avenues 
for investigating the role of nanoscale cellular architecture in neuro-glial 
interactions, as well as provide an electrical framework for studying 
activity-dependent myelin plasticity, and examine how 
pathophysiological defects in the myelin sheath and submyelin spaces 
cause the conduction impairments observed in demyelinating diseases 
(Calabrese et al., 2015; Trapp and Nave, 2008). 
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Main figures 
 
Figure 1 
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Figure 1 | Biophysical modelling reveals a submyelin conduction 
pathway 
A, Confocal image of a L5 axon with illustration of patch-clamp 
recording sites. Red arrows indicate node locations, transparent blue 
myelin sheaths. Scale bar, 50 µm. B, Top to bottom, equivalent circuit of 
the SC model of internodes. Middle traces, optimized SC solutions (blue) 
overlaid with somatic and axonal voltage transients (black, traces of cell 
#5) evoked with a brief somatic current injection. For comparison, a SC 
model of myelin with an expected 20 myelin membranes (Rmy = 20 × Rm, 
Cmy = 0.05 × Cm, gray). Bottom, rising phase of axonal Vm with optimal 
SC (blue) or expected SC solutions (gray). C, Top to bottom, schematic 
of the equivalent DC internodal circuit, with added periaxonal (Pa) and 
paranodal (Pn) axial resistances (red). Middle traces, same recording as 
in B overlaid with optimized DC solutions (red). Note the improved fit of 
the DC model to the inflection points (red arrows). Scale bars, top to 
bottom, 0.1 mV and 0.5 ms, 1 mV, 0.2 mV and 10 ms, 0.1 mV and 1 ms. 
D, Population optimization error (mean squared error, MSE) for the 
expected (gray) and optimal SC (blue) and DC (red). The DC model 
improved solutions for both somatic and axonal recordings (Friedman 
test with Dunn’s correction P < 0.0001; n = 6 neurons with 8 voltage 
responses optimized from 8 current injections each). Column and error 
bars represent mean ± SEM. See also Figures S1-S4 and Tables S1-S4. 
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Figure 2 
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Figure 2 | Myelin sheath ultrastructure is consistent with double 
cable parameters 
A, Left, EM image of a L5 axon labelled with HRP (black precipitation). 
Right, higher magnification (white dotted box in left) revealing myelin 
membranes and lamellae (here, nmy = 13), false coloured in blue. 
Cytoplasmic loop marked with asterisk. Scale bars, 200 nm (left) and 100 
nm (right). B, Cross-sectional schematic showing internode parameters 
with their radial circuit correlates, including those for myelin (blue: Rmy, 
Cmy, nmy and dmy) and axon core (gray: Rm, Cm and Ri). Also shown: axon 
core diameter (d) and total fibre diameter (D). C, Linear variation of 
myelin lamellae with internodal d (linear regression, 10.5 lamella µm–1, F 
test P < 0.0001, R2 = 0.823; n = 18 internodes from 8 axons). D, Linear 
variation of inner axon d with outer axon D reveals a g ratio of 0.698 
(linear regression, F test P < 0.0001, R2 = 0.959; n = 18 internodes from 
8 axons). E, schematic illustration of Rmy and Cmy composed by each 
myelin membrane (Rmm and Cmm). F, Left and right, EM estimates for nmy 
and dmy, respectively. Data shown as mean ± SEM and individual 
internodes (open circles, n = 8). Red dotted line, DC model prediction (n 
= 6 axons). G, Population data for radial resistance values in DC models 
(Friedman test with Dunn’s correction P < 0.001 Rmy vs Rm; P < 0.0001 
Rm vs Rmm; n = 6 models). Rmm = 8.56 ± 3.27 kΩ cm2 (see eqs. 7–8, 
Methods). H, Population data for DC model estimates (Friedman test 
with Dunn’s correction P < 0.0001 Cmy vs Cm and Cmm; P = 0.0429 Cm vs 
Cmm; n = 6 models). Note, both Cmm and Cm are near 1 µF cm–2 (eqs. 9–10, 
Methods). Data represent mean ± SEM. 
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Figure 3 
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Figure 3 | Ultrastructure of the periaxonal space reveals a low 
resistivity pathway relatively sealed at paranodes 
A, Left, HPF EM image of the rat corpus callosum. Middle, higher 
magnification of one axon shown with the region of interest (white dotted 
line). Right, 2.3´ magnification of the region of interest. Periaxonal 
width (dpa) was measured between the outer axon and inner myelin (black 
arrowheads). Scale bars, left 200 nm and middle 100 nm. B, Schematic of 
cross-sectional myelinated axon showing the axial circuit correlates for 
axon core (Ri, black) and periaxonal space (Rpa and dpa, red). d and D as 
in Figure 2. C, Box-plot of dpa shows median and 25th to 75th percentiles 
and min-max values (black bars; n = 195 axons from 3 animals). D, Plot 
of average periaxonal resistivity Rpa predicted from possible dpa values 
(red line, eq. 5). With dpa = 12.3 nm Rpa is 53.7 Ω cm (dotted lines). E, 
Left, comparison of optimized ri, rpa, and rpn. Right, corresponding Ri, Rpa 
and Rpn based on dpa = 12.3 nm and dpn = 7.4 nm (Nans et al., 2010) 
(Table S4 and eqs. 4–5; Friedman test with Dunn’s correction P < 
0.0001; n = 6 neurons). Data represented as mean ± SEM. 
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Figure 4 
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Figure 4 | A double cable model generates amplitude and temporal 
saltation in Vm 
A, Left, schematic of currents in a DC internode including the submyelin 
and extracellular current return pathways (dotted lines). Right, the three 
potentials in the DC model (transaxonal Vm, between axon core and 
periaxonal space, transmyelin Vmy, between periaxonal and extracellular 
spaces, and transfibre Vmym, between axon core and extracellular). B, Top, 
part of the morphology of cell #5 indicating site for the ‘AP voltage-
clamp’ at the 3rd node. Active conductances are not included in this 
model. Middle, Vm (red), Vmy (blue) and Vmym (black) shown for the 
middle of the following internode (red dotted line), and the resulting Vm 
at the next node (red). Note the afterhyperpolarization in Vmy and 
depolarization transients in Vm. Bottom, expanded view of internodal 
potentials as well as Vm at the next node. Scale bars, top, 100 µm. Middle, 
20 mV and 1 ms. Bottom, 20 mV and 200 µs. C, Top, part of cell #5 
morphology with AP clamp applied to the 1st node. Scale bar, 100 µm. 
Middle, spatial profiles of maximal Vm, Vmy and Vmym. Bottom, spatial 
profile of the onset latencies of APs. Note the gradual amplitude and 
temporal saltation in Vm.  
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Figure 5 
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Figure 5 | Optical recording of passive transaxonal Vm reveals 
temporal saltation  
A, Top, confocal image of JPW3028 (VSD). Note, the dye remains in a 
single axolemma membrane (Vm) at the node (red arrow) and internodes 
(white arrows). Bottom, schematic of internodal Vm, between core and 
submyelin space. B, Left, bright-field image of an axon with myelin 
(white arrows), putative node (red arrow). Middle, same axon stained 
with biocytin-streptavidin (blue) and bIV spectrin (green). Right, 
epifluorescence of VSD in the axon. Transparent areas correspond to the 
ROIs for node (red) and upstream or downstream internode (gray). Scale 
bar, 10 µm. C, Left, voltage-calibrated VSD fluorescence traces (2 kHz 
acquisition) in response to a brief current injection in the soma (1 ms, 50 
nA; top). Right, corresponding DC model prediction for Vm (cell #3) at 
comparable locations (2 kHz simulation). Scale bars, top, 25 mV (VSD), 
50 mV (model) and 4 ms. D, Left, VSD traces overlaid and expanded in 
time. Dots, 50% onset time. Right, population data of onset latencies 
(one-way RM ANOVA with Bonferroni’s correction, node vs preceding 
internode (Int.) P < 0.0025 and node vs proceeding internode P < 0.0025; 
n = 7 axons). Scale bar, 1 ms. E, Left, DC model prediction for Vm. Right, 
population data (one-way RM ANOVA with Bonferroni’s correction, 
node vs preceding internode P < 0.0021 and node vs proceeding 
internode P < 0.0037; n = 10 node/internodes, from n = 5 axons). 
Columns and error bars represent mean ± SEM. Circles and connected 
lines represent individual first and second nodes of Ranvier paired with 
their adjacent internodes. Scale bar, 1 ms. See also Figure S5. 
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Figure 6 
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Figure 6 | High-speed optical recording of transaxonal Vm reveals 
temporal and amplitude saltation 
A, Top, z-projected confocal image of a biocytin-filled L5 axon (blue) 
with bIV spectrin (green, red arrows). Transparent areas (1–3 pixels), 
imaged regions of the node (red), upstream or downstream internode 
(gray). Bottom, voltage-calibrated optical recordings of Vm (20 kHz rate) 
and temporal derivatives (dVm dt –1) from the indicated ROIs. Scale bars, 
top, 10 µm, bottom left, 400 V s–1 and 1 ms. B, Population data reveal 
increased onset latency, lower peak amplitude and reduced rate-of-rise 
relative to adjacent nodes. Bars indicate mean ± SEM, circles and 
connected lines individual axons (one-way RM ANOVA with Bonferroni 
correction. Latency, node vs. preceding internode (int.) P < 0.0001 and 
proceeding int. P < 0.0001; Amplitude: node vs. preceding P < 0.0001 
and proceeding P < 0.021; Rate-of-rise, preceding P < 0.0032 and 
proceeding P < 0.01; n = 12 axons). C, Top, z-projected confocal image 
of L5 axon. Bottom, axon overlaid with color-coded profile of the 
maximum Vm (10 kHz). Scale bar, 25 µm. D, Example traces of voltage-
calibrated APs. Note the saltation in time and amplitude. Scale bars, 50 
mV, 1 ms. See also Figure S5 and Movie S1. 
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Figure 7 
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Figure 7 | Action potential-constrained double cable model 
demonstrates saltatory conduction 
A, Top, colour-coded spatial spread of Vm in cell #3. Bottom, overlay of 
experimentally recorded (black) and DC optimized APs from axon and 
soma (red). Scale bars, top to bottom, 50 µm, 20 mV, 250 µs, 20 mV, 10 
ms. B, onset latency of the AP for Vm (red), Vmy (blue) and Vmym (black), 
revealing temporal saltation of Vm. C, Spatial profile of Vm, Vmy and Vmym 
before and after the jump from node 3 (dotted line) to node 4 (continuous 
lines), illustrating the charge transfer via Vmy (blue arrows, upstream and 
downstream ends). D, Expanded view of the first 3 nodes and internodes 
showing Vm at 8 sequential time points during the AP peak in node 3 (80 
µs) for optimal dpa (12.3 nm, red) in comparison to 1 and 100 nm (gray; 
eq. 5). Note the lack of depolarization within internodes for dpa = 1 nm. E, 
Top and bottom, impact of dpa and nmy on CV. Optimal nmy was fixed to 
16 (red), corresponding to the EM data. nmy variation was simulated by 
changing Rmy and Cmy (eqs. 8 and 10). Traces temporally aligned to the 
soma AP (vertical line). Scale bars, 10 mV, 1 ms. F, CV plotted as a 
function of dpa (red) and nmy (blue). See also Figure S6 and Movies S2, 
S3 and S4. 
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Methods 
 
Experimental models and subject detail. All experiments were carried 
out according to guidelines approved by the animal ethics committee 
(DEC) of the Royal Netherlands Academy of Arts and Sciences (KNAW) 
under the protocol number NIN 12.13 or in accordance with the German 
animal welfare law and local regulations for animal experiments. We 
used young-adult male Wistar/Hannover rats (P30–90, Harlan 
Laboratories, strain HsdCpb:WU) kept on a 12 hour light–dark cycle and 
housed in environmentally-enriched cages in groups of 2-4. Animals had 
no previous experimental exposure and weighed 100-350 g at the time of 
experiment. Brain slices were made 3 hours after onset of the light cycle. 
 
Electrophysiology. Animals were deeply anaesthetized by 3% isoflurane 
inhalation, decapitated and 300 µm parasagittal slices containing the 
primary somatosensory cortex were cut with a Vibratome (1200S, Leica 
Microsystems) within ice-cold artificial cerebrospinal fluid (ACSF) of 
the following composition (in mM): 125 NaCl, 3 KCl, 25 glucose, 25 
NaHCO3, 1.25 NaH2PO4, 1 CaCl2, 6 MgCl2, saturated with 95% O2 and 
5% CO2 (pH 7.4). Following a recovery period at 35 °C for 45 minutes 
slices were stored at room temperature in the cutting ACSF. Slices were 
transferred to an upright microscope (BX51WI, Olympus Nederland BV) 
equipped with oblique illumination optics (WI-OBCD) and visualized 
using a 60´ (1.00W) water immersion objective (Olympus). The 
microscope bath was perfused with oxygenated (95% O2, CO2 5%) ACSF 
consisting of (in mM): 125 NaCl, 3 KCl, 25 glucose, 25 NaHCO3, 1.25 
NaH2PO4, 2 CaCl2, and 1 MgCl2. Based on the myelin structure 
visualized in the bright-field image large L5 neurons with an intact axon 
parallel to the slice surface were targeted for simultaneous somatic, 
somato-dendritic or somato-axonal whole-cell current-clamp recording 
using Dagan BVC-700A amplifiers (Dagan Corporation, MN, USA). 
Bridge balance and capacitance were fully compensated based on small 
current injections leading to minimal voltage error (Figure S1). Voltage 
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was analogue low-pass filtered at 10 kHz (Bessel) and digitally sampled 
at 50 kHz for subthreshold data and 100 kHz for action potentials using 
an A/D converter (ITC-18, HEKA Elektronik Dr. Schulze GmbH, 
Germany) and data acquisition software Axograph X (v.1.5.4, Axograph 
Scientific, NSW, Australia). Patch pipettes were pulled from borosilicate 
glass (Harvard, Edenbridge, Kent, UK) pulled to an open tip resistance of 
5–6 MW. The intracellular solution contained (in mM): 130 K-Gluconate, 
10 KCl, 4 Mg-ATP, 0.3 Na2-GTP, 10 HEPES and 10 Na2-
phosphocreatine (pH 7.4 adjusted with KOH, 280 mOsmol kg−1). Passive 
membrane responses were collected in the presence of a blocking 
solution in which 25 mM NaCl was replaced by 20 mM 
tetraethylammonium (TEA) chloride and 5 mM 4-aminopyridine (4-AP; 
a non-selective Kv1, Kv2 and Kv3 channel blocker) and by adding to the 
solution 1 µM tetrodotoxin (TTX) to block sodium channels, 20 µM ZD-
7288 to block hyperpolarization-activated cyclic nucleotide-gated (HCN) 
channels, 10 µM XE-991 for Kv7 (KCNQ) channels and 0.2 mM CdCl2 
to block voltage-gated calcium channels. To further reduce synaptic 
depolarizations we added 20 µM of the AMPA receptor blocker 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX). 
 
Voltage-sensitive-dye (VSD) imaging. To optically record transaxonal 
Vm, large L5 pyramidal neurons were labelled with a membrane-
embedded red voltage-sensitive dye JPW3028 delivered via somatic 
patch pipettes in the whole-cell configuration (Hamada et al., 2017; 
Popovic et al., 2011). Its close analog JPW1114 is characterized by the 
same voltage sensitivity and is commercially available (D6923, 
ThermoFisher Scientific). Patch pipettes were first filled with dye-free 
solution for half of the tapered part of the pipette tip, then backfilled with 
the dye-containing solution (0.8 mM JPW3028). Intracellular filling was 
performed for 0.5–1 hr followed by an additional 1.5–2 hrs at room 
temperature without pipette. The soma was re-patched for electrical 
stimulation and optical recording using a patch pipette filled with 
standard dye-free intracellular solution. For voltage imaging, a stationary 
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upright microscope (Olympus BX51WI, Olympus, Japan) was equipped 
with two camera ports. One for high spatial resolution with a CCD 
camera for oblique contrast video-microscopy (CoolSNAP EZ, 
Photometrics) and the other port had a fast data-acquisition camera (up to 
20 kHz) with relatively low spatial resolution (80 ´ 80 pixels) but high 
dynamic range (14 bits) and low read noise (NeuroCCD-SM, 
RedShirtImaging LLC, Decatur, GA). The slice was placed on the stage 
of the microscope and the fluorescent image of the stained neuron was 
projected by a water immersion objective (either 60´/1.0 NA, Olympus, 
Japan or 100´/1.1 NA, Nikon, Japan) onto the fast data-acquisition CCD 
positioned in the primary image plane. Optical recordings were obtained 
with wide-field epifluorescence microscopy. A frequency-doubled 500 
mW diode-pumped Nd:YVO4 continuous wave laser emitting at 532 nm 
(MLL532, Changchun New Industries Optoelectronics Tech. Co., Ltd., 
Changchun, China) was the source of excitation light. The laser beam 
was directed to a light guide coupled to the microscope via a single-port 
epifluorescence condenser designed to provide approximately uniform 
illumination of the object plane (adapted from an X-cite lamp, Burleigh, 
Canada). The fractional noise of the solid-state lasers (RMS < 0.5%) is 
below typical fractional shot-noise in fluorescence voltage-sensitive dye 
recordings to maximize the sensitivity of VM imaging. This was achieved 
via a monochromatic excitation light at the red wing of the absorption 
spectrum.  For calibrated AP measurements (Figure 6), the excitation 
light was reflected to the preparation by a dichroic mirror with a central 
wavelength of 560 nm, and the fluorescence light was passed through a 
610 nm barrier filter (adapted from Olympus U-MWG filter assembly 
cube). The image of a stained neuron was projected onto a CCD chip via 
a 0.1´ demagnifier. In combination with the 100´ objective our CCD 
frame (80 ´ 80 pixels) corresponded to pixels receiving light from an 
area between ~2 to 6 µm2 (with 10 – 20 kHz acquisition frame rate, 
respectively). The center of internodal regions was on average at 37.2 ± 
2.5 µm (n = 12) distance from the node. For optical recording of passive 
voltage transients (Figure 5) the excitation light was further optimized by 
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reflecting it to the preparation via a dichroic mirror designed specifically 
to reflect 532 nm laser line and pass the wavelengths between 541.6 and 
1200 nm with 93% efficiency. Furthermore, a 532 nm notch filter, 
designed to remove all traces of the laser excitation, was added to the 
light path. The image of a stained neuron was projected onto a CCD chip 
via a 0.37´ demagnifier. In combination with the 100´ objective our 
CCD frame (80 ´ 80 pixels) corresponded to pixels receiving light from 
an area of ~0.76 µm2 (with 2 kHz acquisition frame rate). Since our 
optical measurements were based on a comparison of VSD signals 
recorded from different locations, light intensity must be linearly 
proportional to Vm over the entire voltage range. This has been 
demonstrated repeatedly with JPW3028 (equivalent to JPW1114); in 
particular, its ability to accurately track the full-size action potential in L5 
pyramidal neurons (Popovic et al., 2011). To convert fluorescence into 
absolute Vm a calibration protocol was developed based on 
experimentally recorded steady-state voltage attenuation in L5 
myelinated axons (Figure S5).  
 
Histochemistry and immunofluorescence. For morphological 
reconstruction and/or nodal staining 5 mg ml−1 biocytin and/or 100 µM 
Alexa Fluor salts (488 or 594) were added to the intracellular solution. 
The 300 µm thick slices were rinsed in 0.1 M PBS and quenched in 3% 
H2O2 twice for 30 min. Following increasing washing steps in fresh 0.1 
M PBS sections were incubated in series of increasing sucrose solutions 
(10%, 20% and 30% in PBS for 45 minutes). The membrane was 
permeabilized by several cycles of rapid liquid nitrogen freezing and 
thawing after which they were incubated in 1% avidin-biotinylated 
horseradish peroxidase H complex (Vector Laboratories) overnight at 
4 °C. The peroxidase was localized with 0.05% 3,3’-diaminobenzidine 
peroxidase substrate chromogen for visualization. Slices were washed 
and mounted in Mowiol. Neuronal morphology was fully reconstructed, 
including axonal and dendritic branch lengths and diameters, using a 63´ 
oil-immersion objective (numerical aperture NA of 1.4, Zeiss) coupled 
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with the 3D tracing software Neurolucida (v.11, MicroBrightField 
Europe, Magdeburg, Germany). Consistent with previous observations 
(Kole et al., 2007), when comparing axon lengths based on the bright-
field image during the physiological recording in slices with the final 3D 
reconstructions from the same cell, the shrinkage was found to be 
minimal in the x- and y-direction (< 2%, n = 8). No correction factor was 
therefore applied to the neuronal reconstructions. The locations and 
dimensions of nodes of Ranvier are well visible as an increased intensity 
of the biocytin-DAB signal or presence of collaterals (Figures S2 and S3). 
To confirm the locations of reconstructed nodes of Ranvier (Figure S2) 
using immunofluorescence (Figure S3), L5 neurons (n = 8) were filled 
with biocytin and fixed for 20 minutes in 4% paraformaldehyde (PFA), 
then stored in 0.1 M PBS (pH 7.4). Sections were blocked in 5% normal 
goat serum (NGS) followed by 24 h incubation in primary antibodies 
diluted in 0.1 M PBS containing 5% NGS, and 2% Triton X-100. 
Sections were stained with rabbit anti-bIV-spectrin (1:200, gift from M. 
N. Rasband, Baylor College of Medicine, TX) and biocytin was 
visualized using Streptavidin-488. Sections were mounted and examined 
with confocal microscopy.  
 
Electron microscopy. Four of the six biocytin-filled L5 neurons used for 
modeling were recovered for EM. Coverslips were carefully removed and 
the object glass with the section was placed in milliQ water for several 
days. Afterwards, sections were rinsed 0.1 M sodium cacodylate buffer 
pH 7.4 for a few hours and placed in a 1% osmium tetraoxide solution 
containing 1.5% potassium ferricyanide in 0.1 M sodium cacodylate 
buffer pH 7.4 for 10–15 mins. Sections were subsequently dehydrated in 
a sequence of ethanol dilutions, pure acetone and an acetone/epoxy resin 
mixture for 30-35 mins, followed by 30 mins in pure epoxy. Slices were 
then embedded between thin sheets of polymer and sealed at 60 ºC. For 
three L5 neurons filled with horseradish peroxidase (HRP) brain slices 
were fixed in 4% paraformaldehyde (PFA) and/or 5% glutaraldehyde and 
rinsed thereafter in 0.1 M sodium cacodylate buffer at pH 7.4. Slices 
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were placed in a 25% sucrose solution in 0.1 M sodium cacodylate buffer 
(pH 7.4). When the slices were saturated, they were embedded in Tissue-
Tek in an aluminum boat and frozen by dry ice. Sections were re-cut at 
40 µm and subsequently rinsed in a Tris-HCl buffer (pH 7.4). To 
visualize the peroxidase, the sections were incubated in a Tris–HCl 
diaminobenzidine (DAB) solution containing 0.03% H2O2. The DAB 
reaction product was then intensified by a gold-substituted silver 
peroxidase. Sections were rinsed in a sodium cacodylate buffer of 0.1 M 
(pH 7.4) and post-fixed for 20 min in 1% OsO4 supplemented with 1.5% 
potassium ferricyanide in a sodium cacodylate buffer of 0.1 M (pH 7.4). 
The material was subsequently dehydrated and embedded in epoxy resin, 
then cut in ultrathin sections. All ultrathin sections were examined and 
photographed with a FEI Tecnai G12 electron microscope (FEI, Europe 
NanoPort, Eindhoven, the Netherlands). Images were saved in tiff format 
and analyzed using Fiji (ImageJ) graphic software (Schindelin et al., 
2012)(v1.47p, NIH, USA).  
 
High-pressure freeze electron microscopy. To prevent artefacts with 
aldehyde fixation methods such as splitting, loosening or shrinking of 
intraperiod spaces in the myelin sheath we used HPF EM (Möbius et al., 
2016) to examine the periaxonal width dimensions. Wistar rats (P80–90) 
were anesthetized and terminated by cervical dislocation. The brain was 
removed quickly and then cut with a Leica vibratome VT1200S in 200 
µm sections. The cortex was cryofixed in 20% poly(vinyl-pyrrolidinone) 
(Sigma-Aldrich, Munich, Germany) using the high pressure freezer Leica 
HPM100 (Leica, Vienna, Austria). The freeze-substitution and the 
subsequent Epon-embedding of the tissue was carried out as described 
previously (Möbius et al., 2010; Snaidero et al., 2014) using the Leica 
AFS II. The Epon embedded tissue was cut with the Leica Ultracut S 
ultramicrotome in 500 nm semithin sections or in 50 nm ultrathin 
sections that were contrasted with 4% uranylacetate (SPI-Chem, West 
Chester, USA) (Möbius et al., 2010). Electron micrographs were obtained 
with the electron microscope LEO EM912AB (Zeiss, Oberkochen, 



 62 

Germany) equipped with an on-axis 2k CCD-camera (TRS, Moorenweis, 
Germany) using the ITEM (Olympus, Münster, Germany) software. For 
quantification of the periaxonal width, only the intercellular distance 
between clearly cross-sectioned outer axonal and myelin membranes was 
measured. Between 51 and 73 measurements were made from 20 images 
per animal (n = 3).  
 
Computational Modelling. Electrophysiological recordings were 
combined with reconstructed morphologies in the NEURON simulation 
environment (v.7.4–7.5) (Hines and Carnevale, 2001) and custom-written 
software. Neuron morphologies were uploaded to NEURON via its 
Import3D tool. Nodal and internodal domains were incorporated into the 
morphological reconstructions as described above. Paranodal domains 
were implemented post-hoc with a fixed length of 2.3 µm, based on our 
longitudinal EM data and consistent with previous estimates in 
mammalian central nervous system (Shepherd et al., 2012). An 
evolutionary algorithm was developed to robustly search the parameter 
space of each circuit model, running for a total modelling time of over 3 
million core hours on the Comet and Stampede2 supercomputers at the 
Neuroscience Gateway (Sivagnanam et al., 2013). The massively parallel 
computational approach enabled each parameter space to be thoroughly 
and unbiasedly searched, and resulted in thousands of unique solutions 
for each circuit implementation, with the unbiased selection of the lowest 
error solution representing each simulation. To substantially reduce 
runtimes (up to 50%), DC models were run in a recompiled version of 
NEURON to the necessary 1 extracellular layer instead of the default 2 
(currently available at the Neuroscience Gateway), allowing for the 
combined modelling of Vm and Vmy (v and vext[0], respectively, in the 
single layer extracellular version of NEURON). 
 
Spatial Resolution and Parameter Bounds. Spatial resolution was set by 
the dλ rule for optimal computational efficiency (Hines and Carnevale, 
2001). To ensure sufficient spatial resolution within the dλ rule, a 
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minimal τm was used to compute fm, to maximize the number of segments 
per cellular compartment. Minimal τm was approximately 1 ms, 
determined by direct exponential fit to averaged axonal responses with 
noisy traces removed (see Uncertainty Analysis below). Parameter 
bounds are listed in Table S1. The lower bound for Rmy was based on an 
expected minimum of 10 myelin membranes at the lower bound for a 
single myelin membrane(Bakiri et al., 2011; Chan et al., 2013). The 
upper bound for Rmy was based on eqs. 7 and 8, with an expected 
maximum of 100 myelin membranes at the upper bound for a single 
myelin membrane (Bakiri et al., 2011). The lower bound for Cmy was 
based on eqs. 9 and 10, with an expected maximum of 100 myelin 
membranes at the lower bound for Cm. The upper bound for Cmy was 
based on eqs. 9–10, with an expected minimum of 10 myelin membranes 
at the upper bound for Cm. To allow rpa to represent approaching 
extremely large δpa, the lower bound for rpa was based on a Rpa of 35 Ω 
cm, the intracellular resistivity of the squid giant axon (Hodgkin and 
Huxley, 1952), minimum d of 0.5 µm and maximum δpa of 300 nm (the 
approximate width of the myelin sheath). To allow rpa to represent 
extremely small δpa, the upper bound was based on the resistivity of 
deionized water (2 MΩ cm), which basically encompasses a SC version 
of the double cable. The parameter bounds were within a maximum d of 
2 µm and minimum δpa of 1 nm, to stay above the Debye limit of 0.78 nm 
estimated for extracellular fluid (Hille, 2001). The lower bound for rpn 
was the same as for rpa, and its upper bound was 100´ the upper bound 
for rpa, the expected maximum. All optimized cable parameters were 
given equal weight during optimization. 
 
Fit start time. The fit start time for the recordings from 
injecting/recording electrodes was fixed to 0.5 ms following the end of 
current injection, to account for lingering effects from uncompensated 
discharging pipette capacitance artefacts in the voltage response. The fit 
start time of +0.5 ms was estimated from dual somatic recordings in 
which one recording pipette injected current and recorded the voltage 
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response, creating a voltage artefact, and the other pipette was a voltage 
follower only (Figure S1). Comparison of the voltage traces from each 
pipette revealed that the time between current injection end and 
resumption of maximum trace overlap from each electrode was 
approximately +0.5 ms post-injection (0.466 ± 0.0403 ms, n = 24 traces 
from 3 cells across 8 different current injection recordings: ±300, ±400, 
±500 and ±600 pA). An optimization start time of +0.5 ms following 
current injection in injecting/recording electrode responses was thus 
implemented across all simulations. 
 
Inclusion of recording pipettes. Glass pipette tips were explicitly 
modeled and connected to model cells at their recording location, to parse 
out their biophysical contributions to cellular properties (Major et al., 
1994; Nörenberg et al., 2010; Roth and Häusser, 2001; Schmidt-Hieber et 
al., 2007). Tips were built from 200 cylindrical sections, each 10 µm in 
length, growing in diameter from 1 µm (based on bright-field imaging) to 
530 µm, as only the first 2 mm of the tip was modeled, the same length as 
that of the longest model cell (cell #4, axo-apical axis). The axial 
resistivity of the pipette was set by the bridge balance of the 
corresponding electrode (Roth and Häusser, 2001), defined as the ratio of 
the product of bridge balance and total pipette length (0.2 cm) to the sum 
of the cross-sectional area of each section (Nörenberg et al., 2010). Given 
the upper and lower bound for Rmy and Cmy (Table S1), the specific 
pipette wall resistance and capacitance were assessed, to ensure these did 
not mitigate the values of Rmy and Cmy. The specific resistance of the 
pipette wall was calculated from the trans-resistivity of the pipette 
composite material (Harvard Apparatus GC150F 300060) estimated at 
100 MΩ cm (Ehrt, 2009). Based on an initial wall thickness of 0.5 µm at 
the tip and pipette lateral surface area (simplified to a truncated cone), the 
specific wall resistance was calculated and fixed to 50 GΩ cm2, a value 
only 30´ bigger than the upper bound for Rmy. Input pipette capacitance 
(Cpip) was optimized in short passive responses from injecting/recording 
electrodes at the soma or dendrites, to parse out fluctuating compensated 
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Cpip values from Cm and particularly Cmy, since the upper bound for Cpip, 
based on the estimated uncompensated radial capacitance of the modelled 
pipette tip (see below), was only 4´ smaller than the lower bound for Cmy 
(Table S1). We consider lingering but compensated Cpip values during 
APs as negligible, due to the much larger capacitive response of the cell. 
The modelled pipette is essentially a tapering cylinder with inner and 
outer radii at the front tip (rinner and router) and back tip (Rinner and Router). 
The front end and horizontal plane form an angle a, together defining 
Cpip as (Wang et al., 2013): 
 

                 (1)  

 
The dielectric constant of the pipette material Kpip was 4.7 (Harvard 
Apparatus GC150F 300060). Lpip represented the length of the pipette and 
e0 the permittivity constant of free space (8.85 ´ 10–8 µF cm–1). The 
definition of Apip, the outer lateral surface area of the modeled pipette tip 
follows as: 
 

        (2) 

 
Combining eqs. 1 and 2, the fully uncompensated value for Cpip was 129 
pF cm–2, a value only ~40´ smaller than the lower bound for Cmy (Table 
S1) The average stray uncompensated Cpip value of injecting/recording 
pipettes in the DC model cells (n = 6) was 5.52 ´ 10–5 µF cm–2, a value 
~700´ smaller than Cmy (Table S4). 
 
Modelling approach and sensitivity analysis. An evolutionary algorithm 
for model optimizations was employed for the following reasons: 1) to 
find with an unsupervised approach the lowest available error within the 
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solution search-space; 2) to compare multiple circuit-specific solutions 
statistically to a randomized one for parameter, as well as direct circuit-
to-circuit, sensitivity analysis and 3) to solve the initial parameter value 
sensitivity problem by stochastically canvasing the initial value space. 1) 
was achieved via 3) and a modified optimization procedure embedded 
within the evolutionary algorithm, based on Brent’s PRAXIS method 
(Brent, 1973), which is built into NEURON. Briefly, our optimization 
procedure addresses the problem of non-uniformly distributed parameters, 
such as myelin parameters, being less constrained than uniformly 
distributed ones, such as cellular membrane Cm (over an entire cell), by 
constraining optimization to experimental noise. Essentially, optimization 
was forced to exit if error improvement was marginal and within 
experimental noise (defined as signal variance over the delay to current 
injection). This approach led to greater simulation efficiency, producing 
runtimes orders of magnitude faster than the default search routine. To 
further maximize PRAXIS efficiency, parameters were normalized and 
log transformed. The randomized control trial mentioned in 2) was the 0 
pA current injection in each cell, used for that cell’s results from the 
different current injection trials used (Cells #1-6, ±300, ±400, ±500 and 
±600 pA). Circuit sensitivity analysis, comparing the single and double 
cable models, revealed Rmy and Cmy well constrained relative to control 
(three-way ANOVA, P < 0.0001; 66–71% of variation accounted for by 
optimized vs control alone or with cell # vs optimized vs control; 16–
22% by single vs double cable; 256–1024 evolution-optimized solutions 
compared for each cell; n = 6 cells). Periaxonal resistance, specific only 
to the double cable circuit, was highly sensitive relative to control, 
indicating this parameter was well constrained by the 
electrophysiological recordings (two-way ANOVA P < 0.0001, 70% of 
variation accounted for by cell # and injection amplitude; Bonferroni 
comparisons test between cells P < 0.01 for cell #1 and P < 0.0001 for 
Cells #2-6). 
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Uncertainty analysis. Multiple sources of systemic error that could 
influence the modelling were addressed. Sampling error was addressed 
by gathering between 30 and 180 voltage responses per injection level 
per cell. Further, noisy trials were discarded if more than 5% lay outside 
of two standard deviations from the mean for that current injection level. 
To account for false-positive identification of a noisy trial, the duration of 
a noisy data point needed to have a minimum temporal resolution above 
the Bessel filter cut-off applied at the amplifier (10 kHz). For the 
morphological reconstructions, although main axons were well visible 
and within the resolution of bright-field microscopy, sealed myelin 
weakens emission signals, possibly leading to error in the 3D 
morphological tracing of internodal sections. To account for the 
possibility of such measurement error, the resolving distance for the 
morphological reconstructions was determined according to the 
microscope setup. Given the numerical apertures of the microscope 
objective and condenser, the resolving distance (rd) was calculated as 
follows: 
 

       (3) 

 
Given NAobj = 1.4, NAcond = 0.9 and l = 550 nm, the rd was 
approximately 300 nm. A random factor of 300 nm (random normal 
distribution of mean = 0 and variance = 1) was thus added or subtracted 
from each discrete diameter measurement of a given model axon 
internode, and re-optimized according to single or double cable circuit 
implementations (Figure 1). 32–128 simulations were performed for each 
circuit in each cell for each current injection (n = 6 neurons with 8 
voltage responses optimized from 8 current injections each with a single 
or double cable circuit; 7680 simulations total). The double cable model 
maintained a consistently lower fit error at the individual somatic or 
axonal transient level (soma or axon: paired t test P < 0.0001 or P < 
0.0001, respectively; n = 6 neurons). To address the effectiveness of 

  
rd = 1.22λ
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voltage-gated and synaptic channel blockers in the myelinated axon, 
other possible sources of current leakage within the myelin sheath, and 
the influence of additional cable parameters in either SC or DC circuit 
implementations, a SC with a separate node of Ranvier membrane 
resistance (RmN), separate internodal axolemma membrane resistance 
(RmI), separate nodal and internodal axolemma membrane resistances 
(RmN and RmI), and separate myelin sheath resistance and capacitance for 
each internode present, from 1 to 6 internodes (Rmy1,…,Rmy6 and 
Cmy1,…,Cmy6), was optimized in the same evolutionary paradigm. All 
alternative SC circuits had a combined axo-somatic fit error equivalent or 
greater than that of the basic SC (Friedman test with Dunn’s correction P 
> 0.245–0.999). Moreover, all SC models had much higher combined 
errors than the basic DC model (with rpa throughout the internode, 
including the paranodes; Friedman test with Dunn’s correction P < 
0.0001). A direct comparison of the basic DC model (rpa distributed 
throughout the internode without a separate rpn at the paranodes), to the 
DC model (with a separate rpn at the paranodes), demonstrated a lower fit 
error for the DC model over the entire axonal passive voltage response, 
and the poorer fit was particularly visible at the highly non-uniform rise 
times and decay phases (whole-trace paired t test: axonal P < 0.0465, 
somatic P > 0.233; n = 6 neurons). To ensure the distinction between SC 
and DC models lay in the internode, we compared the Ri, Rm and Cm 
obtained in dual somato-somatic, somato-dendritic and somato-AIS 
recordings in model cells without myelin parameters in their 
reconstructed model axons, with those from axo-somatic recordings (SC 
and DC; Figures 1 and S1, Tables S2–S4). We recorded from 6 cells, the 
same as in the axo-somatic recordings, and found the same Ri, Rm and Cm 
across circuits (ordinary one-way ANOVA with Bonferroni’s correction; 
Ri: P > 0.255–0.999; Rm: P > 0.999; Cm: P > 0.583–0.999; n = 6 cells). 
 
Cellular Equations. Axial resistance is the ratio between axial resistivity 
and cross-sectional area. In the case of the axon core, treated as a cylinder, 
axial resistance (ri) is defined as (Rall, 1977): 
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              (4) 

 
In Figure 3, ri is taken from internodal axon only, utilizing optimal Ri and 
given internodal d (Table S4). Axial resistance in the periaxonal space 
(rpa) is similarly defined as ri as the ratio between periaxonal resistivity 
(Rpa) and periaxonal cross-sectional area, where the axon core cylinder is 
surrounded by the larger cylinder which includes the periaxonal space. 
This larger cylinder is of diameter d + 2dpa, where dpa is the radius of the 
periaxonal space, yielding the following relationship between rpa and Rpa 
(Halter and Clark, 1991): 
 

        (5) 

 
For calculating Rpn, δpn was fixed at 7.4 nm (Nans et al., 2010). Similarly, 
δpa (or δpn) can be predicted by isolating δ in eq. 5: 
 

            (6) 

 
To predict or vary the number of myelin lamellae (nmy) in a given single 
or double cable axon model, the two electrical parameters defining the 
sheath (Rmy and Cmy) were manipulated simultaneously. Recognizing that 
a myelin sheath is an in-series compaction of n layers, the radial 
resistance of the sheath (Rmy) is the sum of the resistances of each myelin 
membrane (Rmm): 
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          (7) 

 
Assuming each myelin membrane is electrically identical, the resistance 
of a single myelin membrane (Rmm) may thus be expressed as a function 
of the number of myelin lamellae (nmy): 
 

         (8) 
 
Similar to eq. 7, the radial capacitance of the myelin sheath (Cmy) may be 
defined according to the sum of the capacitances of each of its composing 
membranes (Cmm): 
 

         (9) 

 
Similar to eq. 8, with each myelin membrane considered as electrically 
identical, nmy can separately be expressed as a function of the capacitance 
of a single myelin membrane (Cmm): 
 

           (10) 

 
To predict an average nmy from the double cable modelling results (Table 
S4), eq. 10 was applied with average Cm and Cmy values (Figure 2D). To 
separately predict values for Rmm and Cmm, eqs. 8 and 10 were applied 
with the average nmy measured by EM combined with each optimized 
value for Rmy and Cmy, comparing these with each corresponding 
optimized value for Rm and Cm. 
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To predict dmy, the radius of the myelin sheath, each myelin membrane 
may be considered as a separate slice of the myelin sheath capacitor with 
a given radius dmm. If each repeated layer possesses the same dielectric 
constant (kmy), and the permittivity of each layer (emy) is the product of 
kmy and e0, the sum of the radius of each layer yields: 
 

       (11) 

 
If kmy is the same as the dielectric constant of internodal axolemma (km), 
then the following relation emerges: 
 

         (12) 

 
dmy can be predicted by fixing dm to 8 nm, a typical thickness for cellular 
membrane that includes its constituent proteins (Singer et al., 1972). 
 
Active conductance-based double cable model. For conductance-based 
multi-compartmental simulations we used cells #3 and #6 (Figure S2), 
fixing their cell-specific optimized passive cable parameters Ri, Rm, Cm, 
rpa, rpn, Rmy and Cmy (Table S4) and implementing standard models for 
voltage-gated conductances. The initial potential of the model was set to 
obtain the recorded resting membrane potential (approximately –75 mV, 
taking into account the –12 mV junction potential), and simulation 
temperature was set to that of the recording (~35 °C). We added Nav 

conductance by implementing two separate 8-state allosteric sodium 
channel models developed for the soma and axon (Schmidt-Hieber and 
Bischofberger, 2010). In addition, we added conductances in the AIS, 
soma and dendrites for HCN, voltage-gated K+ conductance models (Kv1, 
Kv2/3 and Kv7) and calcium-dependent K+ models, based on previous 
L5 pyramidal neurons (Battefeld et al., 2014; Hallermann et al., 2012; 

		
Cmy =εmy

1
δmyii=1

n

∑

	
δmCm =δmyCmy
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Hamada et al., 2016). Following manual optimization, we used an 
unsupervised optimization routine similar to that used for the passive 
transients to simultaneously optimize both somatic and axonal APs. In 
the absence of knowledge about K+ diffusion dynamics within internodes 
we did not compartmentalize juxtaparanodal domains and implemented 
Kv1 channels into the node of Ranvier to support rapid repolarization. 
The optimized distribution of the optimized peak conductance densities 
for cell #3 with which Figure 7 was generated was as follows (all in pS 
µm–2); the AIS contained Nav, Kv1 and Kv7 channel densities at (40.000, 
1000 and 200), the soma had Nav, Kv1 and Kv7 channels (650, 100 and 
20). Dendritic compartments contained a distance-dependent gradient of 
Nav channel densities (from 600 to 40 in the distal dendrites), a uniform 
density of Kv1 and Kv7 (22 and 30, respectively). The internodes had 
low densities of HCN, Nav, Kv1 and Kv7 channels (1, 2, 2, and 0.1 
respectively). Nodes of Ranvier contained high densities of Nav, Kv1 and 
Kv7 channel (45.000, 1000 and 100, respectively). The unmyelinated cut 
end had modest densities Nav, Kv1 and Kv7 channels (525, 380 and 1, 
respectively). The K+ and Na+ equilibrium potentials were set to –85 and 
+55 mV, respectively.  
 
Quantification and statistical analysis. 30 to 180 trials were recorded 
per current injection amplitude for the brief current pulses in passive 
conditions (2 ms step duration, 100 ms total). Traces were first baselined 
by subtracting their average voltage over 70% of the delay time 
preceding the pulse. For the VSD optical recordings, 100 trials were 
performed for each cell. Individual responses for each location were 
aligned and averaged. Onset latency was defined as the delay to half-
maximum amplitude. Conduction velocity was defined according to the 
onset time of the first rapidly changing phase of the AP, i.e. its voltage 
threshold (Kole and Stuart, 2008). For recorded APs, threshold onset was 
defined as a voltage rate-of-rise minimum in dV/dt greater than 3´ the 
standard deviation of the recording noise (initial, non-current-injected 
part of the voltage response), and ranged from 60–120 V s–1. For model 
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APs, threshold onset was defined directly as occurrence of the first peak 
in d3V/dt3. The distance used in determining conduction velocity was the 
path length between the two given locations, determined by 
morphological reconstruction and NEURON’s distance function. All data 
plotting and statistical analyses were performed in Prism (version 7, 
GraphPad), Igor Pro (version 6.37, WaveMetrics) or SPSS (version 23, 
IBM Analytics). Details of the statistical analyses, including tests, 
representation and value of n, center, dispersion and precision measures 
can be found in corresponding figure legends. Normality (D’Agostino 
Pearson omnibus) was tested wherever possible to justify the use of 
parametric tests; otherwise non-parametric tests were used. 
 
Data and software availability. The source data for Figure 1 in the 
paper and alternative circuit implementations is available on Mendeley 
(https://data.mendeley.com/) with doi: 10.17632/xkh45t8dmm.1. Custom 
software for data processing, analysis, automated optimization and model 
comparisons are available on GitHub (https://github.com/cccohen and 
https://github.com/Kolelab). The NEURON model of cell #6 with a 
double cable implementation of myelin to generate Figure 7 and Movies 
S3 and S4 above can be downloaded from ModelDB 
(http://modeldb.yale.edu/260967). 
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Supplemental Tables 
 
 
Table S1, related to Figure 1 | Boundaries of the cable parameter 
solution space 

Parameter Lower Bound Upper Bound 

Ri (Ω cm) 50 a 400 b 

Rm (kΩ cm2) 0.1 c 200 b 

Cm (µF/cm2) 0.5 d 2 e 

Rmy (kΩ cm2) 20 f 1600 f 

Cmy (µF/cm2) 0.005 0.2 

rpa (GΩ/cm1) g 5 2.5 ´ 107 

rpn (TΩ/cm1) g 0.05 2.5 ´ 106 
   
a (Fenstermacher et al., 1970). b (Major et al., 1994). c (Rapp et al., 1994; Tasaki, 1955). d 

(Major et al., 1994). e (Rapp et al., 1994). f (Bakiri et al., 2011; Chan et al., 2013). g rpa and 
rpn parameters apply to double cable models only. 
 
 
Table S2, related to Figure 1 | Optimal parameters for the single 
cable models 

 

Cell 
(#) 

Ri  
(Ω cm) 

Rm  
(kΩ cm2) 

Cm  
(µF/cm2) 

Rmy 
(kΩ cm2) 

Cmy 
(µF/cm2) 

1 93.1 22.9 0.953 50.5 0.185 
2 134 23.9 1.08 1180 0.154 
3 376 23.3 1.77 37.6 0.163 
4 243 23.3 1.24 73.0 0.189 
5 211 23.5 1.19 991 0.187 
6 144 22.0 1.45 842 0.166 

Average 200 23.1 1.28 530 0.174 

SEM 35.2 0.218 0.101 184 0.00510 
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Table S3, related to Figure 1 | Optimal parameters for somato-
somatic, somato-dendritic, and somato-AIS models 

Cell  
(#) 

Vinj 

location 
Vrec 
location 

Ri 
(Ω cm) 

Rm 
(kΩ cm2) 

Cm 
(µF/cm2) 

7 Soma Soma 155 19.1 1.31 
8 Soma Soma 111 21.9 1.37 
9 Soma Soma 83.9 21.5 0.902 
10 Dend Soma 139 31.1 1.18 
11 Soma Dend 150 24.5 1.01 
12 AIS Soma 75.3 29.4 0.838 

Average 
  

119 24.6 1.10 

SEM 
  

14.0 1.94 0.0893 

 
 
 
 
Table S4, related to Figure 1 | Optimal electrical parameters for 
double cable models 

Cell 

(#) 

Ri 

(Ω cm) 

Rm 

(kΩ cm2) 

Cm 

(µF/cm2) 

rpa 

(GΩ/cm) 

rpn 

(TΩ/cm) 

Rmy 

(kΩ cm2) 

Cmy 

(µF/cm2) 

1 230 18.9 1.23 84.4 1.50 467 0.0118 

2 98.3 25.2 0.986 135 4.39 101 0.0115 

3 261 25.2 1.37 141 3.56 579 0.00769 

4 158 25.8 1.06 188 4.07 152 0.0161 

5 109 27.7 1.01 105 0.877 75.2 0.0678 

6 71.2 24.8 1.23 96.3 0.321 63.7 0.113 

Average 155 24.6 1.15 125 2.45 240 0.0379 

SEM 31.2 1.22 0.0617 0.155 0.719 91.6 0.0175 
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Supplemental figures 
 
Figure S1 
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Figure S1, related to Figure 1 | Linearity of somatic and axonal 
subthreshold voltage responses 
A, Schematic of the injecting/recording (Vinj/rec) and recording-only (Vrec) 
patch-clamp electrodes at the soma of a thick-tufted L5 pyramidal neuron 
overlaid with brightfield image. B, Comparison of voltage transients to 
brief (left) and long (right) current injections (2 ms, 600 pA and 700 ms, 
120 pA, respectively) from the Vinj/rec electrode at the soma in control 
conditions (gray) or after the addition of a solution with conductance 
blockers (black). Note the uniform exponential decay observed in the 
ensuing steady-state responses in blocker (black) vs previous non-blocker 
(gray) conditions, consistent across recordings. C, example traces for 
voltage recordings of passive transients used for cable modeling in 
blocker conditions where VRec (blue) yields a near-identical result to 
Vinj/rec (black). See Methods for analysis of the parameter differences 
between these. D, step-wise linearity of short-pulse recordings at all 
somatic recording sites (n = 19 cells) showing complete linearity of 
voltage responses (|ΔV–| = 1.00 ΔV+) in the injected current range (±600, 
±500, ±400, and ±300 pA; Methods). E, long-pulse voltage recordings at 
the soma in blocker conditions from the same cells as in D. F, plot of the 
step-wise linearity of all somatic long-pulse recordings (|ΔV–| = 0.912 
ΔV+, n = 19 cells) in the injected current range (±120, ±100, ±80, ±60, 
±40, and ±30 pA). G, Example axonal recording traces from axo-somatic 
short-pulse injections (2 ms, ±600 pA) in blocker conditions from the 
minimum to maximum recording distances (~140–830 µm, n = 6 cells). 
H, step-wise linearity plot of the axonal responses (|ΔV–| = 0.994 ΔV+) 
evoked by somatic current injections (±600, ±500, ±400, and ±300 pA). 
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Figure S2 
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Figure S2, related to Figure 1 | Full morphological reconstructions of 
modelled neurons 
Reconstructed thick-tufted L5 pyramidal neurons from the primary 
somatosensory cortex of the rat recorded with axo-somatic dual whole-
cell recording. Reconstructions are fully 3 dimensional but shown here as 
2-dimensional projections. Cell numbers correspond to neuron model 
numbers. Red arrows indicate the location of identified nodes of Ranvier. 
Myelinated internodes are shown in blue. 
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Figure S3 
 
 

 
 
 
 
 
 
 



 81 

Figure S3, related to Figure 1 | Nodal and internodal architectures of 
thick-tufted L5 axons 
A, Low magnification photomicrograph of a biocytin-stained cell (cell 
#6). Nodes were identified by an increased staining intensity and/or 
branch point, indicated by the position of arrows (red). B, 
Immuofluorescence staining for biocytin-streptavidin (green) and the 
nodal/AIS marker bIV spectrin (magenta). Nodes of Ranvier, identified 
by the overlap of spectrin and biocytin, are indicated with arrows (red). C, 
High magnification of the AIS and two nodes (2nd and 6th) from the axon 
shown in B. D, Comparison of internode length as a function of internode 
number for the biocytin-stained axons (cells #2–6) and the 
immunofluorescence identified L5 axons (n = 8) revealed a similarity in 
the sequence of internode lengths (two-way ANOVA, group-internode 
interaction (P > 0.890). The first 2–3 internodes are short, with collaterals 
emerging from the nodes of Ranvier. With increasing distance from the 
soma, internodes progressively became longer and lacked collaterals. 
Data represent mean ± SEM. E, Internode length (L) scaled linearly with 
axon core diameter d, based on all immunofluorescence-identified 
internodes, (n = 42; r2 = 0.653). F, Example of a L5 neuron filled with 
HRP and recovered for EM analysis. EM images are shown for the two 
indicated locations. G, The number of myelin lamellae was constant with 
distance from the soma (red line, linear regression slope »0, F test P > 
0.836; R2 = 0.00191, n = 25 internodes from 6 axons, represented by 
different symbols). 
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Figure S4 
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Figure S4, related to Figure 1 | Single and double cable optimizations 
for the axonal subthreshold voltage responses 
Left, voltage response of recorded axonal voltage transients from cells 
#1–4 and #6 fit by either the minimum expected SC model (gray; Rmy = 
20 ´ Rm, Cmy = 0.05 ´ Cm), the optimal SC (blue) or the DC model (red). 
Right, higher magnification of the first milliseconds of the fit. 
Corresponding values for myelin resistance and capacitance are indicated. 
Note the improved fits for all models with DC circuits implemented at 
the internodes (red) in comparison to expected (gray) and optimized SC 
circuits (blue). Neuron morphologies shown in Figure S2.  
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Figure S5 
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Figure S5, related to Figures 5 and 6 | Voltage-calibration protocol 
for optical recordings along the axon  
A, Top, example traces of a simultaneous axo-somatic whole-cell 
current-clamp recording in normal extracellular solution. Subthreshold 
depolarizing and hyperpolarizing steady-state current injections at the 
soma evoked voltage responses at the soma (black) and axon (red) 
measured in the indicated region (blue). Bottom, averaged amplitudes 
were normalized to the somatic amplitude and plotted as a function of 
recording distance from the soma. Attenuation points were fit according 
to an exponential function with distance x from the soma (V0/Vx = e –x/k), 
with k being 1.18 mm (n = 10). B, Top, protocol for voltage calibration. 
Example traces show the protocol for an AP. Within each imaging trial, a 
fast passive transient (Figure 5) or AP (Figure 6) was evoked by current 
injection (1 ms, 50 nA or 3 ms, ~10 nA, respectively), followed by a long 
interval during which the voltage returned to baseline. Thereupon, a large 
hyperpolarizing current step was applied (up to –1.5 nA, 400 ms) to 
obtain a substantial steady-state potential. To reduce phototoxicity but 
optimally detect fluorescence during the hyperpolarizing pulse, total light 
exposure per trial was 21 ms divided into 3´7 ms segments (I-III, 
indicated in blue regions). Bottom, closer view of shutter segments and 
optically-recorded voltage responses. The first segment coincided with 
the fast transient or AP-generating current pulse, the second was 
immediately before the negative current injection, and the third was just 
prior to the end of the negative current injection near steady-state voltage. 
The difference in fluorescence between the baseline and plateau DFcal 
was used to calibrate the depolarization (Figure 5) or AP fluorescence 
signal (Figure 6), corrected for the known steady-state axo-somatic 
voltage attenuation (based on k), yielding the VSD-calibrated V(DFAP). 
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Figure S6 
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Figure S6, related to Figure 7 | AP conduction velocity depends upon 
voltage-gated sodium conductance at nodes of Ranvier, myelin 
capacitance and submyelin resistance  
A, Conduction velocity (CV) was insensitive to changes in the peak 
voltage-gated sodium conductance density (𝑔"# ) at the internodal 
axolemma. However, increasing internodal 𝑔"#raised the probability of 
axonal spike generation (dotted line). Optimized trace is shown in red. B, 
reducing 𝑔"#  in nodes of Ranvier below the optimized model (red) 
strongly decelerated AP propagation. Increasing nodal 𝑔"#  led to 
multiple APs as well as much faster CVs (dotted lines).  C, CV is 
independent of myelin sheath (Rmy) insulation but reducing Rmy below 
0.25 times its model value (red) led to an increase spiking activity (dotted 
lines). D, increasing myelin Cmy robustly decelerated AP velocity but 
little to no change was observed upon decreasing Cmy, suggesting Cmy 
was optimized for a high CV. Optimized model is shown in red. Raising 
Cmy extremely by > 64´ led to multiple APs (dotted lines). E, increasing 
dpn from 1 nm to 1 µm (with constant dpa) decreased CV by 
approximately half. Optimized trace is shown in red. An increase in dpn of 
10´ and beyond increased excitability (dotted lines). 
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Supplemental Movie Legends 
 
 
Movie S1, related to Figure 6 | Optically recorded saltatory 
propagation of the action potential  
Top, transaxonal Vm experimentally recorded with voltage-calibrated 
VSD signals during AP initiation and saltatory propagation across the 
first three internodes. Colour-coded membrane potentials are overlaid 
with the confocal z-stack of the same cell. Colour scale shown bottom left. 
Bottom panel, the temporal evolution of optically recorded Vm plotted as 
spatial profile along the main axon against distance from the soma. The 
temporal resolution during fluorescence acquisition was 10 kHz but 
splined to 50 kHz for visualization purposes. The movie shows 3 
milliseconds of experimental recording at a 3500´ reduction in speed. 
 
 
Movie S2, related to Figure 7 | Saltatory propagation of the AP in a 
double cable model simulation of cell #3 
Spatial spread and temporal evolution of neuronal and transaxonal Vm 

during AP initiation and saltatory propagating in the optimized double 
cable model of cell #3. Top plot shows the spread of Vm along the 
reconstructed neuronal morphology. Membrane potential colour-coded 
for each section with the scale shown bottom left. Bottom, temporal 
evolution of the Vm profile along soma and primary axon plotted against 
distance from the soma. Temporal resolution of the model was 100 kHz 
and the movie runs at 60 fps. 
 
 
Movie S3, related to Figure 7 | Saltatory propagation of the AP in a 
double cable model simulation of cell #6 
Top, spatial spread and temporal evolution of neuronal and transaxonal 
Vm during initiation and saltatory propagating of a single AP of the 
optimized double cable model cell #6. Membrane potential colour-coded 
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for each section with the scale shown bottom left. Bottom, temporal 
evolution of the Vm profile along soma and primary axon plotted against 
distance from the soma. Note the more gradual voltage drop and 
amplification in transaxonal Vm within the internode in comparison to cell 
#3 (Movie S2). Temporal resolution of the model was 100 kHz and the 
movie runs at 60 fps. 
 
Movie S4, related to Figure 7 | Spatiotemporal spread of the three 
potentials in a double cable model simulation of cell #6 
Top, spatial spread and temporal evolution of transaxonal Vm during 
initiation and saltatory propagating of a single AP of the optimized 
double cable model cell #6. Membrane potential colour-coded for each 
section with the scale shown bottom left. Bottom, temporal evolution of 
the transaxonal Vm (red), transmyelin Vmy (blue) and transfibre Vmym 
(dotted white) profiles along soma and primary axon plotted against 
distance from the soma. Temporal resolution of the model was 100 kHz 
and the movie runs at 60 fps. 
 
 
 
          Movie S1                                        Movie S2 
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          Movie S3                                       Movie S4  
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Summary 
The biophysical properties of neurons are essential to understanding their 
function. Electrical activity in neurons, including action potential (AP) 
and subthreshold events, can be decoded into the constitutive electrical 
elements underlying these with computational tools. While many 
individual neuron models exist, a general application with automated 
model building and optimization remains to be developed. The software 
package Salto addresses these needs by offering a pre-built, graphically-
rich simulation environment with rapid model creation and a 
biophysically-detailed, experimentally-constrained neuron template, 
including the myelinated axon. Many additional features and functions 
allow Salto both power and flexibility, including a noise-constrained non-
uniform (NU) evolutionary optimization algorithm with machine learning 
elements, and alternative circuitry for nullifying candidate models. Built 
on the NEURON platform, Salto deploys massively parallel simulations 
to produce robust and faithful neuron models. Here, layer 5 pyramidal 
neurons are recorded with simultaneous double current-clamps at the 
soma and axon, producing single and multiple AP waveforms. Salto 
extracts from each of these neurons the statistically optimum biophysical 
model. Collectively, the neuron models reveal a mechanism for intrinsic 
hyperexcitability in the layer 5 demyelinated axon: the excitability of 
internodal axon membrane is normally suppressed by relatively narrow 
submyelin spaces. Upon demyelination and therefore opening of such 
spaces, more elevated potentials across the internodal axolemma 
propagate to nearby nodes of Ranvier, triggering ectopic spikes. 
 
Introduction 
Cells of the nervous system communicate via chemical and electrical 
signals encoded and decoded by different levels of membrane 
polarization. Signals consisting of potential differences across 
membranes can be deconstructed into constituent electrical elements. 
These electrical elements are, essentially, passive intracellular resistance 
(Ri), membrane resistance (Rm) and capacitance (Cm), as well as variable 
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membrane ion channel conductances ( �⃗�#$% ); in particular, at peak 
conductance density (�̅�#$%). The extraction of the value these biophysical 
properties have from changes in membrane potential is achieved by 
combining cellular anatomy, voltage recordings, cable theory, numerical 
integration, and experimentally determined conductance mechanisms 
(Hodgkin, 1964; Huxley and Stämpfli, 1949; Rall, 1977). Early 
computing technology rendered numerical integration feasible 
(Frankenhaeuser and Huxley, 1964; Joyner et al., 1980; Moore et al., 
1978; Rall et al., 1992) and modern software such as NEURON and 
GENESIS greatly simplified the simulation procedure by combining and 
digitizing the required techniques into accessible platforms (Bower and 
Beeman, 1998; Hines and Carnevale, 2001; Hines et al., 2009). This 
combination of anatomy, electrophysiology and computational modelling 
has led to many important insights into the electrical function of nervous 
system cells (Alle and Geiger, 2006; Koch and Segev, 1989; Mainen et 
al., 1995; Rapp et al., 1994; Roth and Häusser, 2001; Shen et al., 1999; 
Stuart and Spruston, 1998) (Bakiri et al., 2011; Beaulieu-Laroche et al., 
2018; Chan et al., 2013; Fletcher and Williams, 2019; Hallermann et al., 
2012; Masoli et al., 2015; Norenberg et al., 2010; Schmidt-Hieber and 
Bischofberger, 2010; Schmidt-Hieber et al., 2007). With the adaptation of 
NEURON and GENESIS to parallel computing (Bower and Beeman, 
1998; Hines and Carnevale, 2008; Hines et al., 2008a; 2008b; Migliore et 
al., 2006), and increasing public availability of massively parallel 
computing networks in the form of contemporary supercomputers 
(Sivagnanam et al., 2013), longstanding issues of multidimensional 
parameter search and network models at relevant scale can be addressed 
(Druckmann et al., 2007; Markram et al., 2015; Rumbell et al., 2016; Van 
Geit et al., 2016). The combination of cellular anatomy and recording 
with a robust optimization approach on a massively parallel scale has 
recently yielded experimentally-verified predictive results in the 
myelinated axon (Cohen et al., 2020), including orders of magnitude 
more simulations for selecting out competing circuit topologies. The 
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additional predictive value arises from the scale at which simulations are 
performed combined with robustness testing of their results. 
 
In the interest of developing a generalized application of our approach 
(Cohen et al., 2020), we created Salto: a graphically-rich, automated 
neuron model builder and massively parallel optimizer. Built on the 
powerful NEURON platform, part of Salto’s optimization strategy is to 
oversample the solution space for starting parameter values, going 
beyond latin hypercube sampling (Rumbell et al., 2016) to capture 
possible solutions at the edge of each parameter space. Moreover, the 
entire voltage response is simultaneously optimized, without bias toward 
response features (Druckmann et al., 2007; Rumbell et al., 2016; Van 
Geit et al., 2016). The aim of Salto is to provide a pre-programmed, user-
friendly and graphical approach to neuron modelling without sacrificing 
function. 
 
Many new functions are built into Salto, such as the experimentally 
constrained non-uniform (NU) optimization algorithm for voltage 
responses, which employs a sufficiency approach to balance the search 
for the lowest error solution against experimental noise. Such an 
optimization strategy is particularly useful in any situation where 
subcellular membrane parameters are non-uniformly distributed, from 
internodal myelin to high-density nodal Na+ channels. Additional tools of 
interest include a genetic algorithm to improve upon prior solutions, and 
a stochastic selection algorithm that canvases every parameter solution 
space to differentially permute initial parameter values, addressing the 
problem of bias in selecting initial values. Further, the NU and 
evolutionary algorithms are paired for massively parallel simulations, 
pre-programmed to run on supercomputers at the NSG (Sivagnanam et al., 
2013), to not only find better solutions but also effectively test out 
alternative biophysical hypotheses. Utilizing a wide range of NEURON 
functions, Salto integrates and generalizes such functions necessary for 
small- to large-scale simulations, combining rapid model creation and 
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simulation with visually guided feedback. With Salto, experimentally 
recorded APs were optimized and constrained, resolving the biophysical 
properties underlying one of the most basic electrical signals of the 
nervous system: the forward propagating AP through myelinated axons. 
 
Results 
Experimental and modelling setup 
A reliable method to extract electrical properties from single neurons is to 
record voltage responses to brief and small current injections via multiple 
whole-cell patch clamp recording sites simultaneously, in preferably 
passive conditions, followed by morphological reconstruction and 
numerical modelling (Cohen et al., 2020; Fletcher and Williams, 2019; 
Norenberg et al., 2010; Rall et al., 1992; Schmidt-Hieber et al., 2007; 
Stuart and Spruston, 1998). Within this paradigm, the basic input/output 
cable parameters of the recorded neuron are determined, such as 
intracellular or extracellular axial resistivities (Ri, Rpa, Rpn, etc) and 
membrane specific resistances and capacitances (Rm, Rmy, Cm, Cmy, etc) 
(Cohen et al., 2020). The transmission of the action potential (AP) can 
similarly be modelled according to its underlying cable elements, thus 
decoding the conductances that control AP propagation, the primary 
output signal of neurons. Building upon our previous approach (Cohen et 
al., 2020), we developed Salto to optimize the conductances underlying 
the transmission of APs over a wide range of axon lengths and explored 
the simulated impact of demyelination of neocortical axons. 
 
Morphology assignment 
The process for creating a model cell begins with its full reconstruction in 
3D (Figure 1A, Methods). The Salto framework includes an interactive 
setup that guides the user through the morphology import (opening 
getmorph.hoc) and specification of recording locations 
(loadmorph.hoc). Model initialization is completed by interactive 
import of experimental data, including recordings, via setup.hoc 
(Figure 1A). Different model modes (e.g. active or passive), and multiple 
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axon types (e.g. myelinated or unmyelinated) are available for selection. 
If the axon is myelinated, and morphological detail for nodal and 
paranodal compartments is integrated into the morphology file, the 
assignment of node of Ranvier and paranodal sections is done 
automatically. The inclusion of nodes of Ranvier is non-trivial to a 
double cable axon model – without these, the axial grounding locations 
of the periaxonal current cannot be integrated, and thus the model will 
lack a functioning double cable. To ensure the location and ratio of 
periaxonal and paranodal resistances are reflected, to reproduce the 
spatial and temporal patterns of internodal depolarization (Cohen et al., 
2020), consideration should be given to integrating paranodal sections. 
Once the model is set up via setup.hoc, it may be opened with 
openmodel.hoc, which creates the interactive GUI environment 
(Figure 1B). The created panels and plots may be modified and saved in 
corresponding session files. The user may also add panels or plots and 
combine these with existing session files, or create new ones, and append 
the loading of these to the text-based openmodel.hoc. A few of the 
built-in graphical displays include voltage-time graphs at each recording 
location (Figure 1B, panel 4), and two voltage-space graphs, one over the 
shortest path between the farthest two recording locations, and the other 
over the entire neuron, centered on the region between the two farthest 
recording locations (Figure 1B, panels 5 and 6). Optimization of model 
parameters with the NU algorithm may be performed directly in the GUI 
(Figure 1B, panel 9) for smaller scale simulations, or without the GUI for 
larger scale parallel simulations (Methods). The statistics and ranking 
required for organizing the results of massively parallel simulations are 
built into rankopt.hoc, which can be run after optimization results are 
automatically saved. Individual simulation results may be viewed and 
studied in the same modifiable GUI environment with playopt.hoc. 
Finally, most Salto functions have multiple modes and options with 
modifiable inputs, creating many usage possibilities with these or 
customizable functions, which can be saved separately and appended to 
the appropriate call-up procedure, such as openmodel.hoc. 
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Biophysical parameter assignment 
To build a representative neuron model, the principal passive parameters 
(Ri, Rm, Cm, etc) are determined first. To this end, we simultaneously 
recorded the voltage responses from large layer 5 (L5) pyramidal neurons 
with patch-clamps pipettes at the soma and axon (Figure 2A). In current-
clamp mode, brief current injections (2 ms) at the soma elicited small 
voltage responses (~2–4 mV) recorded at either end. Multiple positive 
and negative current steps were injected (30–180 trials, each averaged), 
to ensure a high signal-to-noise ratio and reliably extract passive 
responses. In addition to reconstructing the neuron itself, the recording 
pipettes themselves must also be reconstructed, to account for their 
contribution to the recorded response (Figure 2B–C) (Cohen et al., 2020; 
Major et al., 1994; Norenberg et al., 2010; Roth and Häusser, 2001). To 
parse this electrical contribution of the recording pipettes out, the 
morphology of the glass pipette is fully reconstructed (Methods). Pipette 
morphology is automatically constructed and applied by Salto at model 
opening, each pipette being combined with cellular morphology at user-
specified recording locations (Figure 2B) with openmodel.hoc. 
Except for stray pipette capacitance (Cpip), all other electrical parameters 
of the pipette are fixed at setup and automatically assigned, requiring 
only user input of bridge balance values. The fixed pipette parameters are 
the axial resistivity of the housed electrode (rel), based on its bridge 
balance resistance and specific resistance (Rpip) of the glass wall (Figure 
1C, Methods). While rel and Rpip are fixed parameters, Cpip is explicitly 
optimized, to parse out the fluctuating, stray pipette capacitance that can 
remain after current injection (Cohen et al., 2020; Major et al., 1994). 
 
Large pipette capacitance compensation artifacts are present in 
recordings in which electrodes both inject current and record the voltage 
response (Vinj/rec, Figure 2D) (Major et al., 1994). Such artifacts are seen 
readily when comparing the Vinj/rec response with that from a second, 
voltage following only electrode (Vrec) placed at the same recording 
location (Figure 2D). Therefore, the optimization start time for Vinj/rec 
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transients cannot be the beginning of the recording, as for the Vrec ones. 
To assess the optimization start time for Vinj/rec data, a number of these 
were directly compared against data from corresponding Vrec at the same 
recording location (Figure 2E, n = 24). Maximal overlap percentage 
between Vinj/rec and Vrec transients resumed at +0.5 ms post-injection 
(0.466 ± 0.0403 ms; Figure 2F). Optimization start time for Vinj/rec 

recordings was therefore accordingly fixed to +0.5 ms post-injection. 
 
Suprathreshold parameter assignment is layered above the subthreshold 
one. Either parameter type may be assigned by default or optimized, if 
corresponding voltage data are present. 
 
The process of subthreshold biophysical optimization 
The subthreshold biophysical parameters, principally Ri, Rm, Cm and their 
analogues (Rpa, Rmy, and Cmy) are integral to the propagation of all 
cellular voltage signals. To determine such parameters, the user selects 
the passive parameter optimization at setup. This would usually include 
Ri, Rm and Cm. Note that Salto takes into account the extra surface area 
contributed by dendritic spines (Methods). To best constrain the passive 
cable parameters, each positive and negative subthreshold voltage 
recording is separately optimized, leading to one overall average per cell 
(Figure 3A). Uniformity of a given subthreshold response can be verified 
by how closely the transient decays according to a single exponential 
function (Rall, 1977), while the linearity of a response can be verified by 
how closely each transient scales linearly with its associated current 
injection amplitude (Schmidt-Hieber et al., 2007). Linearity can thus be 
determined by how closely the slope of the expected line is to unity. In 
the case of the recordings shown at the soma (Vinj/rec, Figure 3A), only the 
decaying portion of the trace, after a post-injection delay of +0.5 ms 
(Figure 2), is used for optimization. If more than one recording electrode 
is present, such as one at the axon or dendrites (Vrec, Figure 2), then the 
entire voltage response is simultaneously optimized. 
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To demonstrate Salto in action, the error trajectory of the lowest error 
simulation (NU algorithm with evolutionary testing) for each voltage 
response is plotted (±400, ±500, and ±600 pA injections, cell #4, Figure 
3B). The mean squared error (MSE) minimum of a given optimization 
(Figure 3B) is automatically determined based on the combined delay 
portion of each transient at each recording site prior to current injection 
(Figure 3B, Methods). The minimum MSE obtained from the pre-
injection portion of the trace will also determine the combined error 
threshold against which the optimization error function is evaluated in the 
NU algorithm. To define the minimum optimization error with 
experimental noise, and ensure search space error remains experimentally 
limited, we designed the NU algorithm based on an adaptation of the 
default optimization routine in NEURON, which is based on the principal 
axis algorithm (PRAXIS), a method of conjugated gradient descent 
(Brent, 1973). Consequently, non-uniform parameter distributions, or 
weaker constrained parameters in general, are only optimized to the limit 
of experimental noise, enabling a better representation of each parameter 
without implementing optimization weights on specific parameters or 
waveform features.  
 
In addition to the NU algorithm, to address the problem of initial value 
selection biasing optimization results towards those values, a problem of 
particular concern when some parameters are less constrained than others, 
we developed an evolutionary testing paradigm that systematically 
permutes initial values over the global search space. The evolutionary 
algorithm randomly selects an initial value from each half of each 
parameter domain and completely combined with a random selection 
from every other, creating an upper triangular matrix (n simulations ´ p 
parameters) of initial value permutations that effectively span the solution 
space manifold (Methods). The results showed that the evolutionary 
approach yielded robust results by covering the global solution space 
(Figure 3C–E) to effectively find the lowest error solution. In addition, 
the evolutionary algorithm retains the capacity to improve over multiple 
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generations, although here, only one generation (i.e. the first 
optimization) is required to obtain near-minimal fit errors (Figure 3B). 
An optimization is run from each of these initial value parameter sets, 
and the lowest error one from each voltage response is selected without 
bias (Figure 3C–E, Methods). Here, the advantage of running massively 
parallel simulations is evident, by cutting down the run time of n 
simulations to that of approximately one. The parameter trajectories for 
the lowest error simulations demonstrated the error improvement 
performed by the NU algorithm (Figure 3B, F–H), even though the 
starting parameters are from a set that samples the solutions space (Figure 
3C–E). Taken together, Salto subthreshold parameter optimization is 
robust, providing a clear assessment of the passive cable parameters, as 
well as a thorough exploration of possible values, and includes a 
visualization feature (playopt.hoc, Methods) to play back simulation 
results in the interactive GUI. 
 
The process of AP optimization 
Each pair of axo-somatic APs was optimized by the NU algorithm, 
according to the non-uniform distribution of voltage-dependent ion 
conductances in each subcellular compartment (Table 1). The simulated 
APs closely reproduced the shape and timing of the experimentally 
recorded APs (Figure 4A). Running for over 10 000 error evaluations, the 
NU algorithm thoroughly searched the error space around the proposed 
solution (Figure 4B). The figure shows that up to the final run, the search 
algorithm continuously sought error minimization improvements. One 
example of intermediate error level was selected and plotted in 
comparison with the proposed solution (cyan and red traces/dots, 
respectively; Figure 4A–B). To achieve our AP optimization results, a 
different approach needs to be employed relative to passive response 
optimization (Figure 3). Due to current software limitations in the 
NEURON platform, AP optimization cannot be parallelized. Therefore, 
an unsupervised and thorough search of the initial value parameter space 
could not be performed via our evolutionary algorithm. The limitation in 
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NEURON preventing parallelization is the incompatibility of the 
extracellular mechanism, required for submyelin conduction 
(Cohen et al., 2020), with functions that parallelize subcellular 
compartments (splitcell() (Hines et al., 2008a) or 
multisplit() (Hines et al., 2008b)). To bypass this limitation, we 
needed to perform an initial manual optimization step to reproduce the 
approximate timing of axo-somatic APs. This was mainly achieved by 
modifying sodium channel voltage shift values and peak Na+ 
conductance densities (𝑔'() at the axon initial segment (Hamada et al., 
2016). Keeping the prior-optimized double cable parameters for each cell 
fixed, the NU algorithm thereafter fit the AP responses to an optimal 
error ~40´ lower than starting expected values (P < 0.0047, Friedman 
test with Dunn’s correction, n = 5 neurons). Similar to the passive 
responses, the error trajectory of the NU algorithm for the active 
responses was decreasing in stepwise fashion (Figures 3B and 4B). 
Although AP optimization involves ~7´ more variables than 
subthreshold, only ~4´ as many runs were required. Taken together, the 
NU algorithm was capable of automated AP optimization that reproduced 
the complete shape and timing of the recordings according to the 
underlying ion channels, while thoroughly exploring the error space 
around the solution. 
 
AP optimization reveals estimates for axo-somatic channel conductance 
densities 
The ability of Salto to reproduce the timing, amplitude and shape of the 
APs evoked at the soma and axon was observed across all recordings 
(Figure 5A, n = 5 neurons). Interestingly, although the NU optimization 
was only based on a single AP (~20 ms), a train of APs (~1 s) recorded 
from the same cell could also be matched (Figure 5B), indicating 
reasonable forward predictive validity for conditions when other and 
slower conductances would be recruited (cell #6, Figure 4B). In addition 
to low whole-transient error in modelled single APs (Figures 4B and 5A), 
various features of the AP signal are compared between modelled and 
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recorded, such as threshold voltage, resting membrane potential (RMP), 
half-width, peak amplitude, after-hyperpolarization (AHP), after-
depolarization (ADP) and conduction velocity (CV, Figure 5C–H, 
Methods). For each feature compared (threshold, RMP, half-width, peak 
amplitude, AHP, ADP, and CV), simulated APs are no different from 
recorded ones (Figure 5C–H, n = 5 neurons). Notably, estimates for 
conduction velocity based solely on experimental data are approximately 
the same as ones determined by modelling data alone (4.80 vs 4.47 m s–1, 
respectively; Figure 5H, Methods; P > 0.293, n = 5 neurons). The 
optimized peak ion channel densities revealed an ~1500´ increase in 𝑔'( 
at the nodes of Ranvier over that of the internodal axolemma (P < 0.0093, 
Friedman test with Dunn’s correction, Table 2). Similarly, 𝑔)*+ and 𝑔)*, 
at the nodes of Ranvier are 160´ and 40´ greater than at the internodal 
axolemma, respectively (P < 0.0093 and P < 0.016). Together, the close 
matching of the modelled and recorded APs supports our optimization 
approach as well as the underlying channel conductances revealed therein. 
 
Model demyelinated axons are intrinsically hyperexcitable 
Finally, to test whether the optimized neuron model had predictive 
validity for experimental observations beyond optimized APs, we tested 
the consequences of demyelination. Previous experimental work 
demonstrates a common consequence to demyelination: the generation of 
ectopic APs (Felts et al., 1995; Hamada and Kole, 2015; Kapoor et al., 
1993), which may underlie some of the clinical symptoms seen in 
multiple sclerosis (MS) (reviewed in (Smith and McDonald, 1999)). An 
ectopic AP is one is triggered at a location other than the axon initial 
segment (AIS), such as a node of Ranvier. Depolarizing current 
injections are characterized by both ectopic APs and spikelets (Figure 6A, 
data from (Hamada and Kole, 2015)). In order to explore demyelination, 
we proceeded to progressively demyelinate the model axons, first by 
enlarging the periaxonal and paranodal spaces, then by removing the 
myelin entirely (Figure 6B–D). The widening of the submyelin spaces 
was achieved by increasing the width of the periaxonal and paranodal 
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spaces (dpa and dpn, respectively). Starting from a control dpa of 12.3 nm 
and dpn of 7.4 nm (Cohen et al., 2020), each submyelin space is widened 
to 100 nm (Methods). In the simulation with widened submyelin spaces, 
the same stimulus protocol as in the control case yields multiple spikes 
and spikelets at both the soma and axon end (Figure 6C). AP initiation in 
demyelinated models is abrupt and sharply rising at the soma (Figure 6C 
and D), consistent with ectopic spike generation in the axon downstream 
of the AIS, as recorded from the same axon types following cuprizone-
induced demyelination (Hamada and Kole, 2015). Furthermore, ectopic 
APs were observed in 3 of the 6 demyelinated optimized model neurons, 
in line with the fraction demonstrated in recordings (~15%, Figure 6A). 
Together, these results indicate the experimental and predictive validity 
of our optimized and anatomically realistic myelinated axon models for 
the L5 pyramidal neuron. 
 
Discussion 
Subthreshold biophysical optimization 
Built on the NEURON platform, Salto enables immediate and interactive 
access to neuron model creation, testing, and parameter optimization. For 
subthreshold or passive voltage responses, the basic cable properties of 
neuron could be robustly extracted with the NU algorithm run within an 
evolutionary framework (Figure 1). Building on the successful 
application of evolutionary approaches to AP optimizations (Achard and 
De Schutter, 2006; Bahl et al., 2012; Masoli et al., 2015; Van Geit et al., 
2016), the modified approach here, consisting of extended solution space 
sampling for the starting parameters, NU algorithm, and whole-transient 
optimization, is applied to subthreshold and AP recordings. By running 
parameter estimation through a combination of local and global search 
routines, effectively covering each parameter space, near minimum error 
solutions are found, limited only by experimental noise (Figure 3). 
Moreover, the massively parallel evolutionary approach built into Salto 
permits uncertainty and sensitivity analyses for the robustness of 
parameter solutions, including the testing of alternative local circuits 
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(Cohen et al., 2020). In addition, with the briefer delay to optimization 
start time of 0.5 ms, combined with automated pipette reconstruction, 
recordings that contain pipette artifacts can be optimized with better 
constraint and less error, leading to improved parameter estimations 
(Figure 2). Together, Salto provides features for automated neuron model 
generation and robust, experimentally constrained optimization capable 
of finding cable parameter solutions with near-minimal error. 
 
AP optimization based on non-uniform, subcellular ion channel 
distributions 
Simultaneously recorded axo-somatic individual APs were optimized 
with the NU algorithm according to differential peak conductance 
densities of various ion channels located in different subcellular 
compartments (Figures 4–5). This approach of biophysically realistic ion 
channel conductance modelling has been used to great effect for 
reproducing single APs or trains of spikes (Achard and De Schutter, 
2006; Battefeld et al., 2014; Druckmann et al., 2007; Gouwens et al., 
2019; Hay et al., 2011; Keren et al., 2009; Mainen et al., 1995; Markram 
et al., 2015; Shen et al., 1999; Van Geit et al., 2016; Zang et al., 2018). 
The NU algorithm constrained every part of the recorded APs, 
reproducing individual spike timing and shape features across recordings. 
In contrast with studies that focus on specific AP shape features to base 
the optimization of conductance parameters (Druckmann et al., 2007; 
Hay et al., 2011; Markram et al., 2015; Van Geit et al., 2016), our 
approach is to optimize the entire trajectory of the voltage response 
without bias to any particular feature. One advantage of such an approach 
is the avoidance of placing too much weight in any parameter, 
distributing the weight equally among all parameters. Nevertheless, 
whether the approach delivers predictions for the entire current-frequency 
curve remains to be further examined. Using combinations of single APs, 
or dynamically varying stimuli, are likely important to further constrain 
our models. 
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A general drawback with biophysically detailed modelling is the 
difficulty in assessing the robustness of the optimized conductance 
parameters. Unlike in passive conditions, active response optimizations 
have more parameters and therefore require more runs. Therefore, to 
speed up simulation run times via massive parallelization, individual cells 
must be divided with available NEURON mechanisms such as 
splitcell()(Hines et al., 2008a) or multisplit() (Hines et al., 
2008b). Given the implementation of double cable internodes that require 
the extracellular mechanism, and the incompatibility of 
extracellular with both splitcell() and multisplit(), the 
active models were optimized serially at a much slower rate than the 
passive models. Consequently, parameter robustness could not be tested 
evolutionarily as with the passive responses. Thus other consistent 
parameter solutions may exist, although the NU algorithm thoroughly 
tested each proposed parameter solution set in the error space nearby, up 
to 4 orders of magnitude away from the solution. Another drawback with 
the absence of randomly selected initial values is having to manually tune 
mostly the sodium channel peak conductance densities at the axon initial 
segment to approximately match the triggering of the AP recorded at the 
soma, although this role for these sodium channels is well established 
(Hallermann et al., 2012; Hamada et al., 2016). 
 
Although individual parameter robustness was not tested, the solved 
parameters for ion channel peak conductance values reproduced all major 
AP features, as well as a reasonable solution for a spike train recorded 
from the same cell (#6, Figure 5B). If splitcell() or 
multisplit() could become compatible with extracellular, the 
fit to such a train of APs should be improved by direct optimization. The 
consistency of a higher intrinsic excitability and even ectopic spikes 
propagating from nodal domains antidromically to the somata and 
dendrites of demyelinated model neurons further indicates the likely 
validity of the optimized conductance parameters. In addition to the 
inclusion of submyelin domains (Blight, 1985; Richardson et al., 2000; 
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Stephanova and Bostock, 1995; Young et al., 2013), an experimentally 
constrained and anatomically realistic model of the myelin sheath provide 
an improved basis for understanding the mechanisms of excitability 
changes in demyelinating diseases. Moreover, the addition of a functional, 
experimentally verified myelinated axon to modelling of the nervous 
system should enable better representations of not only single cells but 
also their networks. Further investigation into the functional and 
computational role of the myelinated axon, in both health and disease, 
should now be better enabled, while retaining the capability to integrate 
more biological complexity. 
 
Neuron models to improve neurologic models 
Neuron models should improve our understanding of clinically relevant 
disease phenotypes, by exploring the underlying mechanisms and 
clarifying the roles of multiply interacting factors, as in demyelinating 
diseases (Bostock and Sears, 1978; Coggan et al., 2010; 2015; Gow and 
Devaux, 2008; Sleutjes et al., 2019; Stephanova, 1988). Salto automates 
the combination of experimental and biophysical detail, as well as large-
scale optimization with the associated robustness testing, to obtain the 
level of detail necessary to improve disease models and make testable 
forward predictions. The effect of progressive demyelination, as in 
diseases such as multiple sclerosis, are investigated in simulations based 
on optimized neuron models and back-tested against previous 
demyelination experiments, in which recordings from demyelinated 
axons were obtained in similar animals and cell types (Hamada and Kole, 
2015). Our simulations demonstrate a remarkable similarity in 
electrophysiological behaviour to axons demyelinated in acute or chronic 
cuprizone conditions (Hamada and Kole, 2015). Moreover, a stepwise 
mechanism is proposed to achieve the hyperexcitable outcome, where a 
gradually exposed periaxonal space exhibits similar characteristics to an 
axon without myelin (Figure 6). The likely mechanism underlying these 
ectopic spikes is the elevated internodal potential across the axolemma 
resulting from demyelination. When myelin wraps an internode, 
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depolarizations across the axolemma are slower and smaller, due to the 
influence of paranodal and periaxonal resistances (Cohen et al., 2020). 
Without a myelin sheath, submyelin resistance drops, enabling the 
axolemma to depolarize faster and to higher amplitudes. Such amplitudes 
may then propagate to adjacent nodes of Ranvier, to generate ectopic 
spikes visible at the soma axon end (Figure 6). Although such a 
mechanism remains to be fully investigated, the tools developed with 
Salto would allow such an investigation directly. Many other possible 
disease models may be verified in a similar way, establishing a positive 
feedback loop with experimentation to verify and update model-derived 
predictions. 
 
Salto offers an automated and robust approach to experimentally-based 
biophysical optimization of electrical activity at the cellular level. To 
facilitate usage, a preconfigured graphical environment enables model 
exploration, analysis, and optimization. Through the combination of 
experimental data, modelling, and analytics, Salto enables the 
development of experimentally and biophysically constrained neuron 
models, which may help drive future experiments. In particular, 
hypothetical mechanisms for neuronal function may be directly verified, 
such as the origin of hyperexcitability in degenerative myelin diseases, 
which may lead to developing better therapeutics. 
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Table 1 | Boundaries of peak conductance densities (pS/µm2) 
Parameter Lower Bound Upper Bound 

Dendrites, axon collaterals, and somata 

𝑔'( 0.01–1 1000–2000 a 

𝑔)*+   0.01–1 1000 
𝑔)*- b 0.01–1 100 

𝑔)*, 0.01–1 100 

Axon initial segment and nodes of Ranvier 

𝑔'( 1 50000 
𝑔)*+   1 20000 
𝑔)*, 1 1000 
𝑔'(. 0.001 10 

Internodes 

𝑔'( 0.01 1000 
𝑔)*+   0.01 2000 
𝑔)*, 0.01 100 
𝑔'(. 10–6 10 

Axon end 

𝑔'( 0.01 50000 
𝑔)*+   0.01 20000 
𝑔)*, 0.01 1000 
𝑔'(. 10–6 10 

All 

𝑔/ 0.01 100 c 
𝑔0(

 10–4 100–1000 

𝑔)0( 10–4 100–1000 
 
a Upper bound for axon collaterals only. Dendrites share the same upper bound 
as the soma, due to proximal–distal density distribution (Methods). b Only in 
dendrites. c Exponential function of distance to the soma (Methods). 
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Table 2 | Optimal peak conductance densities (pS/µm2) 
Cell (#) 2 3 4 5 6 Average SEM 

 

Dendrites 

𝑔'( 984–
48.3 

638–
1.00 

1020–
43.8 

711–
31.4 

541–
2.28 

779–
25.4 

95.2–
10.1 

𝑔)*+   61.2–
9.26 

97.6–
19.3 

87.9–
7.35 

51.5–
2.53 

139–
68.5 

87.4–
21.4 

15.4–
12.1 

𝑔)*-/2   30.6–
14.8 

15.1–
2.84 

29.6–
14.5 

26.6–
1.86 

31.1–
8.23 

26.6–
8.45 

2.98–
2.76 

𝑔)*, 15.0 29.8 15.9 14.0 17.5 18.4 2.90 
𝑔/   2.02–

7.45 
2.01–
32.0 

2.01–
47.1 

2.01–
33.2 

2.01–
161 

2.01–
56.2 

0.002–
27.0 

Soma 

𝑔'( 991 650 1030 725 548 789 95.0 
𝑔)*+   58.1 102 89.9 52.7 140 88.5 15.9 
𝑔)*-/2   30.8 2.31 30 26.7 31.4 24.2 5.54 
𝑔)*, 26.3 12.8 15.4 56.0 13.7 24.8 8.16 
𝑔/   8.39 4.29 21.8 0.376 129 32.8 24.3 

Axon – Initial Segment 

𝑔'( 18226 15000 12700 13800 26800 17300 2550 
𝑔)*+   5480 1450 4080 3700 6860 4310 908 
𝑔)*, 187 181 149 144 312 197 35.2 
𝑔'(. 0.764 1.90 1.81 1.24 3.97 1.94 0.548 

Axon – Nodes of Ranvier 

𝑔'( 24100 28200 28200 18900 9480 21800 3520 
𝑔)*+   4700 3000 3400 4920 6250 4450 580 
𝑔)*, 68.3 200 91.8 102 265 145 37.4 
𝑔'(. 0.0941 0.0100 0.517 4.33 9.64 2.92 1.86 

Axon – Internodes 

𝑔'( 21.0 25.3 5.58 1.19 11.5 12.9 4.54 
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𝑔)*+   1.00 3.05 107 25.0 1.00 27.4 20.4 
𝑔)*, 3.04 0.103 7.09 0.438 8.08 3.75 1.65 
𝑔'(. 0.0245 0.129 1.00E–5 0.0423 0.257 0.113 0.00475 

Axon – End 

𝑔'( 106 631 1.00 1.01 70.2 162 119 

𝑔)*+   247 623 2540 1740 1520 1330 409 
𝑔)*, 91.0 65.6 100 100 99.80 91.3 6.65 
𝑔'(. 0.252 0.941 4.86E–4 2.28 1.04E–4 1.16 0.461 

Axon – Collaterals 

𝑔'( 237 1.00 328 90.9 1440 419 261 
𝑔)*+   100 74.8 474 152 355 231 78.2 
𝑔)*, 5.96 2.61 15.2 9.86 5.21 7.77 2.19 

Axon – All 

𝑔/ 0.571 0.878 2.01 1.52 9.23 2.84 1.62 

All        

𝑔)0( 5.04 94.4 70.7 1.12 0.01 34.3 20.1 
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Figure 1 
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Figure 1 | Model and optimization setup 
A, summarized stepwise procedure (I–IV) for creating and optimizing a 
model cell based on its morphology and electrophysiology (see Methods 
for more detail). B, snapshot of actively optimizing model in GUI form 
(passive double cable model of cell #2 at peak somatic depolarization). 
The description for each panel is as follows: 1) NEURON Main Menu, 2) 
Run Control, 3) Set IClamp panel with initial IClamp parameters 
(location, amplitude, duration and delay to injection). Includes the 
possibility to rapidly change injection amplitude only (corresponding to 
setup injection data), or any IClamp parameter, 4) Voltage-time plots of, 
from top to bottom, Vm at the soma (black), axon end (black, 369 µm 
from soma), nexus (black, 370 µm), node of Ranvier immediately 
upstream of the axon end (red, larger and faster depolarization, 312 µm) 
and, immediately upstream of the node, the middle of the internode (red, 
smaller and slower depolarization, 255 µm), 5) Voltage space plot from 
the soma to axon end of transaxonal Vm (red, “v”), transmyelin Vmy (blue, 
“vext”), and transfibre Vmym (black, “v($1)+vext($1)”), 6) Shape plot of 
Vm spreading from the soma throughout the neuron in a red to blue heat 
map (high to low depolarization, respectively), 7) Multiple Run Fitter 
control panel, including normalized fit parameters, 8) Multiple Run Fitter 
Generator, containing the fit variables (shown: axon recording data in red, 
double cable fit in black), 9) NU optimization panel, 10) default 
optimization panel, 11) display panel for non-normalized parameters, 12) 
Domain of each normalized fit parameter. For additional description of 
1–2, 4–8, 10 and 12, see (Carnevale and Hines, 2006). 
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Figure 2 
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Figure 2 | Experimental setup, optimization start time and pipette 
model 
A, illustration of the dual whole cell patch clamp recording configuration 
of a L5 thick-tufted pyramidal neuron in bright-field view overlaid with 
Alexa 488 fluorescence (scale bar: 20 µm). The myelin sheath, visible in 
the bright-field, is also indicated (white arrow). B, corresponding view of 
same neuron as in A (same scale), fully reconstructed. Red arrows 
indicate node of Ranvier locations. C, inset showing tip of micropipette 
reconstruction, including the equivalent circuit used for cable modelling 
(rel, axial resistivity within the pipette; Rpip and Cpip, radial specific 
resistance and capacitance of the pipette wall). D, example of dual 
somatic recording of transmembrane voltage response Vm following a 
brief current injection (+600 pA for 2 ms). Vinj/rec transient (black) is 
overlaid with that of corresponding Vrec (red). Inset: magnified view of 
the voltage response during current injection, when the least overlap 
occurs between Vinj/rec and Vrec.. E, quantification of overlap percentage 
between between Vinj/rec and Vrec across recordings (±300, ±400, ±500 and 
±600 pA; n = 3 neurons). Blue arrows indicate current injection time 
window. Inset: magnified view of % overlap in the region surrounding 
the end of current injection, indicated by the blue arrow (left). The delay 
between the end of current injection and a return to pre-injection 
Vinj/rec/Vrec overlap was +0.5 ms, at most (0.466 ± 0.0403 ms; n = 24 
paired of voltage recordings). Dotted line indicates pre-injection overlap 
percentage. F, comparison of percent change in fit error between fit start 
times of +0, + 0.5 and +2 ms post-injection from Vinj/rec electrodes at the 
soma against Vrec electrodes at the same soma recording the same voltage 
response (n = 3 dual somatic patch-clamp recordings to the voltage 
responses from injections amplitudes of 400, 500 and 600 pA; +0 vs +0.5 
ms P < 0.0359 and +2 vs +0.5 ms P < 0.0001, RM one-way ANOVA 
with Tukey’s correction).   
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Figure 3 
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Figure 3 | Subthreshold voltage optimizations yield minimum error 
parameters 
A, voltage responses to brief current pulses (2ms) at the soma in a dual 
axo-somatic recording (cell #4), over a range of subthreshold current 
injection amplitudes at the soma (±400, ±500 and ±600 pA). Recorded 
voltage responses shown in black overlaid with optimal Salto traces in 
red (+0.5 ms optimization start delay). Also shown are this cell’s optimal 
values for Ri, Rm, and Cm. B, evolution of combined axo-somatic MSE for 
cell #4 with each evaluation of the error function of the minimum error 
simulation for the subthreshold voltage responses shown in A. Average 
MSE error is shown (black) with SEM (gray). C–E, initial value of Ri, Rm 
and Cm, respectively, for each simulation (1–128). Also shown are initial 
parameter sets (red dot) selected for each voltage response that yielded 
the lowest error solution. Some sets were selected more than once (34 
and 118). F–H, evolution of each parameter value (Ri, Rm and Cm, 
respectively) in each lowest error simulation from each simulated current 
injection amplitude. Average parameter value (black) for each cell (n = 6 
neurons) shown with SEM (gray). 
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Figure 4 
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Figure 4 | Optimization of single APs 
A, top: colour-coded spatial spread of Vm with active conductances at 
peak somatic depolarization (cell #6; resting membrane potential is –80.0 
mV). Bottom: axo-somatic AP recordings (black) overlaid with 
optimized model APs (red). Also shown: an example error minimization 
search by the algorithm (cyan), as part of the automated optimization. 
Scale bar: 100 µm; axon length: ~830 µm. B, top: evolution of combined 
axo-somatic MSE over each error function evaluation for the same cell as 
in A. Also indicated: minimum error (dotted blue line), example error 
search (cyan dot, evaluation #12008) and optimal solution after 
optimization (red dot). Bottom: magnification of final hundred error 
searches, with selected algorithm search example shown above (cyan dot) 
and final optimized solution (red dot).  
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Figure 5 
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Figure 5 | Salto captures complete single AP profile, including key 
features 
A, average of axo-somatic AP recordings (black) overlaid with model 
APs (red; n = 5 neurons). Average SEM indicated by lighter shade of 
corresponding colours. B, example long pulse axo-somatic voltage 
response (300 pA, 700 ms; cell #6, black) overlaid with simulated model 
response based on single AP optimization (cell #6, red). C–H, 
comparison of AP features in recorded APs (gray) and corresponding 
model optimizations (red). AP recording location is indicated as either 
the soma or axon of the given neuron (n = 5). Circle pairs (connected by 
gray lines) indicate individual recording (dark gray) or model (red) data 
points from each cell. Comparisons are assessed by two-way repeated 
measures ANOVA with Bonferroni’s correction (n = 5 neurons). C, 
threshold voltage as determined by the early rate-of-rise method 
(Methods). Model and recorded APs share the same threshold, while 
somatic threshold is higher than axonal (model vs recording, soma and 
axon P > 0.999; soma vs axon, recording P < 0.0006 and model P < 
0.0009). D, AP half-width duration (µs), determined at half-maximum 
amplitude relative to corresponding baseline. Model and recorded APs 
share the same half-width, and somatic half-width is longer than axonal 
(model vs recording, soma P > 0.8246 and axon P > 0.0818; soma vs 
axon, recording P < 0.0003 and model P < 0.0002). E, Model and 
recorded peak AP amplitudes are the same, with somatic peak amplitudes 
slightly higher than axonal ones (model vs recording, soma P > 0.999 and 
axon P > 0.172; soma vs axon, recording P < 0.0006 and model P < 
0.0013). F, Model and recorded after-hyperpolarization depth potentials 
are same at the soma and axon, with higher values at the soma (model vs 
recording, soma P > 0.999 and axon P > 0.792; soma vs axon, recording 
P < 0.0008 and model P < 0.0014). G, Model and recorded after-
depolarization peak amplitudes are the same, with somatic values higher 
than axonal ones (model vs recording, soma P > 0.593 and axon P > 
0.999; soma vs axon, recording P < 0.0008 and model P < 0.0014). I, 
Conduction velocity is compared between recording and model-based 
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estimates (Methods) across axon lengths (~370–830 µm; n = 5 neurons). 
Linear regression slope for each CV method is approximately 0, and 
slopes are the same (recording P > 0.195 and model P > 0.1677; slope 
comparison P > 0.939; n = 5 neurons). Model and recording-based CV 
estimates were also the same when compared directly (4.47 ± 0.388 and 
4.80 ± 0.380 m s–1 ± SEM, respectively; paired t test P > 0.293; n = 5 
neurons). 
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Figure 6 
 
 

 
 

 
 
 
 
 
 
 
 
 
 



 131 

Figure 6 | Model neurons exhibit ectopic firing and intrinsic 
hyperexcitability upon demyelination 
A, control and demyelinated axon voltage recording at the soma (left and 
middle, respectively), following a long pulse in current clamp at the soma 
(data from (Hamada and Kole, 2015)). Note the spikelets (red dots, 
middle, and inset, right) and abruptly rising ectopic spikes (red stars, 
middle). B, top and middle, overlay of optimized model (red) and voltage 
recording (black) of simultaneously recorded somatic (top) and axonal 
(middle) APs (cell #3), evoked at the soma in current clamp. Bottom, 
schematic demonstrating control periaxonal and paranodal space radii 
(dpa = 12.3 nm and dpn = 7.4 nm, respectively; (Cohen et al., 2020)), with 
current principally entering at the nodes of Ranvier via NaV channels. 
Inset (red, middle) demonstrates overlay of model somatic and axonal 
APs in control conditions. C, D, top and middle, simulated axo-somatic 
APs following the same brief evocation protocol as in B, with both 
submyelin spaces (dpa and dpn) widened to 100 nm (blue, C), or the 
myelin sheath completely removed (gray, D). Note the generation of 
ectopic spikes at the soma (top, red stars) in both C and D. Inset (middle, 
C) demonstrates the more sharply rising ectopic spike at the soma (red 
star), as compared with the final spikelet at the axon. Schematics (bottom, 
C and D) illustrating the likely cause of the ectopic spike generation: 
increased excitability of internodal axon membrane due to the widening 
of the submyelin spaces, which both increases local current flow and 
membrane depolarization, while slowing down AP propagation. 
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Methods 
 
Experimental model and subjects. All experiments were carried out 
according to guidelines approved by the animal ethics committee (DEC) 
of the Royal Netherlands Academy of Arts and Sciences (KNAW) under 
the protocol number NIN 12.13 or in accordance with the German animal 
welfare law and local regulations for animal experiments. We used 
young-adult male Wistar/Hannover rats (P30–90, Harlan Laboratories, 
strain HsdCpb:WU) kept on a 12 hour light–dark cycle and housed in 
environmentally-enriched cages in groups of 2-4. Animals had no 
previous experimental exposure and weighed 100-350 g at the time of 
experiment. Brain slices were made 3 hours after onset of the light cycle. 
 
Electrophysiology. Animals were deeply anaesthetized by 3% isoflurane 
inhalation, decapitated and 300 µm parasagittal slices containing the 
primary somatosensory cortex were cut with a Vibratome (1200S, Leica 
Microsystems) within ice-cold artificial cerebrospinal fluid (ACSF) of 
the following composition (in mM): 125 NaCl, 3 KCl, 25 glucose, 25 
NaHCO3, 1.25 NaH2PO4, 1 CaCl2, 6 MgCl2, saturated with 95% O2 and 
5% CO2 (pH 7.4). Following a recovery period at 35 °C for 45 minutes 
slices were stored at room temperature in the cutting ACSF. Slices were 
transferred to an upright microscope (BX51WI, Olympus Nederland BV) 
equipped with oblique illumination optics (WI-OBCD) and visualized 
using a 60´ (1.00W) water immersion objective (Olympus). The 
microscope bath was perfused with oxygenated (95% O2, CO2 5%) ACSF 
consisting of (in mM): 125 NaCl, 3 KCl, 25 glucose, 25 NaHCO3, 1.25 
NaH2PO4, 2 CaCl2, and 1 MgCl2. Based on the myelin structure 
visualized in the bright-field image large L5 neurons with an intact axon 
parallel to the slice surface were targeted for simultaneous somatic or 
somato-axonal whole-cell current-clamp recording with identical Dagan 
BVC-700A amplifiers (Dagan Corporation, MN, USA). Bridge balance 
and capacitance were fully compensated based on small current injections 
leading to minimal voltage error (Figure 2). Voltage was analogue low-
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pass filtered at 10 kHz (Bessel) and digitally sampled at 50 kHz for 
subthreshold data and 100 kHz for action potentials using an A/D 
converter (ITC-18, HEKA Elektronik Dr. Schulze GmbH, Germany) and 
data acquisition software Axograph X (v.1.5.4, Axograph Scientific, 
NSW, Australia). Patch pipettes were pulled from borosilicate glass 
(Harvard, Edenbridge, Kent, UK) pulled to an open tip resistance of 5–6 
MW. The intracellular solution contained (in mM): 130 K-Gluconate, 10 
KCl, 4 Mg-ATP, 0.3 Na2-GTP, 10 HEPES and 10 Na2-phosphocreatine 
(pH 7.4 adjusted with KOH, 280 mOsmol kg−1). Adult rodent thick-tufted 
layer 5 (L5) neocortical pyramidal neurons are myelinated by 
oligodendrocytes which begins at the end of the axon initial segment and 
continues along the primary axon and at their cut ends in acute brain 
slices are amenable to patch-clamp recording from the axolemma (Cohen 
et al., 2020; Kole and Popovic, 2016; Kole et al., 2007). To 
simultaneously record axo-somatic APs, the somatic electrode evokes an 
AP by positive current injections between 1.5–4 nA for 3 ms. 
Subsequently, passive membrane responses are recorded by first adding 
of a blocking solution in which 25 mM NaCl was replaced by 20 mM 
tetraethylammonium (TEA) chloride and 5 mM 4-aminopyridine (4-AP; 
a non-selective Kv1, Kv2 and Kv3 channel blocker) and by adding to the 
solution 1 µM tetrodotoxin (TTX) to block sodium channels, 20 µM ZD-
7288 to block hyperpolarization-activated cyclic nucleotide-gated (HCN) 
channels, 10 µM XE-991 for Kv7 (KCNQ) channels and 0.2 mM CdCl2 
to block voltage-gated calcium channels. To further reduce synaptic 
depolarizations we added 20 µM of the AMPA receptor blocker 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX). 
 
Morphological reconstruction. To reconstruct the morphology of 
recorded neurons, 5 mg ml−1 biocytin and/or 100 µM Alexa Fluor salts 
(488 or 594) were present in the intracellular solution. The cortical sliced 
(300 µm thick) were rinsed in 0.1 M PBS and quenched in 3% H2O2 
twice for 30 min. Following increasing washing steps in fresh 0.1 M PBS, 
the cortical sections were incubated in a series of increasing sucrose 
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solutions (10%, 20% and 30% in PBS for 45 minutes). The membrane 
was permeabilized by several cycles of rapid liquid nitrogen freezing and 
thawing after which they were incubated in 1% avidin-biotinylated 
horseradish peroxidase H complex (Vector Laboratories) overnight at 
4 °C. The peroxidase was localized with 0.05% 3,3’-diaminobenzidine 
peroxidase substrate chromogen for visualization. Slices were then 
washed and mounted in Mowiol. Neuronal morphology was then fully 
reconstructed in 3D, including axonal and dendritic branch lengths and 
diameters, using a 63´ oil-immersion objective (numerical aperture NA 
of 1.4, Zeiss) coupled with the tracing software Neurolucida (v.11, 
MicroBrightField Europe, Magdeburg, Germany). Comparing axon 
lengths based on the bright-field image during the physiological 
recording in slices with the final 3D reconstructions from the same cell, 
the shrinkage was found to be minimal in the x- and y-direction (< 2%, n 
= 8) (Cohen et al., 2020). No correction factor was therefore applied to 
the neuronal reconstructions. The locations and dimensions of nodes of 
Ranvier are well visible as an increased intensity of the biocytin-DAB 
signal or presence of collaterals. Their location was confirmed post-hoc 
with bIV-spectrin staining (Cohen et al., 2020). 
 
Model creation. Full 3-dimensional reconstruction of cellular 
morphology in ASCII format, electrophysiological recording data, and 
other experimental recording data, such as recording temperature, 
locations, and bridge balances, were uploaded to Salto via 
getmorph.hoc, loadmorph.hoc, and setup.hoc, respectively. 
Salto is entirely built upon the NEURON simulation platform (Hines and 
Carnevale, 2001) (versions 7.4–7.5) and tested on OSX (10.11 and 
above) and Linux (Mint 18/Ubuntu 16.04 and above). To model the 
double cable myelinated axon, NEURON was recompiled to allow only 1 
extracellular layer (the default is currently 2), which substantially 
reduced runtimes by up to 50%. 
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Spatial resolution and parameter bounds. Spatial resolution of the model 
cell’s anatomy is set by the dλ rule, which balances optimal spatial 
resolution with computational efficiency (Hines and Carnevale, 2001). 
To ensure maximal spatial resolution within the dλ rule, a minimal τm is 
used to calculate fm, maximizing the number of model segments per 
cellular section. Minimal τm is estimated at 1 ms, based on direct 
exponential series fit to the most rapidly decaying voltage responses 
across recordings. Parameter bounds for the elementary cable parameters 
are as previously defined (Cohen et al., 2020). Active parameter bounds 
are detailed in Table 1. Note the internode (including juxtaparanodes) is 
treated uniformly with respect channel densities. The parameter bounds 
were estimated according to expected biophysical or physiological ranges. 
 
Fit start time. In passive recording conditions, the start time for 
optimizations on Vinj/rec responses is fixed to +0.5 ms post-injection 
(Figure 2). In active conditions, due to the much larger capacitive 
response of the cell, fixed myelin/stray pipette capacitances from passive 
cable optimizations, and importance of the first 0.5 ms post-injection to 
the ~1 ms AP response, the fit start time is fixed to the beginning of the 
recording.  
 
Recording pipettes. Glass micropipette tips are explicitly modelled at 
corresponding recording locations (Figure 2). Pipette tips are 
reconstructed with 200 cylindrical sections, 10 µm in length each, and 
growing in diameter from 1 µm (based on bright-field microscopy) to 
530 µm. rel defines the axial resistivity of the pipette section (Figure 2), 
and is fixed according to user input of bridge balance for that particular 
recording pipette at setup (setup.hoc; default is 10 MΩ). Rpip defines 
the radial specific resistance of the pipette wall, and is fixed according to 
the trans-resistivity of the pipette borosilicate glass composite material 
(Harvard Apparatus GC150F 300060), estimated at 100 MΩ cm (Ehrt 
and Keding, 2009), yielding an Rpip of 50 GΩ cm2. Cpip defines the 
lingering pipette capacitance, and is explicitly optimized in passive cable 
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modelling (Figure 2). To estimate an upper bound for Cpip, the 
distribution of capacitance over a truncated and tapering cylinder is 
considered (Wang et al., 2014). Given inner and outer radii at the front 
(rinner and router) and back (Rinner and Router) ends of the pipette tip, and an 
angle a formed between the horizontal plane and front tip (Figure 2), the 
upper bound for Cpip (pF) is defined as in (Cohen et al., 2020). To obtain 
the specific capacitance (pF cm–2) of the pipette tip, the outer lateral 
surface area of a truncated cone is required, and defined according to 
(Cohen et al., 2020). Given the dielectric constant Kpip of 4.7 (Harvard 
Apparatus GC150F 300060), the upper bound for Cpip was fixed at 129 
pF cm–2.  
 
Optimization. The experimentally constrained NU optimization algorithm 
essentially exits optimization if combined fit error is within experimental 
noise, defined as signal variance over the delay to current injection. This 
strategy effectively avoids over-optimization of weaker constrained 
parameters, which is the case not only across stimulus paradigms but 
particularly where parameters are non-uniformly distributed over 
subcellular domains. Searching of the parameter space is performed by an 
adapted PRAXIS algorithm (Brent, 1973). The evolutionary paradigm 
randomly permutes each parameter in a given subdomain of its space 
against a permutation of every other parameter with a random selection 
from either its corresponding subdomain or another subdomain, where 
the sum of every subdomain is the solution space. Each permutation 
cycle mates a given parameter subdomain with every other, generating a 
complete set of permutations covering each parameter cross-domain in 
the solution space manifold. The number of subdomains may be user-
specified; the default is 2. This number of subdomains raised to the 
power of the number of optimized parameters determines the total 
number simulations. Optimization within the evolutionary paradigm with 
the NU algorithm may be started immediately after model creation with 
startopt.hoc. Simulation results are saved automatically in parallel 
mode, or can be saved manually by running the function 
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savemanopt() in GUI/serial mode. rankopt.hoc can be run 
thereafter to rank all simulation results (parameters, errors and voltage 
responses). playopt.hoc permits GUI-based visualization and 
interaction with simulation results. All simulated parameters and their 
associated errors are logged and saved into paramlogmat.dat and 
allerrlogmat.dat, respectively. 
 
Active conductance models. Each active conductance-based cellular 
model (cells #2–6) is first optimized for its passive parameters: 
intracellular or extracellular axial resistivities, specific membrane 
resistances and specific membrane capacitances. The passive parameters 
are then fixed, and active conductances are optimized (Table 2). Active 
conductance models are implemented as NMODL-based mechanisms, 
and inserted in each corresponding subcellular compartment. 𝑔'( in the 
dendrites and soma, as well as axon except for the AIS, are each 
implemented according to corresponding 8-state allosteric NaV channels 
developed for somata and axons (Schmidt-Hieber and Bischofberger, 
2010). In the AIS, 𝑔'( is implemented with another 8-state allosteric 
model adapted for the AIS (Hallermann et al., 2012).  𝑔'(. is adapted 

from (Royeck et al., 2008).  𝑔)*+ in the dendrites and soma, as well as 
axon, are each implemented with corresponding models from 
(Hallermann et al., 2012). 𝑔)*-/2  (Mainen and Sejnowski, 1996) is 

implemented in the dendrites and soma. 𝑔)*, (Hallermann et al., 2012) is 
implemented everywhere. 𝑔/   (Kole et al., 2006) is implemented 
according to an exponential distribution in the soma and dendrites, and 
uniformly in axons. 𝑔0( and 𝑔)0( are implemented from (Destexhe et al., 
1993), (Mainen and Sejnowski, 1996), (Schaefer et al., 2003) and (Kole 
et al., 2006). Note that different NMODL-based mechanisms may be 
used with Salto as appropriate. 
 
Action potential features. Threshold: defined as the voltage at AP onset. 
For recorded APs, this voltage occurs when the signal crosses above 3´ 
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the standard deviation of the noise (initial part of the recording without a 
current injection), in the dV/dt of the voltage recording (Cohen et al., 
2020; Kole and Stuart, 2008). For model APs, this voltage occurs at the 
peak of the d3V/dt3 of the signal (Cohen et al., 2020). Resting membrane 
potential: measured over 70% of the initial, non-injected part of the 
voltage signal. Half-width: the width of the AP at half maximum absolute 
amplitude. Peak AP amplitude: the maximum absolute peak of the 
voltage signal. AHP: the local minimum of the voltage signal just after 
peak amplitude, with respect to threshold voltage. ADP: the peak of the 
voltage rise following the AHP, with respect to threshold voltage. CV: 
For recorded APs, this is defined without model data. Elapsed time is the 
difference between threshold onsets for the somatic and axonal 
recordings (threshold onset as defined for recorded APs, above). To this 
elapsed time is added 56 µs, the average time for an AP triggered at the 
AIS to backpropagate to the soma (Kole et al., 2007). The travelled 
distance is determined according to the measured 2D distance from the 
soma to the axon end by bright-field imaging microscopy during 
physiological recording. From this distance is subtracted the 2D length of 
the AIS and approximately half the length of the soma, a total of 50.8 µm, 
as estimated from post-hoc bIV-spectrin stainings (Cohen et al., 2020). 
For model APs, threshold onset is determined directly according to peak 
d3V/dt3, as above, for the earliest triggered AP. The difference between 
this earliest-to-rise AP threshold onset and that for the axon end defines 
the elapsed time. The travelled distance is the path length between the 
location of the first firing AP and that of the axon end. 
 
Software availability. Salto and related software can be found on GitHub 
at https://github.com/cccohen and https://github.com/Kolelab. 
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Since its discovery, myelination has been understood as insulation for 
axons. More specifically, that myelin prevents the outflow of ions from the 
axon core by blocking these with a tightly-wrapping, high-resistance sheath. 
Yet the existence of relatively open submyelin spaces, such as the 
periaxonal with respect to paranodal space, should instead allow some ions 
to freely escape the axon membrane, regardless of myelin sheath resistance. 
In addition, a number of studies involving recordings from the internode 
suggest myelin may be less resistant to ion flow than the axolemma itself 
(Barrett and Barrett, 1982; Blight, 1985; Blight and Someya, 1985; Funch 
and Faber, 1984). Chapter 2 provides evidence that the biophysical and 
anatomical structures of the myelinated axon enable ion flow throughout 
the internode. In addition, a myelin membrane is at least twice as 
conductive as internodal axolemma (Chapter 2, Figure 2). While the 
combination of myelin membranes provides relative insulation to an axon, 
such additional resistance is not required for the rapid, saltatory 
transmission of action potentials (APs; Chapter 2, Figs. 7 and S6). 
Nevertheless, a role for myelin as insulator remains at the paranodes: given 
an AP triggered at the axon initial segment (AIS) or node of Ranvier, the 
relatively sealed paranodal gap with respect to the periaxonal space (Rpn > 
5 ´ Rpa; Chapter 2, Fig. 3) allows the myelin sheath to rapidly charge near 
the paranodes, to effectively transmit an AP along an internode 
extracellularly, from paranode to paranode, via the submyelin spaces and 
across the myelin sheath (Chapter 2, Fig. 7). Thus the myelin sheath is 
attached to the axolemma by the more flexible and relatively longer 
myelin-associated glycoprotein (MAG) in the periaxonal space (Pronker et 
al., 2016), with respect to the denser and tighter attachments by septate-like 
junctions at the paranodal loops (Nans et al., 2011). This combination of 
anatomical, molecular and biophysical features explain why transaxonal 
depolarizations are both slower and lower within internodes relative to 
nodes, creating the saltating potentials observed along the myelinated axon 
(Chapter 2). 
 
The relative narrowness of the periaxonal space, at least in vertebrates 
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(Addendum), remains critical to maintaining not only a higher conduction 
velocity in myelinated axons (Fig. 7, Chapter 2), but also a reduced 
internodal excitability (Chapter 3). With the creation of Salto, the 
biophysical properties of myelinated axons can be robustly and thoroughly 
optimized against experimental data, generating models that not only 
confirm existing data, but should also predict consequent hypotheses. 
Indeed, as the submyelin space is gradually opened out to the extracellular 
space in resulting model cells, local conduction in the internode is 
progressively short circuited, yielding hyperexcited axon and somatic 
membranes showing ectopic spikes, spikelets, and conduction failure 
(Chapter 2, Fig. 6). Such a mechanism may explain why some patients with 
degenerative myelin diseases, including multiple sclerosis, show a broad 
seizure phenotype (Schorner and Weissert, 2019). 
 
Viewed across the lens of submyelin conduction, the myelin sheath retains 
its essential feature of transmission accelerator by reducing transverse 
capacitance (Huxley and Stämpfli, 1949; Tasaki and Matsumoto, 2002). 
Thus changing the thickness of the myelin sheath continues modulating 
conduction velocity, as expected (Fields, 2015). In addition, changing the 
size of the periaxonal or paranodal spaces should also modulate conduction 
velocity (Chapter 2, Figs. 7 and S6), to produce a different kind of 
signalling plasticity in myelinated axons. Indeed, recent evidence posted to 
BioRxiv may indicate a deceleration of conduction velocities in white 
matter with increased stimulation or spatial learning, likely due to 
homeostatic water intake into the periaxonal space associated with greater 
ionic activity (Cullen et al., 2020). 
 
The evolutionary, molecular, and biophysical contexts, as well as 
implications, of submyelin conduction are broadened below. 
 
Evolution of the double cable model 
Under the microscope, the separation between the fatty, membraneous 
myelin sheath and underlying “nerve tube” has been observed since the 
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founding of cellular neuroscience (Ranvier, 1878; Remak, 1838; Schwann, 
1839; 1847). Even the groundbreaking work combining saltatory 
conduction and core conductor theory considers submyelin conduction, 
with the authors stating that, “[o]ur analysis might, however, be seriously 
affected if the axis cylinder is interrupted by transverse membranes across 
which potentials can be developed” (Huxley and Stämpfli, 1949). The 
authors test the possibility of submyelin conduction directly with an 
experiment consisting of placing pre-identified myelinated internodes in an 
air gap, with each flanking node of Ranvier bathing in a pool of Ringer’s 
solution. The hypothesis is the following: if the separation between the 
axon and myelin sheath were conductive, then it should carry the entire 
return current from the axon core throughout the air gap, from one node to 
the next.1 Upon stimulation of a node of Ranvier at one end, the experiment 
fails to show a response at the other. The authors conclude the absence of 
evidence for submyelin current (Huxley and Stämpfli, 1949). Why does the 
experiment fail? The reason may be similar to why initial designs for the 
transatlantic telegraph cable also fail (Addendum): the absence of local 
grounding or shunting elements – a function in the internode usually 
discharged by the myelin sheath radially to the extracellular space. 2 
Submyelin current is judged as “negligible in magnitude” (Huxley and 
Stämpfli, 1949). Yet even if the magnitude of such a current were 
exceedingly small, its density would be exceedingly high, given the 
narrowness of the submyelin space. In other words, only a few ions 
escaping from the axon core into a completed circuit would create, in a 
sufficiently conductive submyelin space, relatively large voltage 
fluctuations. Indeed, Chapters 2 and 3 demonstrate this phenomenon, and 

                                                
1 A similar experiment was performed with an oil-gap, which is similarly non-
conductive as air. 
 
2 The experiment may have succeeded if the tested submyelin space were much 
larger, or possessed a much lower resistivity, to enable the conduction of the 
necessary return current and complete the circuit of the axonal signal – otherwise 
the signal would decay, or simply not transmit. 
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outline an explanation for some spatial and temporal features of saltatory 
conduction. 
 
By analogy to the parallel world of communication cables from the mid 
19th century, over-insulated and insufficiently grounded designs for long-
range telegraph wires were quickly replaced by new iterations with local 
grounding or shunt mechanisms (Addendum). Heaviside improved upon 
the initial designs by adding a thin conducting layer beneath the insulating 
jacket and around the thicker conducting core to create the coaxial cable, in 
which the second conductor channels the noise and heat from the first by 
effectively grounding it over short distances (Heaviside, 1876; Pupin, 
1899). One may consider this physical principle as having been adapted to 
create the single cable model for saltatory conduction (Huxley and Stämpfli, 
1949; Lillie, 1925). The selected structure should be a consequence of the 
internode, as the circuit is completed axially by each flanking nodes of 
Ranvier, and radially by the myelin sheath, with both connected to the 
extracellular space. Over the squid giant axon, elegant Hodgkin-Huxley 
kinetics (Hodgkin, 1951; Hodgkin and Huxley, 1952a; 1952b; 1952c; 
Hodgkin et al., 1952) would lead to a formalism adopted at vertebrate 
nodes of Ranvier (FitzHugh, 1962). The myelinated internode would 
remain a single cable. 
 
Yet if one were to engineer a myelinated axon with single cable internodes, 
it would likely experience issues similar to those with early designs for the 
transatlantic cable: increased noise, heat exhaustion, signal decay and 
conduction failure, relative to a double cable equivalent. Ellen and John 
Barrett would be the first to openly questioned the single cable model, in 
groundbreaking work directly investigating the equivalent circuit of 
internodes (Barrett and Barrett, 1982). What led to this questioning? The 
Barretts provide some clues: an electron microscopy (EM) study of the 
internode (Mugnaini et al., 1977) and intracellular recordings of a 
depolarizing after-potential (ADP) (Raymond, 1979). Early EM studies 
would observe, as the founding fathers of cellular neuroscience, the 
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anatomical separation between axon and glial ensheathment – except this 
time in much greater detail, in both the central nervous system (CNS) (De 
Robertis et al., 1958) and peripheral nervous system (PNS) (Ben Geren, 
1954; Ben Geren and Schmitt, 1954). An avalanche of studies would 
follow, confirming a previously unseen ultrastructure of vertebrate 
myelinated axons and demonstrate not only the internodal space between 
axon and myelin – the periaxonal space – but also the paranodal space, 
between the myelin loops attached to the axolemma at each internodal edge, 
as well as the mesaxonal spaces, between each myelin layer (Elfvin, 1961; 
Fernandez-Moran and Finean, 1957; Long et al., 1968; Peters, 1960; 1961). 
The confluence between extracellular and periaxonal spaces via diffusion 
across the paranodal gap (Hirano and Dembitzer, 1969) (see Chapter 1) 
suggests the completion of a submyelin conduction pathway, beginning in 
the extracellular space and into the axon core, then through the submyelin 
spaces and back to the extracellular space. EM techniques would evolve to 
include clearer images of internodal ultrastructure (Mugnaini et al., 1977; 
Schnapp et al., 1976), which “suggest that the most likely routes for the 
postulated internodal leakage current are under the myelin sheath” (Barrett 
and Barrett, 1982). What led to this submyelin current postulate? Due to 
the confluence of extracellular, paranodal and periaxonal spaces (Hirano 
and Dembitzer, 1969; Rosenbluth et al., 2013), an axial current could 
traverse under the myelin sheath and across the paranodes to the 
extracellular space. This possible pathway for axial conduction, together 
with radially-grounded nodes and internodes, would allow the submyelin 
axolemmal capacitor to charge separately from the myelin sheath. The 
double cable model is thus postulated to account for the slower and 
prolonged experimentally-recorded internodal ADP (Barrett and Barrett, 
1982). In another groundbreaking study on submyelin potentials, Funch 
and Faber find evidence for lower axolemmal depolarizations along the 
internode, interpreting a separately depolarizing submyelin axolemma from 
its myelin sheath, and therefore a double cable structure (Funch and Faber, 
1984). A drawback of the above and similar studies (Blight and Someya, 
1985; David et al., 1993; 1995) is the sharp-electrode recording method, 
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which punctures the myelin sheath and opens the submyelin space to the 
extracellular. Consequently, the proposed submyelin current may be short-
circuited. This concern is addressed in Chapter 2 with whole-cell patch-
clamping of the non-myelinated axon end (Kole and Popovic, 2016; Kole 
et al., 2007), which maintains the integrity of upstream internodal circuits. 
Nevertheless, a drawback remains with the whole-cell patch-clamp 
approach: the inability to directly access the submyelin space. At present, 
submyelin potentials cannot be directly recorded without disturbing the 
axo-myelin circuit. The absence of such direct recordings is addressed with 
calibrated optical voltage recordings of the internodal axolemma and 
thorough computational modelling, complete with uncertainty and 
sensitivity analyses that effectively demonstrate submyelin conduction 
(Chapter 2). The shape and propagation of periaxonal potentials (Chapters 
2 and 3) nevertheless remain a prediction. 
 
Ion conduction in the submyelin spaces 
What are the consequences of a conductive periaxonal space connected to 
relatively sealed paranodal ends, each of which is connected to the 
extracellular space? Without an additional conductive layer between an 
axon and its myelin sheath, no submyelin conduction of ions can occur. 
This is because no electromotive force, or voltage, could develop across the 
axolemma without some conduction in the periaxonal space (Chapter 2). 
The consequence of a conductive periaxonal space connected to the 
extracellular space (effectively ground) via weakly sealed paranodes is the 
ability for the axolemma to depolarize much more than if the paranodes 
were more fully sealed. Thus a potential difference can develop across the 
internodal axolemma, between a negative resting membrane potential 
(RMP) and more extracellular space (i.e. 0 by definition, if considered 
ground), the same way as in non-myelinated regions, supporting the idea 
that an internode may function as an “axo-myelinic synapse” (Micu et al., 
2018). 
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Figure 1 | Schematic of CNS submyelin ion flow via some nodal and internodal 
active ion channels distributed along axonal and adaxonal membranes (darker gray 
line on gray axon core and light blue, respectively). Flanking the node of Ranvier, 
at which voltage-gated sodium ion (NaV, red) channels are tightly clustered, are the 
internodal edges of the myelin sheath (blue): the paranodes (PN). Few ion channels 
are located at the paranodal axolemma, likely due to the many tight junctions 
connecting each paranodal loop myelin membrane to the axolemma in this region 
(Rasband and Peles, 2016). One exception is the notable presence of big potassium 
(BK) ion channels at Purkinje cell paranodal axolemma (Hirono et al., 2015). 
Within the internode and adjacent to the paranodes, facing the periaxonal space 
(PAS), voltage-gated potassium ion channels types 1.1 and 1.2 (KV1.1/2, cyan) 
cluster in the juxtaparanode (JPN), with a likely reduced presence between JPNs 
(Rasband and Peles, 2016). Apposing the KV1.1/2 channels in the adaxonal 
membrane throughout the internode are inward-rectifying potassium ion channels, 
of subunits 4.1 or 5.1 (Kir4/5.1, purple) (Larson et al., 2018; Schirmer et al., 2018). 
The adaxonal myelin membrane is often filled with cytoplasm, forming a 
cytoplasm collar (CC) around the PAS and underlying axon. During the upstroke 
of a nodal AP, large inward currents primarily from NaV channels charge the 
nearby paranodal axolemma, which rapidly charges the myelin sheath capacitor at 
the paranodal loops (Chapter 2, Figure 7). During mostly the downstroke and 
repolarization phases, K+ could exit from juxtaparanodal channels and elsewhere 
along the axolemma to flow into the PAS, likely finding their way out under 
paranodal myelin, into the CC via Kir4/5.1 channels, and across the PAS as net 
current (cyan and black arrows). Astrocytes at nodes of Ranvier (not shown), 
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expressing Kir4.1 (Cui et al., 2018), should buffer away some excess submyelin K+. 
Some voltage-gated calcium ion (CaV, orange) channels are active along the 
internodal axolemma (Ouardouz et al., 2003), particularly the L-type, the current 
of which is corroborated by AP modelling (Chapter 3). 
 
 
In the PNS, KV1.1 and KV1.2 channels are expressed in a peculiar pattern 
along the internodal axolemma, between their more densely-stained 
juxtaparanodal ends: a thin spiralling ribbon with intermittent 
circumferential narrow bands (Altevogt et al., 2002; Arroyo et al., 1999; 
2001; Bhat et al., 2001; Rash et al., 2016; Rios et al., 2003). The K+ 
channels spiral around the axon cylinder, and are colocalized on either side 
with the glial gap junction connexin 29 (Cx29) on the apposing myelin 
membrane face (Altevogt et al., 2002), as verified by freeze fracture EM 
(Rash et al., 2016). The narrow circumferential KV1.1/2 bands on the axon 
surface abut Schmidt-Lanterman incisures (SLIs) – intra-glial cytoplasmic 
pathways communicating between myelin layers – that are lined with Cx29 
channels (Altevogt et al., 2002; Rash et al., 2016). Moreover, Cx29 
conducts ionic current (Altevogt et al., 2002) and may, along with the 
juxtaparanodally expressed, both centrally and peripherally, gap junction 
connexin 32 (Cx32), absorb water molecules and K+ from the periaxonal 
space into the glial cell (Rash, 2010; Rash et al., 2016). In the double cable 
model, the myelin sheath separately depolarizes from the internodal 
axolemma. With a conductive periaxonal space, complementary exchanges 
of K+ from the axon core to apposed glial compartments may take place. 
The extent of the consequent glial depolarization at these sites remains to 
be determined, and requires further computational modelling. A drawback 
of the presently modelled architecture is the absence of a third conductive 
layer – the glial cytoplasmic collar (CC, Figure 1) – as well as potentially 
other conductive submyelin spaces. This may be addressed by further 
modelling studies including such additional conductive layers, to resolve 
the electrical impact of submyelin potentials on the adjacent, myelinating 
glial cells. 
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Regarding submyelin ion channels in the CNS, oligodendrocytic Cx29 is 
similarly colocalized with internodal axon membrane K+ channels 
primarily at the juxtaparanodes (Altevogt et al., 2002; Arroyo et al., 2001; 
Bhat et al., 2001; Rios et al., 2003). Together, the stainings for KV1.1 and 
KV1.2 channels on the internodal axolemma coupled with Cx29 or Cx32 
gap junctions on the apposing glial face suggest a separately depolarizing 
axon membrane, across which voltage-gated K+ channels release K+ into a 
conducting periaxonal space. The ensuing osmotically attracted water in 
the periaxonal space, and potentially the K+, could be buffered away by 
glial cells with these gap junctions. 
 
In addition to KV1.1/2 channels located on submyelin juxtaparanodal axon 
membrane and adjacent gap junctions Cx29 and Cx32 on glial membrane, 
many other ion channels, exchangers and molecular transporters are located 
along both submyelin membranes, along the internodal axolemma and 
immediately adjacent myelin layer (Figure 1). The first layer of myelin that 
surrounds the periaxonal space, the adaxonal myelin membrane, encloses a 
substantial compartment of glial cytosol, the cytoplasmic collar, that often 
communicates directly with the soma of the glial cell via SLIs, establishing 
the necessary physiological condition in which myelinating glia can 
exchange ions, metabolites and other proteins with the axon. With a 
conducting periaxonal and paranodal space connected to ground axially 
(not just radially), a propagating AP will separately depolarize the 
internodal axolemma, to open other types of voltage-gated ion channels 
located therein, in addition to KV1.1/2, or activate other known submyelin 
membrane pores. A first such channel is the high-voltage activated Ca2+ 
channel (L-type CaV 1.2 and 1.3), located throughout the internode in 
clusters along the axon membrane, often co-localized with ryanodine 
receptors on the axoplasmic reticulum (Figure 1) (Ouardouz et al., 2003). 
The influx of Ca2+ into internodal axon occurs from the confluent 
extracellular/paranodal/periaxonal spaces through CaV1.2/3 channels and, 
thereafter, the axoplasmic reticulum (Micu et al., 2018; Ouardouz et al., 
2003; Stirling et al., 2014). This activity-dependent axonal Ca2+ increase 
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may cause vesicular release of glutamate from the internodal axon core into 
the periaxonal space, whereupon oligodendroglial NMDA and AMPA 
receptors in adaxonal myelin are activated, triggering a corresponding 
increase in Ca2+ in the cytoplasmic collar (Micu et al., 2018). The “post-
synaptic” response of the activated glial NMDA receptor is an influx of 
Ca2+ from the periaxonal space, which upregulate the presence of glucose 
transporters on the glial surface and increase glycolysis (Saab et al., 2016). 
One of the products of glycolysis within the oligodendrocyte, lactate, may 
then be transported from the glial cytosol through monocarboxylate 
transporter (MCT) 1 on the adaxonal layer into the periaxonal space 
(Fünfschilling et al., 2012). This lactate is transported into the axon from 
the periaxonal space with MCT2 on the axolemma, oxidized to pyruvate in 
the cytosol and transported into mitochondria for ATP production, to fuel 
axonal energy demands. Such an axo-myelinic synapse can only function if 
both the axon and adaxonal membranes can separately depolarize, which is 
only possible if both membranes face a conductive medium, i.e. the 
periaxonal space. 
 
More recently, inward-rectifying K+ channels (Kir4.1) have been identified 
in myelinating oligodendrocytes (Larson et al., 2018; Schirmer et al., 2018). 
These Kir4.1 channels are located mostly in adaxonal glial membrane near 
the juxtaparanodes (Schirmer et al., 2018), indicating another glial path by 
which axonally-extruded K+ can be buffered (Figure 1). Kir4.1 in the 
adaxonal membrane of oligodendrocytes, possibly together with gap 
junctions Cx29 and Cx32, should buffer excess K+ out of the periaxonal 
space and into glial cytoplasm (Larson et al., 2018) (Rash, 2010; Rash et al., 
2016; Schirmer et al., 2018). Astrocytes localized to nodes of Ranvier or 
paranodes, if expressing Kir4.1 (Cui et al., 2018; Kelley et al., 2018; Tong 
et al., 2014), could buffer away the submyelin K+ that crossed the 
paranodal gap or travelled radially across the paranodal loops, respectively, 
for eventual dumping into the low K+ environment of blood vessels (Hibino 
et al., 2004). 
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Saltatory conduction over time and space 
With the help of high-pressure freeze-substitution electron microscopy 
(HPF EM) and extensive computational modelling (Chapters 2 and 3), the 
conductivity of the periaxonal space was estimated at ~50 Ω cm (Rpa), the 
same as that of the extracellular space (Fenstermacher et al., 1970). To 
place this resistivity estimate in perspective, the intracellular space of the 
same axons is ~3´ more resistive (Ri ≈150 Ω cm, Chapter 2), a typical 
estimate for intracellular resistance in the mammalian nervous system 
(Chan et al., 2013; Norenberg et al., 2010; Schmidt-Hieber et al., 2007; 
Stuart and Spruston, 1998). For further comparison, seawater is only half 
the resistivity of the periaxonal/extracellular spaces at the same temperature 
(~25 Ω cm, (Zheng et al., 2018)). Moreover, fluid can flow freely between 
the extracellular and submyelin spaces (Chapter 1). The periaxonal and 
extracellular spaces are only separated by the paranodes – specifically the 
septate-like junctions, also known as the transverse bands – which 
sufficiently seal the internodal edges while allowing periaxonal current to 
complete its axial circuit and return to ground (Chapter 2). 
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Figure 2 | Saltatory conduction in the double cable. A, still image of voltage-
calibrated optical imaging of AP propagation (Movie S1, Chapter 2), paused at the 
moment when the second node of Ranvier (red arrow, top) reaches its peak 
(magenta arrow, bottom). Heat map colouring of Vm showing peak and valley-like 
depolarizations in the transaxonal potentials at nodes and internodes, respectively, 
with respect to RMP (white dotted line). B, simulation of AP propagation with 
similar amplitude heat map as in A, showing transmembrane potential Vm at the 
moment of peak depolarization at node 2 of the optimized model for cell #5. C, 
spatial profiles of Vm with respect to RMP (gray dotted line) throughout the axon 
of cell #5 at 8 different time points (10 µs apart), at the moment of peak 
depolarization at node 2. The control condition (red, estimated Rpa = 45 Ω cm), is 
shown alongside corresponding time points (peak amplitude at node 2, black 
arrow) in simulated increases and decreases in Rpa in the same model neuron (1000 
Ω cm and 1 Ω cm, respectively). See Methods in Chapter 2 for conversion 
formulae between rpa (optimized) and Rpa (estimated, with control dpa = 12.3 nm). 
D, adapted spatiotemporal plots of transaxonal Vm with distance from the soma in 
(Palmer and Stuart, 2006), (Popovic et al., 2011), and cell #5 (this chapter). Note 
the similarity in gradual temporal saltation profiles. 
 
 
The evidence for the relative ease with which current can flow between the 
periaxonal and extracellular spaces is readily seen in Movie S1 (Chapter 2), 
captured here in a still image at the peak of the action potential (AP) at the 
second node of Ranvier (Figure 2A). Internodal Vm gradually decays as the 
middle of the internode is approached, followed by an equally gradual rise 
in axolemmal Vm as the following node is approached. To demonstrate the 
meaning of a higher resistance periaxonal space, an optimized model 
neuron was chosen for modelling different periaxonal resistivities (cell #5, 
Figure 2B). In contrast to the gradual changes in internodal Vm at an 
estimated Rpa of ~45 Ω cm, an increase in Rpa to 1000 Ω cm, less than 
double the resistivity across paranodes, sharply decayed axolemmal 
amplitudes throughout the internode (Figure 2C). This result is similar to 
that which was obtained by collapsing the periaxonal space to 1 nm in a 
different cell (cell #3, Chapter 2, Figure 7. Note: Rpa = 1000 Ω cm in cell 
#5 represents a dpa of ~0.8 nm). This stark contrast in the evolution of 
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internodal Vm, from gradual decay in the low resistance case to a binary 
drop in the high resistance one, indicates the relatively low resistance, and 
therefore ease, with which current can flow across the periaxonal space, 
through the paranodal gap and into the extracellular space, as well as vice 
versa. By comparison, if periaxonal resistivity were lowered to 1 Ω cm, the 
propagation profile of Vm changes in the opposite direction, with much 
greater internodal depolarizations and the abolishment of node to internode 
amplitude saltation (Figure 2C). 
 
The temporal aspect of AP propagation in myelinated axons, measured by 
onset latency in axolemmal Vm, is also gradually attenuated throughout the 
internode, with the longest onset latencies occurring near the middle of the 
internode (Figure 2D). The additional submyelin resistance surrounding the 
axon core explains the longer internodal onset latencies measured relative 
to the nodes, and compare similarly between measured and modelled layer 
5 pyramidal neurons (Figure 2A–C, Chapter 2 and (Palmer and Stuart, 
2006; Popovic et al., 2011).3 Thus the axolemmal capacitor, able to charge 
separately from the myelin sheath, exhibits its slower capacity for charging 
and discharging, as its specific capacitance is higher than that of the myelin 
sheath (~1 vs ~0.04 µF cm–2, respectively; Chapter 2, Table S4). However, 
the periaxonal space does not hinder the axolemma’s capacity to charge 
and discharge, as periaxonal fluid is highly conductive and confluent with 
the extracellular space (Chapters 1–3). Rather, the paranodes restrict the 
flow of ions into and out of the periaxonal space, and directly inhibit the 
axolemma’s capacity for separate depolarization, by restricting the 
periaxonal current’s axial return to ground. Therefore, the paranodes also 

                                                
3 Early results for Chapter 2 demonstrated that submyelin conduction generated 
both temporal and amplitude saltation in Vm. As expected, simulations also 
predicted that neither saltation would be observed in the absence of myelin. In 
addition, a more faithful frequency dependence is expected for the double cable 
myelinated axon over that of the demyelinated one. Some of these results were 
presented at the Society for Neuroscience annual meeting of 2016 (Cohen et al., 
2016). These predictions were later verified by my colleagues (Hamada et al., 
2017), though much remains to be proven. 
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play a critical role in mitigating internodal excitability, and must do so, 
given the relatively high conductivity of the periaxonal space. The 
mechanisms by which the paranodes gate the flow of ions or other 
molecules between the periaxonal and extracellular spaces are twofold: the 
first is the shorter width or radius of the submyelin paranodal space, from 
the paranodal loop membranes to the axolemma, relative to that of the 
periaxonal space (~7.4 vs ~12.3 nm, (Nans et al., 2011) and Chapter 2). 
The second mechanism by which the paranodes gate internodal excitability 
is the transverse bands and other axo-glial cross-linking proteins that attach 
the paranodal loops to the axolemma (Chapters 1–3). Together, these cross-
linked proteins form obstacles to cross-paranodal flow of ions or 
sufficiently small molecules, and thus confer a higher resistivity to the 
submyelin paranodal space (~550 Ω cm, Chapter 2). Indeed, simulating a 
detachment of the paranodal loops from the axolemma leads to spikelets 
visible at the axon end and slows conduction velocities (Chapter 2, Figure 
S6E). Following AP optimization with Salto, a simulated detachment of the 
myelin sheath, by increasing both the periaxonal and paranodal separation 
distances from the axolemma, leads to an increase in intrinsic excitability 
and the appearance of ectopic spikes at the soma as well as the axon end 
(Chapter 3). This simulated behaviour resembles that of the same cell type 
recorded under similar stimulus conditions, but with the myelin sheath 
experimentally removed by cuprizone treatment (Hamada and Kole, 2015). 
Consequently, the combination of partially sealing paranodes and a highly 
conducting space shape the spatial and temporal attenuation of the 
internodal potentials under the myelin sheath. Relative to current travelling 
through the periaxonal space, paranodal space current faces a resistance 
and resistivity more than 10´ greater (Chapter 2, Figure 3), ensuring 
submyelin current is funnelled radially at the paranodes, as observed with 
the charging of paranodal myelin (Figure 1 and Chapter 2, Figure 7). Thus 
paranodal sealing is critical to maintaining the speed advantage of a 
myelinated internode (Chapter 2, Figure S6), while ensuring, along with a 
narrow periaxonal space, a lower internodal depolarization (Chapter 3, 
Figure 6). Together, weakly but sufficiently sealed paranodes and highly 
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conductive yet narrow periaxonal spaces balance the factors required for a 
healthy and functioning myelinated axon: speed and submyelin current 
combine to operate the internodal synapse, which generates notably large 
depolarizations of the juxtaparanodal axolemma measuring ~80 mV 
(Figure 2). A drawback of the present models remains the absence of 
juxtaparanodal segmentation, to better represent the periaxonal and 
axolemmal depolarizations (Vmy and Vm, respectively) at the juxtaparanodes. 
The expected variance in Vm should be small, however, as predicted 
juxtaparanodal profiles are consistent with optical recordings. 
 
Submyelin plasticity 
Without a conductive submyelin space connected to ground via weakly 
sealed paranodes, the membrane of internodal axon cannot depolarize. The 
cost of maintaining such an axo-glial structure with this asymmetric 
submyelin conductivity distribution, in terms of conduction velocity, is 
expected to be small, as a minimum intercellular distance is approached. 
With a relatively small number of myelin lamellae providing near-
maximum conduction velocity, the gains for maintaining such a structure – 
a conduction velocity ~8´ larger than the same axon type without myelin 
and effective intercellular communication that includes trophic support – 
likely represent a worthwhile compromise for axonal signalling, reconcile 
previously disparate aspects of the myelinated axon. 
 
Myelin plasticity in the context of adaptive motor learning involves the 
myelin sheath becoming thicker to reinforce motor skills (Fields, 2015). 
However, computational modelling predicts a diminishing increase in 
conduction velocity for additional myelin layers beyond a relatively low 
number (nmy ≈ 5, Figures 7 and S6). Perhaps the periaxonal space can 
contribute to signal plasticity? In terms of modulating the conduction 
velocity of APs, changing the size of the periaxonal or paranodal spaces 
can have a drastic effect (Chapter 2, Figure 7 and Chapter 3, Figure 6). 
Interestingly, a recent finding posted to BioRxiv suggests that repetitive 
electrical stimulation or spatial learning can modulate AP conduction 
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velocity by changing the size of the periaxonal space without affecting 
myelin thickness (Cullen et al., 2020). This would be the first piece of 
evidence for submyelin plasticity in axonal transmission. 
 
Degenerative myelin diseases 
Degenerative myelin diseases are typically associated with slower 
conduction velocities or conduction block, and according to a recent study, 
mild to severe seizures in some multiple sclerosis patients (Schorner and 
Weissert, 2019). In Chapter 3, a mechanism is presented for this: as the 
myelin sheath is gradually removed, more of the periaxonal or paranodal 
spaces are exposed, allowing the axolemmal capacitor underneath to charge 
more fully. This likely has the effect of greater and prolonged 
depolarization in the demyelinated region to generate ectopic spikes at 
nodes of Ranvier (Chapter 3). The myelin sheath combined with the narrow 
submyelin spaces suppress the charge of the axolemmal capacitor, while 
the more tightly attached paranodal loops ensure a coupling of each 
internodal end, together generating a rapidly charging myelin sheath and 
slowly charging axolemma – the critical elements of spatial and temporal 
saltation in the internode. With a slower charging internodal axolemma in 
effect losing its charge to the myelin sheath via coaxial conduction in the 
periaxonal space, internodes must depolarize less for the axon to function 
healthily, combined with large and rapid depolarizations at nodes of 
Ranvier. 
 
The sum of each seemingly disparate feature of neurons and their 
myelinating glia – molecular, anatomical, and biophysical – is perhaps a 
brief glimpse of the grand equilibrium these nervous system cells strike, 
delicately balancing active and passive states, acting fast and slow, 
consuming and conserving. 
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All living cells on this planet communicate by exchanging electric 
signals: pulses of potential difference between the inner and outer 
surfaces of a cell’s membrane. Within animals, a relatively small number 
of specialized cells are devoted to communicating these signals, such as 
neurons in both central and peripheral nervous systems. Neurons transmit 
a voltage signal via axons, a widely branching system of processes 
targeting secondary cells. A typically thicker axonal projection forms the 
trunk of the axonal tree. If this trunk is sufficiently thick, some or many 
parts of it receive a coating of myelin. Why did such signalling evolve? 
What constitutes a bioelectric signal? Why were neurons and axons 
naturally selected? What is myelin? How is the biophysical structure of 
the axon – myelinated and unmyelinated – characterized? To inform the 
broader background of this thesis, these preliminary questions are briefly 
addressed here. 
 
Bioelectricity 
If the cell is the most basic unit of life, then all life forms communicate 
by sending or receiving voltage signals, from colonies of bacteria 
(Prindle et al., 2015) and likely archaea (Libby and Dworkin, 2017) to 
single protistae (Görtz, 1988) and every known multicellular organism. 
These include the earliest evolved animals, such as sponges (Leys and 
Mackie, 1997) and early bilaterials (Martín-Durán et al., 2018). The 
source of power for transmitting these voltage signals is latent within 
every living cell, in a battery known as the membrane potential. 
Appearing billions of years before the evolution of nervous systems, a 
polarized membrane potential relative to the surrounding environment is 
found in both archaea and eubacteria, ranging from –150 to –75 mV 
(Felle et al., 1980; Michel and Oesterhelt, 1976). Archaea, the likely 
ancestor of eukaryote (Akıl and Robinson, 2018; Fritz-Laylin et al., 
2010), developed a negative intracellular potential as a by-product of the 
light-induced chemical synthesis of a storable form of bioenergy, 
adenosine triphosphate (ATP; (Dibrova et al., 2015; Lanyi, 1978; Schäfer 
et al., 1999)). 
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Early networks of electrically signalling cells include bacterial biofilm 
communities, in which environmental glutamate reduction triggers 
positive membrane depolarizations that propagate throughout the network 
via extracellular K+ extrusion, to halt glutamate uptake until greater 
availability (Liu et al., 2015; Prindle et al., 2015). In one of the earliest 
evolved animals, the porifera Hexactinellida (~500 million years ago 
(Dohrmann et al., 2008)), intercellular electric signals limit feeding 
behaviour by transmitting a potential 50–200 µV over the entire organism, 
likely through a syncytium that penetrates every cell (Leys and Mackie, 
1997). To briefly summarize, early unicellular or multicellular organisms 
composed of similar cells form electrically active networks for 
environment detection and organization of relevant physiological 
responses. The evolutionary beginnings of a nervous system may be 
found in another early animal (~500 million years old (Cartwright et al., 
2007; Park et al., 2012; Van Iten et al., 2014)) and most closely related 
ancestor of bilateriae: the cnidaria (Martín-Durán et al., 2018). Broadly 
defined, a nervous system is a network of cells within an organism that 
includes interconnected polarized cells dedicated to communicating 
electric signals. A polarized cell would separate signal reception from 
transmission into generally non-overlapping subcellular compartments by 
extending at least one principally transmitting process, or axon. Due to 
the absence of a clear centralized locus in most cnidariae, their nervous 
system is referred to as a nerve net, with interconnected, polarized cells – 
neurons – distributed throughout the organism (Watanabe et al., 2009). 
Neurons in the cnidarian Nematostella vectensis extend one neurite from 
a soma that synapses with other somata or muscle cells to coordinate 
general sensation, feeding and swimming behaviour (Watanabe et al., 
2009; Westfall, 1996). While the cnidarian neuron is likely an ancestor of 
the evolutionarily modern neuron, the single neurite it extends, 
responsible for transmitting the incoming signal, is likely also an ancestor 
of the modern axon. 
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Dendrites, the mostly receiving neurite counterparts to outgoing axons, 
further polarize the neuron by electrically segregating the integration of 
synaptic input signals (Rall, 1977; Stuart et al., 2016) to a branched, often 
tree-like structure rooted in the soma. Dendritic processes, and thus the 
multipolar neuron, are likely a bilaterian innovation (Ghysen, 2003), 
evolving much more recently than cnidariae in each of the three bilaterian 
lineages: deuterostomae – the line that includes vertebrates – ecdysozoae 
(insects, roundworms and others) and lophotrochozoae (earthworms, 
molluscs and others). Indeed, a variety of contemporary ecdysozoa have 
dendrites, including nematodes such as C. elegans, Drosophila, and 
decapodal freshwater crayfish (evolving at a time likely commensurate to 
the age of each species, thus 100, 40, and 30 million years ago, 
respectively (Stein et al., 2003), (Houle et al., 2017), and (Kondoh and 
Hisada, 1986; Rode and Babcock, 2003)). Dendrites also evolved in 
lophotrochozoa, in earthworms such as L. terrestris ((De Robertis and 
Bennett, 1955; Lund et al., 2014); earthworms are about 100 million 
years old (Lund et al., 2014)). Remarkably, these ancient bilaterian 
dendrites, from C. elegans to Drosophila, form functioning dendritic 
spine synapses that receive neurotransmitters and open ion channels to 
ultimately drive intracellular Ca2+ signals (Cuentas-Condori et al., 2019; 
Leiss et al., 2009). 
 
The axon and cell body likely evolved first, with myelination and the 
associated submyelin spaces following at roughly the same time as the 
appearance of dendrites in ancient bilateria. The essential feature of 
myelin across bilateria is the additional wrapping of cellular membrane 
around a section of axon with a fluid-filled space between the axon and 
innermost myelin wrap: the periaxonal space. Axonal arbourizations 
typically include a main or principal axon stretching from a neuron’s 
soma to its principal terminals. Alongside the trunk that is the principal 
axon are typically the collaterals, the branches of the axonal tree, which 
are filled with bouton synapses that transmit the message of the output 
electrical signal. 
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For cells to generate a voltage signal, a polarized intracellular potential is 
required. The negative resting membrane potential in archaea developed 
as a by-product of running the proton pump, to increase the inward 
protonmotive force with a negative inward potential (Bakker et al., 1976; 
Dibrova et al., 2015; Lanyi, 1978; Michel and Oesterhelt, 1976; Schäfer 
et al., 1999). To restore the electrical gradient caused by the influx of H+, 
a Na+/H+ porter evolved to extrude Na+ along with H+ (Lanyi, 1978). An 
opposing K+ chemical gradient developed, likely due to environmental 
factors, and combined with the early evolution of the Na+/K+ pump and 
numerous other ion exchangers (Dibrova et al., 2015), as well as 
generally negatively-charged intracellular proteins, living cells developed 
a negative resting membrane potential. The cellular membrane, the 
barrier between these opposing electrochemical forces, naturally 
developed a capacitance, storing charges of opposite sign on each side. In 
parallel to its capacitance, the membrane is full of ion channels of all 
sorts, particularly passive leak channels, used to restore the resting 
membrane potential. One additional ion channel type, the voltage-gated, 
including Na+ and K+ variants, also evolved ubiquitously (Alabi et al., 
2007; Ren et al., 2001). Thus, a neuron can generate a voltage signal by 
changing its membrane potential using these channels and the 
electrochemical gradient. 
 
The axon is responsible for conducting, and to an extent modulating, the 
output signal generated just upstream, at the axon initial segment (AIS). 
The AIS is enriched with a number of voltage-gated ion channels, 
particularly Na+ (Kole and Stuart, 2012). Consequently, and combined 
with its morphology and location near the soma and dendritic tree, the 
major output signal for neurons, the action potential (AP) is typically 
generated at the AIS, following a final integration of all incoming signals 
from dendritic, somatic and even AIS-specific synapses. An AP is a brief 
yet high amplitude positive depolarization, fully discharging not only the 
battery that is the resting membrane potential to 0 mV, but also beyond, 
approaching the equilibrium potential for Na+ (~55 mV in vertebrates), 
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the main positive driving force (the efflux of K+ to its equilibrium 
potential of around –85 mV in vertebrates is the main negative driving 
force). A sufficient threshold voltage specific to each voltage-gated 
channel type opens the corresponding channel, leading to a particularly 
large inflow of Na+ at the AIS. Given the location of the AIS, faster 
downstream axonal depolarization is favoured due to the predominantly 
negative electric field therein, relative to the upstream AIS and prior 
integration of depolarizing signals. In the case of a myelinated axon, the 
signal is directly transmitted into the adjacent first myelinated section. 
Between each myelinated section lies an “interruption” (Ranvier, 1878): 
a stretch of non-myelinated axon membrane, or axolemma, enriched in 
voltage-gated sodium and other ionic channels – a feature seemingly 
conserved across myelin-expressing bilaterian (Hartline and Colman, 
2007; Hartline, 2008; Roots, 2008). These non-myelinated sections are 
broadly referred to as nodes, or nodes of Ranvier in vertebrates, with 
internodes as the myelinated sections. 
 
The capacitance of a membrane enclosing a negative electric field is 
critical for determining the speed at which positive ions will be 
conducted near its inner surface. Independent of a membrane’s intrinsic 
ion storage capacity, or specific capacitance, the more general 
capacitance of a given biological membrane depends on the surface area 
it encloses and the distance between each leaflet or laminar surface 
composing the lipid bilayer. The smaller the surface area, the larger the 
capacitance. The wider the inter-bilayer distance, the lower the 
capacitance. The presence of ion channels on the membrane more 
permeable to certain ions than others, as the membrane is otherwise 
impermeable to ion flow, allows for a direct transmembrane current, 
which charges the membrane capacitor. Taking the example of voltage-
gated sodium channels, Na+ entering the intracellular space cause a 
positive transmembrane current, which positively charges the membrane 
capacitor. By introducing positive charges near the inside surface of the 
membrane in a negative electric field, negative charges are attracted to 
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this inner membrane surface, which attracts positive charges to the outer 
surface, which ultimately charges the membrane capacitor. The net 
positive charge that crossed the membrane – Na+ – can essentially move 
in two directions: the first is back out across the membrane through ion 
channels, such as the passive repolarizing Na+ channel (Lu et al., 2007) 
or actively transporting Na+/K+ exchanger. The second direction in which 
positive charges can move is longitudinally, through the core conductor. 
The path of least resistance is generally longitudinal, as charges can 
travel more easily through the larger open space of a core conductor than 
a much smaller membrane pore. However, a larger membrane 
capacitance would slow this process down. Following an inward positive 
current, a greater capacity for holding charges would attract more 
negative charges to the inner membrane surface, attracting more of the 
incoming positive charges, which slows down membrane charging and 
leaves fewer positive charges for longitudinal travel. The wrapping of a 
series of membranes around an axon – the myelin sheath – decreases the 
net capacitance of the combined membranes. Combined with many other 
benefiting factors, investigated below, myelination thus achieves one of 
its main purposes: increasing longitudinal voltage signal conduction 
velocity. 
 
The myelinated axon as a model for bioelectricity 
One may trace the history of the bioelectric model to, curiously, the 
myelinated axon. Jan Swammerdam (1637–1680) first recorded 
demonstrations of locomotion in dissected muscle by “irritating” its 
innervating axon with a variety of instruments, notably the myelinated 
sciatic nerve of the frog with a pair of metal scissors (Swammerdam, 
1737; 1758). In a world lacking the theoretical tools or models to explain 
the phenomenon he observed, Swammerdam broke away from the 
accepted mechanism for signal conduction in axons since antiquity, from 
Galen (McComas, 2011) to the illustrious Descartes (1596–1650), his 
contemporary. The prevalent understanding for the nature of the nerve 
signal and its conduction was of an “animal spirit” moving under 
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pressure, as air pushed through a pipe in a pipe organ, following its 
release from a “wind chest” in the brain (Cottingham et al., 1984; 
Descartes, 1664). Yet Swammerdam did not find any evidence for 
pneumatic inflation in muscles following nerve irritation, noting they 
“are not in the least inflated or swollen, but rather they lose their 
thickness” (Swammerdam, 1758). Desiring only “conformity to Nature 
[…] since truth is the only thing upon which we ought to depend”, 
Swammerdam ultimately proposed a nascent form of bioelectricity to 
explain his observations: “a force…by which that motion is transferred 
through the nerves […] that most subtile matter which instantaneously 
flows to the moving fibres” (Swammerdam, 1758). 
 
More than a century later, Luigi Galvani (1737–1798) repeated 
Swammerdam’s experiments in the frog, and found the same resumption 
of contractions in dissected leg muscles following stimulation of the 
sciatic nerve. This time, however, Galvani noted the conducting and 
stimulating properties of the materials that successfully performed the 
experiment, relative to insulating ones that failed to produce an effect 
(Galvani, 1791; Galvani and Aldini, 1953). For static electricity had 
returned to the fore in the century past, having been popularized 
throughout Europe, including Bologna, where Galvani was based, by 
spectacular demonstrations with a peculiar Dutch invention, the Leyden 
jar (Musschenbroek, 1751). Although the effects of static electricity have 
been known since antiquity by the rubbing of amber (Greek: ēlectron) 
with electron donors such as hair, the Leyden jar – essentially a capacitor 
– demonstrated the phenomenon by storing charges drawn by friction 
between metals and, perhaps to the delight of onlookers, discharging 
these charges directly into participants (Nollet, 1753). Armed with only a 
vague notion of electrical force (Coulomb’s law would only be later 
published in 1785) and its transmission through conducting materials, 
Galvani boldly made the assumption of “animal electricity”: that an 
animal was more than just an electrical conductor, but an electrical 
source (Galvani, 1791; Galvani and Aldini, 1953). Galvani initially based 
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his assumption on repeated experiments demonstrating the excitement of 
a sciatic nerve by closing a conducting circuit consistently leading to 
thigh and calf muscle contraction. The circuit was closed by connecting 
two large current sinks – essentially connecting the circuit to ground – to 
either end of the stimulation circuit: at one end, the experimenter’s body 
holding a metallic rod, and at the other, a large metallic surface, upon 
which lay the experimental subject (Galvani and Aldini, 1953). 
 
Another Italian scientist from nearby Pavia challenged Galvani with the 
following question: how did he know the source of the electricity was the 
animal itself, and not the material used to stimulate the animal? Thus 
Alessandro Volta (1745–1827) stymied Galvani, at least initially. Volta 
believed the heterogeneity of the bi-metallic arc, or other combination of 
metals Galvani had used to complete the stimulation circuit, as the source 
of the electrical response, perhaps because static electricity is generated 
from contact between dissimilar substances. Indeed, Galvani had already 
reported that “various and multiple metal substances are very effective 
both for obtaining and for increasing muscular contractions, and indeed 
far more than one and the same metallic substance” (Galvani and Aldini, 
1953). Thus Galvani was faced with the challenge of proving his 
assertion that the biological material was source of the electrical response. 
Undaunted, Galvani returned to the experimenting table and prepared two 
stunning experiments that would reveal the “latent fire” within nerves: in 
the first, a dissected sciatic nerve end alone, separated from other tissue, 
could stimulate a leg muscle upon contact (Galvani and Aldini, 1953; 
McComas, 2011). To this Volta pointed out that nerve and muscle are 
also heterogeneous substances, and therefore capable of generating 
electricity, consistent with his earlier challenge. Galvani then 
demonstrated the second, more conclusive experiment: a dissected sciatic 
nerve end alone, from one frog leg, could directly stimulate muscle 
contraction in another dissected frog leg by only contacting the other 
sciatic nerve, revealing the fire within each myelinated axon (Galvani and 
Aldini, 1953; McComas, 2011). 
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Volta remained sceptical. To prove his point that heterogeneous 
substances could generate electricity, Volta invented the “pile” in 1800, 
ancestor of the modern battery and, in so doing, discovered 
electrodynamism. The voltaic pile generated current by placing two 
different metals one on top of the other with an intermediary conductor, 
much like Galvani’s initial stimulation circuits that used different metal 
combinations. Galvani died before he could popularize and expand upon 
his recent results. The overwhelming success and fame of Volta’s 
invention, along with his continued rejection of animal electricity, 
drowned out Galvani’s astonishing final experiments (McComas, 2011). 
Yet Galvani’s vision of  “electric fire” persisted, initially through his 
nephew and fellow scientist Giovanni Aldini, who repeated, published, 
and lectured on Galvani’s final critical results throughout Europe 
(Galvani and Aldini, 1953; McComas, 2011). Early interest had already 
spread north, with Goethe and Alexander von Humboldt in Jena. 
Together, Humboldt and Goethe nearly failed to reproduce Galvani’s 
results (with metallic stimulation), until Humboldt leaned over to closely 
inspect his apparatus, whereupon he breathed on the metal touching the 
nerve and the frog’s leg “leapt off the table” (Wulf, 2015). Humboldt 
later reproduced the nerve-muscle autostimulation experiment (without 
metal), publishing on these and many other galvanic experiments 
(Humboldt, 1797; 1799). Yet Humboldt remained unconvinced, not least 
because he greatly admired and also met Volta in 1795, prior to 
publishing his work on Galvanism. Volta continued expressing doubt 
over Galvani’s intrinsic form of animal electricity, for he had his own 
theory, “which reduces everything to extrinsic electricity moved by the 
contacts between different conductors” (Finger et al., 2013). Here, Volta 
was re-expressing his final objection to Galvani, by attributing electricity 
generation in animals to the contact of different organic tissues. In the 
absence of an alternative mechanism for the “galvanic force” – a way for 
nerves to generate an electric response, such as the membrane potential – 
most of learned Europe disregarded Galvani’s vision of nerve-generated 
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electricity, “of a circuit of nervous fluid, like electric fire” (Galvani and 
Aldini, 1953). 
 
Gradually, Galvanism revived across Europe. Leopoldo Nobili, searching 
for a more consistent galvanoscope than the freshly dissected frog leg – 
the finest instrument of the time – invented the astatic galvanometer in 
1825 (Nobili, 1828). Initially interested in how a dissected frog leg could 
contract while bathing in saline, yet not register a reading in current 
instrumentation, Nobili developed a finer method that removed the effect 
of the earth’s magnetic field. Equipped with this independent device, he 
demonstrated a clear and large current source emanating from the 
isolated muscles and nerves of the frog leg (Nobili, 1828). Building upon 
Nobili’s results, Carlo Matteucci (1811–1868) tirelessly fanned the inner 
fire by repeating and popularizing Galvani’s and Humboldt’s most 
important autostimulation experiments (Matteucci, 1848). Ultimately 
seeking the source of animal electricity, Matteucci demonstrated the 
persistence of leg muscle contractions following the lesion of the 
innervating sciatic axon, revealing more directly the inner bioelectricity 
(Matteucci, 1848). 
 
Bioelectric cells and the development of cable theory 
The theory of voltage propagation along a core conductor – cable theory 
– was developed by William Thomson (Lord Kelvin), to better 
understand the physics of telegraph cables, which he would later help lay 
across the bed of the Atlantic ocean (Thomson, 1855). To this single 
cable core conductor, Oliver Heaviside critically added a second layer of 
conduction connected to the first, creating the double cable, also known 
as coaxial cable (Heaviside, 1893a). The essence of Heaviside’s 
innovation was to ground this additional conductor surrounding the core, 
thereby reducing interference patterns intrinsic to voltage signal 
propagation through a core conductor (Heaviside, 1876; 1893b). 
Heaviside’s insight enabled effective telecommunication, leading to the 
first telephone cables (Campbell, 1903; Pupin, 1899) and eventually the 
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modern global telecommunications network. Coaxial cable hides other 
benefits beside noise reduction, which will be discussed in the context of 
the myelinated axon in the last chapter. 
 
The idea that a voltage signal could travel through nerves and muscles 
was first formulated in the mid-19th century by Emil du Bois-Reymond, 
calling this signal an “electromotive action” – the predecessor of the 
action potential (Bois-Reymond, 1849; 1852). The consideration of the 
nerve as a core conductor – that a voltage signal travels through the inner 
conductive medium of the nerve – was first proposed by Matteucci, who 
demonstrated nerves are conductive throughout their core, to transmit the 
“electromotor” signal (Matteucci, 1863). Julius Bernstein (1839–1917) 
would be the first to quantitatively describe the action potential in the 
frog sciatic nerve with the help of a differential rheotome he created, 
which combined submillisecond voltage recording with current 
stimulation in an integrated nerve preparation setup (Bernstein, 1871; 
Seyfarth, 2006).  
 
Neurophysicists such as Bernstein, Hermann, Weber, and others adapted 
core metal conductor theory, initially developed for metal wires, to axons 
throughout the second half of the 19th century (Bernstein, 1912; Offner et 
al., 1940; Rall, 1977; Weber, 1873; Weinberg, 1941). Bernstein assumed 
conduction through the inner nerve medium is ohmic; in other words, 
conducting current according to Ohm’s law: 
 

      (1) 

 
Ohm’s law states that current, the number of charges flowing past a given 
point in a circuit per second, is proportional to the electromotive force 
acting on these charges divided by the resistance faced by these. For this 
relation between current and voltage to hold, the resistance at any given 
moment must be constant. In Ohm’s words, “The magnitude of the 
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current in any homogeneous portion of the circuit is equal to the quotient 
of the difference between the electrical forces present at the extremities 
of such portion divided by its reduced length” (Ohm, 1827; 1891). 
 
Cable theory for neurons continued being developed throughout the 20th 
century, firmly replanting this branch of electrical science near its roots. 
The core conductor is simplified to a cylinder, enabling an expression of 
resistance for this core independent of length or diameter: intracellular 
resistivity (Ri) (FitzHugh, 1973; Hodgkin and Rushton, 1946). 
 

          (2) 

 
Note that ri is core resistance per unit length (Ω/cm) and d applicable 
diameter (cm), giving Ri units of Ω cm. At the dawn of the computer age, 
Wilfrid Rall (1922–2018) discretized cable theory to cylindrical sections 
of neurite, covering each applicable electrical element therein (reviewed 
in (Rall, 1977)). Cable theory is extended from axons to the entire neuron, 
notably dendrites, as a result of treating each neuronal subsection as a 
sufficiently small cylindrical segment. Rall’s approach revolutionized 
computational neuroscience, leading to the creation of software such as 
NEURON (Hines and Carnevale, 2001). Thence, nothing stops 
discretized cable theory from being extended to other living cell types, or 
indeed any bioelectric cell. 
 
To simplify core conductor theory, charges moving in three dimensions 
(x, y, and z) within the core (Weber, 1873; Weinberg, 1941) are reduced 
to moving in only 1 direction, x (cm), given experimentally verified 
negligible simplification error when extra dimensions are removed 
(FitzHugh, 1973; Rall, 1977). Following Rall’s derivation (Rall, 1977), 
for a section of neurite of equal diameter throughout, its length may be 
expressed as the difference between a downstream (x2) and upstream (x1) 
location, i.e. ∆x (cm), yielding a core resistance ri∆x (Ω). If the section 

		
Ri =

π d2ri
4



 186 

length ∆x is sufficiently small such that core resistance and current were 
constant throughout, then Ohm’s law implies that intracellular current (ii, 
in Ampères A) equals the voltage drop across the intracellular section (–
∆Vi, in Volts V) divided by its resistance (ri∆x): 
 

            (3) 

 
If Vi and x are continuously differentiable, then taking the limit of eq. 3 as 
∆x approaches 0 yields Ohm’s law for intracellular current: 
 

                 (4) 

 
The derivative in eq. 4 is partial (∂) because voltage Vi varies with both 
distance x and time t. Given the single dimensionality of core axial 
current, and the conservation of current through the section of length ∆x, 
any current loss (or gain) into (or from) any non-axial direction must be 
accounted for, to obtain the correct quantity of intracellular current ii that 
exits the section. If the direction of all current loss is simplified to the 
radial, letting ri absorb any axial loss, then cellular membrane must be the 
sink (or source) for any axial current loss (or gain). Is cellular membrane 
permeable to ions? Does it allow for radial current, or behave purely as 
an insulator? Although a cable theory derivation can proceed without 
providing an experimental answer to these questions, a membrane current 
was posited on experimental grounds shortly after the adaptation of core 
conductor theory to axons. This revelation would clarify the source of 
animal electricity, as well as ground further adaptation of cable theory to 
experiment. 
 
To continue applying the theory of conducting cables to bioelectric cells, 
a description of two other essential discoveries by Bernstein is now 
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required. The first solves the quandary all interested scientists had faced, 
from Swammerdam to Galvani and Volta: the source of animal electricity. 
In 1912, Bernstein posited this source in “Die Membrantheorie” as the 
membrane potential, wherein all living cells possess a semi-permeable 
membrane enclosing a liquid dissolution of electrolytes at internal 
concentrations different from external ones, generating an inner 
electrochemical potential with respect to the environment (Bernstein, 
1912). Bernstein based his insight on the work of Pfeffer, who suggested 
cellular membranes in plants are semi-permeable (Bernstein, 1912), and 
Nernst, who developed the following equation for the electrochemical 
force E (volt, V) generated by the separation of concentrations of 
dissolved charges (Nernst, 1889): 
 

    (5) 

 
As a brief reminder, R, the ideal gas constant, is the product of 
Avogrado’s number and Boltzmann’s constant (R = NA kB), describing 
the entropic energy contained in one mole of gaseous molecules per unit 
of absolute temperature (degrees Kelvin, K). T is the temperature (K) of 
the system of dissolved charges. The charge number of the dissolved ion 
is z, and F the Faraday constant, the elementary charge (Coulomb, C) of 
one mole of chargeable matter (C/mole). Together, the product RT 
describes the entropic ionic energy (Joule, J) per mole of ion (J/mole), 
which divided by zF (C/mole), yields the resulting separation voltage, or 
electric force (in J/C). 
 
To test the membrane theory, Bernstein constructed another device, 
through which the temperature surrounding a muscle or nerve fibre in a 
water bath could be measured and changed (Bernstein, 1902). With the 
help of a galvanometer to determine the membrane potential, Bernstein 
heated or cooled the setup and noted the inner potential of immersed 
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muscle fibres with respect to a 0.6% NaCl bath solution. Here, Bernstein 
discovered that membrane potential and temperature are proportional: if 
temperature is increased, the potential difference between the inside of 
the muscle fibre and bath increases, and similarly if temperature is 
decreased, inner potential decreases (Bernstein, 1912). Bernstein 
understood these results as consistent with the Nernst equation, and 
therefore supportive of the membrane theory, in which a membrane 
potential is generated by the differential separation of ion concentrations. 
 
The formulation of cellular membrane as a charge separator to create an 
electric field, and therefore a membrane potential, led Bernstein to 
discover another critical component for applying cable theory to 
bioelectric cells: the membrane as capacitor. Following the Helmholtz 
model for electrical double layers and Hermann’s earlier assertion and 
estimate for membrane capacitance, Bernstein proposed all biological 
membranes as differential capacitors (Bernstein, 1912). The combination 
of Nernst potentials with the membrane as differential capacitor provided 
Bernstein with the theoretical basis for the membrane currents 
underpinning the action potentials he observed. There were some limits 
to “Die Membrantheorie”, such as the assertion that membrane current 
was only capacitive and an overemphasis of the role played by water 
osmosis in electrical activity. A benefit of asserting this electro-osmosis 
was the addition of a membrane resistance in parallel with its capacitance, 
a feature that remains to this day, though with a different basis. 
Notwithstanding the limitations, Bernstein provided the initial theoretical 
and experimental grounding for the passive membrane capacitive current, 
as well as the outline for the equivalent circuit of passive membrane. 
Later investigators will highlight the many additional currents passing 
through excitable membranes, yet sufficient experimental grounding for a 
return to the adaptation of cable theory has been provided. 
 
Given the evidence for a passive membrane current, propagating axial 
current can be lost or gained via the cellular membrane. The conservation 
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of current would account for either of these. Following eq. 4, let im 
represent membrane current per unit length (A/cm) along the core 
conductor, yielding im∆x as the membrane current (A) in a given section 
of length ∆x. Concurrent with positive charges travelling axially toward 
positive x, the loss or gain of axial current ii in a given section of length 
∆x is represented by ii, 2 – ii, 1 = –∆ii, and defined as the membrane current 
(im): 
 

            (6) 

 
Similar to the transition from eq. 3 to 4, if ii is continuously differentiable, 
then the limit of eq. 6 as ∆x approaches 0 yields: 
 

             (7) 

 
As above, the partial derivative represents ii as varying with respect to x 
and something else – time (t). To briefly summarize thus far, two 
equations generalize the variation, with space, of core and membrane 
current with voltage: the first (eq. 4) relates core current with core 
voltage and the second (eq. 7), membrane current loss with core current. 
To fully merge these two relations and clearly relate membrane current 
with core voltage, eq. 4 is derived a second time with respect to x: 
 

            (8) 

 
Note the derivation for eq. 8 implies an ri independent from x (though not 
from diameter d, see eq. 2). Recall that current lost or gained from 
intracellular current (ii) is defined as membrane current (im, eqs. 6 and 7). 
Recall further that ii is defined according to the intracellular voltage drop 
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(–∆Vi and –∂Vi, eqs. and 4, respectively). Thus im can be defined 
according to the second partial derivative of Vi with respect to space (x), 
equivalent to deriving eq. 4 a second time to obtain: 
 

            (9) 

 
Note the above statement only applies in the absence of intervening 
sources of intracellular current, such as from electrodes, which can be 
accounted for separately. 
 
To complete the derivation, im is reconstituted according to its elements: 
membrane capacitance and resistance. Resistance here is composed of 
passive leak ion channels bundled as one conductor permeable to Na+, K+ 
and Cl–. Since ions can form a membrane current by either 
charging/discharging the membrane capacitor or crossing the membrane 
via leak channels simultaneously, these two elements are electrically in 
parallel, and together form the total passive membrane current. The 
capacitance per unit length of a cylindrical section of neurite (cm, in 
F/cm) may be expressed as a product of cylindrical circumference (π d, in 
cm) and specific capacitance (or capacitive density Cm, in F/cm2): 
 

           (10) 

 
Similarly, membrane resistance per unit of core conductor length (rm, in 
Ω cm) may be defined as the division of specific resistance (or membrane 
resistance density Rm, in Ω cm2) by cylindrical circumference: 
 

           (11) 
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To reconstitute the passive membrane current im, the sum of the currents 
through cm and rm is required. Given the discretized subsection of core 
conductor with sufficiently small length ∆x, the section membrane 
current (A), capacitance (F) and resistance (Ω) may be expressed as im∆x, 
cm∆x, and rm/∆x, respectively. The electric field driving im is comprised 
of the total membrane voltage (V); in other words, the total potential 
difference experienced by the membrane, composed of the resting 
membrane potential (Er) – the electromotive force (emf) of the cell, 
which is independent of distance x along the cell, and therefore 
isopotential within the cell, making ∂Er/∂x = 0 – subtracted from the 
membrane potential (Vm). Vm itself is defined as the potential difference 
between the intracellular (Vi) and extracellular (Ve) voltages: Vm = Vi – Ve. 
Thus the voltage driving im is V = Vi – Ve – Er. Extracellular Ve is defined 
as ground voltage (some minimal radial distance from a given membrane, 
similar to bath voltage), and therefore isopotential without the cell, i.e. 
∂Ve/∂x = 0. The discretized membrane current im∆x (A) can thus be 
divided into its constituent parts driven by V as: 
 

          (12) 

 
Note the continuously differentiable V with respect to t, which implies 
the same for Vm and Ve (Er is also assumed independent of t). In eq. 12, 
∆x may be factored out, yielding the continuous equation for im: 
 

                   (13) 

 
The final continuous expression for im in eq. 13, which breaks it down 
into its capacitive and resistive elements, may now be combined with its 
expression in terms of intracellular voltage deceleration with respect to 
space (eq. 9). As Ve is independent of x, if Er is also assumed independent 
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of x, then ∂Vi/∂x = ∂V/∂x, which implies ∂2Vi/∂x2 = ∂2V/∂x2. After 
multiplying through the left and right hand sides of eqs. 9 and 13 
respectively by rm, the resulting continuous single cable equation is 
obtained: 
 

                   (14) 

 
Describing the relationship between the fundamental elements of the 
bioelectric cell, eq. 14 completes the derivation of the basic cellular 
equivalent circuit. 
 
The single cable for myelinated axons 
The addition of myelin to the basic single-membrane equivalent circuit 
(eq. 14) does little to change the equation in terms of its dynamics, in a 
single cable context. Without intermediary conduction between myelin 
and axolemma, the myelin sheath is simply another kind of membrane, 
represented as capacitor and resistor in parallel in its basic form, added in 
series to the axolemma (see equivalent circuit in Chapter 2, Figure 1B). 
Following some basic assumptions about the dielectric properties of, and 
in-series connection between, each myelin membrane (Chapter 2), the 
myelinated single cable may be understood as simply a radial expansion 
of the internodal axolemma. As such, equations 3–14 may be repeated 
with a linear summation of corresponding axon membrane (m) and 
myelin sheath (my) components, yielding the combined (mym) single 
cable equation for the myelinated axon: 
 

          (15) 
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The double cable and submyelin conduction 
A critical feature of the single cable is the grounding of the extracellular 
space surrounding the myelin sheath, much as for the single membrane. 
An axial resistor re may represent this extracellular ground element, with 
a value defined as just above 0 (Ω cm). This extracellular (or extra-
myelin) path to ground represents the entire return current of the single 
membrane, or single cable, circuits (eqs. 14 and 15, respectively). If the 
periaxonal and paranodal spaces are conductive, and connect axially to 
ground at the nodes of Ranvier and radially to ground across the myelin 
sheath (Chapter 2), then part of the axonal return current must flow 
through the submyelin space. Therefore, an extra current must be added 
to the axo-myelin circuit, between the axon membrane and myelin sheath. 
 
Beginning with the internodal axon membrane (equivalent circuit shown 
in Chapter 2, Figure 1C, with the main voltages explained in Figure 4), 
the first layer, the derivation follows eqs. 3–14. Since along the internode 
im flows into the periaxonal space rather than the extracellular, the 
voltage driving im in the axon is Va = Vi – Vpa – Er, where Er retains its 
meaning of isopotential intracellular emf. Reasons for this include 
evidence from voltage sensitive dye imaging along the axolemma 
(Chapter 2) indicating a uniform resting membrane potential throughout 
the myelinated axon. Moreover, with the confluence of extracellular and 
submyelin periaxonal and paranodal spaces (Chapters 2 and 4), as well as 
continuous presence of Na+/K+ ATPases along the internodal axolemma 
(Mata et al., 1991), the resting electrochemical gradient along the 
internodal axolemma should remain the same. 
 
As a result of the change in flow for internodal im in the double cable, the 
definition for transaxonal Vm also changes: Vm = Vi – Vpa, leading to 
transmyelin Vmy = Vpa – Ve and transfibre Vmym = Vmy + Vm. The equations 
for the double cable axolemma remain exactly the same up to 11. 
Thereafter, bifurcations begin, first with the change of variable V = Va for 
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equations eqs. 12–13. For the sake of clarity, these are rederived below as 
eqs. 16–17, with the change of variable V = Va made explicit. 
 

         (16) 

 

       (17) 

 
The transition to the summary equation for the double cable axolemma 
becomes trickier from this point forward. ∂2Vi/∂x2 cannot be equated with 
∂2Va/∂x2, as ∂2Vi/∂x2 with ∂V2/∂x2 in eq. 14, because ∂Vpa/∂x is evidently 
non-zero (Chapter 2). Therefore, im remains a function of the second 
partial derivative with respect to space of intracellular voltage (Vi, eq. 9). 
Nevertheless, a more familiar expression may be obtained with a series of 
variable changes. Since Vm = Vi – Vpa, and Vmy = Vpa – Ve, Vi = Vm + Vpa = 
Vm + Vmy + Ve  = Vmym + Ve. Since ∂Ve/∂x = 0, ∂Vi/∂x = ∂Vmym/∂x, 
implying ∂2Vi/∂x2 = ∂2Vmym/∂x2. Thus im in the double cable varies 
according to the acceleration of Vmym and ri: 
 

             (18) 

 
Eq. 18 may be substituted into eq. 17 to obtain the double cable equation 
for the axon membrane: 
 

                       (19) 
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Focusing on the periaxonal space and moving onto the second layer, a 
resistance rpa is derived by approximating the periaxonal space as a 
hollowed-out cylinder (with the axon core in the hollow) of a given 
thickness dpa within the larger cylinder that includes the myelin sheath 
(see Chapter 2 and (Halter and Clark, 1991)). The following expression 
results for rpa: 
 

    (20) 

 
A similar process is followed as for eqs. 3–14. For a sufficiently small 
section of length ∆x, current in the periaxonal space (ipa) passing through 
rpa would yield the following ohmic combination with periaxonal voltage 
(Vpa): 
 

           (21) 

 
If Vpa is continuously differentiable, then the limit of eq. 21 as ∆x 
approaches 0 provides Ohm’s law for periaxonal current: 
 

           (22) 

 
The conservation of current in the periaxonal space accounts for axonal 
membrane current (im), as well the myelin sheath current (imy), adding or 
subtracting from ipa. Over a sufficiently small submyelin space of length 
∆x, and following the convention of positive current moving in the 
direction of positive x, axial current enters the periaxonal space as ipa, 1 
and exits as ipa, 2 (in units of A). Radially, current enters the periaxonal 
space as membrane current (im) and exits as myelin sheath current (imy, in 

  
rpa =

Rpa

π δpa (d +δpa )

	
ipa =

−ΔVpa
rpaΔx

	
ipa =

−∂Vpa
rpa∂x
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units of A/cm). Recall the myelin sheath can be treated as one membrane 
electrically, following the assumption that each myelin membrane 
resembles the other (Chapter 2). Therefore, the following relation 
emerges for periaxonal currents: 
 

                (23) 

 
The above relation (eq. 23) may be simplified to: 
 

      (24) 
 
If ipa is continuously differentiable, then eq. 24 implies:  
 

                                                                           (25) 

 
Eq. 22 may be differentiated a second time with respect to x, so as to 
substitute its right-hand term into eq. 25 and produce the following 
relation: 
 

                                                                             (26) 

 
To reconstitute imy according to its elements (as im above), the specific 
capacitance (cmy) and resistance (rmy) of the myelin sheath are derived 
below (in units of F/cm and Ω cm, respectively). To derive cmy, the 
specific capacitance Cmy (F/cm2) is multiplied by the outer diameter D of 
the myelin sheath. Cmy is independent of capacitor plate circumference or 
surface area, depending only on the dielectric properties of the myelin 
sheath and separation between the adaxonal and abaxonal membranes. 

		ipa ,1+ imΔx = ipa ,2+ imyΔx

	
Δipa = im − imy( )Δx

	

∂ipa
∂x

= im − imy

		
imy − im =

∂2Vpa
rpa∂x
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The outer diameter D is used to obtain the outer circumference of the 
myelin sheath, rather than the inner or some approximation in-between, 
because capacitance would not change much for the differences observed 
between the circumference of outer and inner parallel capacitor plates of 
the myelin sheath (i.e. expected g ratios; for the derivation and simulation, 
see (Langton, 1981)).1 2 Thus cmy is obtained as: 
 

          (27) 
 
Similarly, rmy is derived with D: 
 

                       (28) 

 
For the sake of simplicity, D is also taken to derive rmy, even though a 
small error is likely being introduced by not taking the more appropriate 
average of myelin membrane circumferences, e.g. (d + 2d + D)/2, as the 
circumferential diameter. Thus the above estimate for rmy becomes an 
effective lower bound. Since myelin sheath resistances have no effect on 
conduction velocity over a range much larger than the expected 
differences in circumferential diameters (Chapter 2), the expected error 
impact of this simplification should be negligible. Moreover, by having 

                                                
1 To be clear, the inner surface would have a diameter equal to the inner axon 
core and twice the radius of the periaxonal space (d + 2d), while the separation 
between the two plates would be D – d (all radii assumed constant for 
sufficiently small sections of axon). 
 
2 An interesting, separate note is the variation of the electric field between two 
parallel capacitor plates of unequal length, the inner one being shorter than the 
outer, much like the inner and outer membranes of the myelin sheath capacitor. 
Naturally, the field would be stronger on the smaller plate, where charge density 
would be higher. The predicted field strength then dips near the midpoint 
between the plates, recovering to an overall lower strength at the larger, outer 
plate (Langton, 1981). 

	
cmy =π DCmy

	
rmy =

Rmy
π D
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rmy as an effective lower bound, extra sensitivity to lower-range changes 
is ensured, as changes to the upper ranges have no effect on conduction 
velocity (Chapter 2). This lower bound approach is effectively how Rmy is 
optimized or fixed by Salto (Chapters 2 and 3, respectively), taking the 
full g ratio for these axons (e.g. 0.7) into account.3 
 
Similar to the changes of variable required for obtaining the driving 
voltage for the axolemma (Va, eq. 16), the driving voltage for myelin 
sheath must also be determined, to reconstitute imy according to its 
elemental currents. The driving force across the myelin sheath is Vpa – Ve 
– Epa, where Epa the resting voltage of the periaxonal space with respect 
to the extracellular. Epa is expected to be the same as the resting 
extracellular voltage (Eext), due to the confluence of extracellular and 
periaxonal spaces (Chapter 4), the localization of the Na+/K+ ATPase 
along the internodal axolemma (Mata et al., 1991), and no observed 
change in axonal Er (Chapter 2; internodal Er is considered with respect 
Epa), as would be expected if Epa were not the same as Eext. Given that Eext 
is defined as ground voltage (Eext := 0), Epa = 0. Therefore, the remaining 
driving voltage for the periaxonal space is Vpa – Ve, the same as Vmy and 
the driving voltage across the myelin sheath (Vmy = Vpa – Ve). 
 
Consequently, imy over a sufficiently small section of myelinated axon of 
length ∆x is defined according to its constituent elements driven by Vmy: 
 

     (29) 

 
Note Vmy is assumed continuously differentiable with respect to time. 
Factoring out ∆x above yields the continuous equation for imy: 
 

                                                
3 Salto can also accommodate any g ratio of the user’s choosing, at setup. 
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         (30) 

 
Returning to eq. 26, since Vmy = Vpa – Ve, then ∂Vmy/∂x = ∂Vpa/∂x, as 
∂Ve/∂x = 0, and therefore ∂2Vmy/∂x2 = ∂2Vpa/∂x2. Eq. 26 may thus be 
restated as: 
 

      (31) 

 
Combining eqs. 18, 30 and 31 yields the double cable equation for the 
myelin sheath: 
 

       (32) 

 
Recall that Vmym = Vm + Vmy (Chapter 2; eq. 32 is similar to that as 
derived by (Stephanova and Bostock, 1995) and discrete variations in 
(Halter and Clark, 1991)). The continuous double cable equation for the 
myelinated axon, combining the driving forces across the axolemma (Va) 
and myelin sheath (Vmy), is thus obtained by adding eqs. 19 and 32: 
 

  (33) 
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Of time and space constants: the analytical reducibility of the double 
cable equations 
A brief note may be written here on the analytical reducibility of each 
membrane equation in the double cable (19 and 32), as well as the 
combination of these in the summary equation (33). Beginning with the 
myelin sheath, how may its equation be analyzed spatially and 
temporally? The time constant for the charging or discharging of the 
myelin sheath is obtained directly from eq. 32: tmy = rmy cmy. At or near 
steady-state charge or voltage, when myelin sheath voltage (Vmy) no 
longer changes over space, tmy represents the time increments at which 
Vmy decays back to resting potential (Epa) from initial voltage, i.e. at 
∂2Vmym/∂x2 = 0 and ∂2Vmy/∂x2 = 0 in eq. 32, Vmy(tmy) = Vmy(t = 0)/e, 
Vmy(2tmy) =  Vmy(t = 0)/e2,…, Vmy(ntmy) =  Vmy(t = 0)/en. This results from 
solving the ordinary first order differential equation that remains (a 
similar analysis is performed in (Rall, 1977) for non-myelinated regions). 
Concerning the temporal decay of the internodal axolemma, eq. 19 yields 
a time constant identical to that for non-myelinated regions: tm = rm cm. 
Both eqs. 19 and 32 are temporally reducible as each yields one ordinary 
first order differential equation consisting of one unknown: Va or Vmy, 
respectively. Temporal reduction of the summary equation (33), however, 
yields one differential equation with two unknowns: Va and Vmy. 
Therefore, axonal or myelin sheath parameters must be known to analyze 
the temporal dynamics of the double cable. The limit of temporal 
reducibility thus appears to be reached at the double cable, requiring 
numerical or, more likely appropriate for this kind of problem, simulation 
methods to deconstruct. Nevertheless, a quick overview of tmy based on 
optimal values for rmy and cmy (Chapter 2) confirms the rapidly charging 
and discharging nature of the myelin sheath: relative to the axolemma, 
cmy is ~100´ smaller than cm, while rmy is only ~10´ bigger than rm, 
yielding a tmy ~10´ smaller than tm. 
 
Spatially, the problem of analytical irreducibility is met immediately at 
every level of the double cable: eq. 19 reduces to one differential 
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equation with more than one unknown from each cable (Vi and Vpa, or Vm 
and Vmy, etc.). The same problem is met in eqs. 32 and 33. Typically, for 
example in the single membrane equation (eq. 14), a cable is spatially 
reducible to one second order differential equation with only one 
unknown (V). As the time constant t applies to particular locations in 
space where voltage is uniform, the same analysis could be performed for 
particular instances when voltage is uniform, i.e. ∂V/∂t = 0. The result of 
such an analysis would be a space constant l, which refers to the decay 
of voltage with respect to space (Rall, 1977). Such a spatial analysis 
seems impossible in the double cable (and likely higher order ones), 
because no layer can be reduced without the properties of the other(s). 
 
Final note 
The double cable presents analytical difficulties, yielding time constants 
for each cable but not the combined structure, and no space constants. 
Notwithstanding the lack of constants obtained analytically, such 
constants or relationships should be obtainable numerically, graphically, 
or by abstraction, via vector or flow analyses, or model simulation 
(Chapters 2 and 3). These approaches, among others, should continue 
yielding better and more representative models, while a focus on 
abstracting the fundamental structure of the myelinated axon should 
provide a clearer idea of its spatiotemporal, as well as energy, dynamics. 
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Biophysical properties of saltating potentials in myelinated axons 
 
Summary 
 
The driving objective of this dissertation is to describe the essential 
biophysical structure, and consequent computational properties, of 
myelinated axons. In other words, if one were to engineer a brain, what 
elements should constitute the myelinated axon? Though important parts 
of the axo-glial biophysical structure are known, many ultrastructural 
aspects are often overlooked. One such aspect has the potential to 
fundamentally change the biophysical model for the operation of 
myelinated axons, including signal processing and energy consumption: 
conduction in the submyelin spaces. Myelin envelopes nearly all larger-
diameter axons, where axons comprise the tracts by which neurons 
communicate with each other as well as a myriad of other cell types, both 
from within the central and peripheral nervous systems to those of other 
organs and muscles throughout the animal body. 
 
The current biophysical model for myelination describes an axo-myelin 
structure devoid of intermediary conducting pathways (Chapter 1). 
Empirically, however, multiple spaces with the potential for ionic 
conduction exist between the axon and its myelin sheath, notably the 
periaxonal space, which runs along most of the length of myelinated 
regions. Is this submyelin space materially conductive? A series of 
experiments and computational modelling demonstrate the conductivity 
of not only the periaxonal, but also paranodal submyelin spaces (Chapter 
2). In addition, these submyelin pathways are connected axially to the 
extracellular space, creating a double cable biophysical architecture for 
myelinated axons. A number of biophysical consequences are inferred 
from the resolved biophysical structure, such as the distinct effect of 
periaxonal or paranodal space sizes on conduction velocity and signal 
processing in general (Chapter 2). This approach is generalized and 
automated to resolve the biophysical properties of the entire neuron – 
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particularly if myelinated – on a rapid and large scale (Chapter 3). 
Further, digital demyelination of optimized neuron models reveals a 
mechanism for the experimentally-observed intrinsic hyperexcitability of 
demyelinated axons (Chapter 3). Finally, the consequences of the double 
cable architecture of myelinated axons in health and disease are discussed 
(Chapter 4), describing the axonal plasticity, neuro-glial communication, 
homeostatic, and energy equilibrium roles submyelin spaces could play, 
and how this understanding may be harnessed to address disregulated 
conduction in myelinated axons, such as in degenerative myelin diseases. 
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Biofysische eigenschappen van springende potentialen in 
gemyeliniseerde axonen 
 
Sammenvatting 
 
Het doel van dit proefschrift is om inzicht te krijgen in de biofysische 
structuur en daaruit voortvloeiende computationeel eigenschappen van 
gemyeliniseerde axonen. Met andere woorden, als een ingenieur een 
brein zou ontwerpen hoe zou een gemyeliniseerd axon er uit zien? 
Alhoewel al veel belangrijke componenten van de axon-myeline 
structuur onderzocht zijn, wordt één aspect vaak over het hoofd gezien, 
de mogelijke stroomgeleiding binnen de submyeline ruimtes. Deze kleine 
ruimtes met nanometers afmetingen hebben het potentieel om het 
biofysische model voor de werking van gemyeliniseerde axonen 
fundamenteel te veranderen, inclusief signaalverwerking en 
energieverbruik. Myelinemembranen omhullen bijna alle axonen met een 
grote diameter en zorgen ervoor dat neuronen in zowel het centrale als 
het perifere zenuwstelsel op hoge snelheid aangestuurd kunnen worden 
en onze organen werken. 
 
Het huidige biofysische model voor myelinisatie is een axo-
myelinestructuur zonder intermediaire geleidende routes (Hoofdstuk 1). 
Er bestaan echter anatomische aanwijzingen voor meerdere ruimtes die 
potentieel ionen geleiden tussen het axon en de myelineschede, met name 
de periaxonale ruimte, die over de gehele lengte van gemyeliniseerde 
axonen aanwezig is. Zijn deze ruimtes onder de myeline geleidend? Door 
middel van experimenten, computersimulaties en optimalisaties van 
parameters bepaalden we de eigenschappen van axonen, myeline en de 
geleidbaarheid van de submyeline ruimtes, niet alleen in het periaxon 
maar ook in de paranode gebieden (Hoofdstuk 2). Omdat de submyeline 
routes axiaal verbonden zijn met de extracellulaire ruimte, volgt hieruit 
dat het biofysische ontwerp vergelijkbaar is met een dubbele kabel. Deze 
ontdekkingen brengen een aantal consequenties met zich mee waaronder 
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de vaststelling dat kleine veranderingen van de periaxonale of paranodale 
ruimtes al een grote impact hebben op de geleidingssnelheid en van 
signaalverwerking in gemyeliniseerde axonen (Hoofdstuk 2). Voor het 
wiskundig oplossen van de structuur van myeline werden niet alleen de 
biofysische eigenschappen van het axon meegewogen, maar ook die van 
het hele neuron, inclusief de dendrieten en het soma. Deze 
computationele benadering is gegeneraliseerd en geautomatiseerd om 
biofysische simulaties van elk willekeurig type neuron mogelijk te maken 
op een snelle en grote schaal (Hoofdstuk 3). Middels onderzoek naar 
signaalverwerking in digitaal gedemyeliniseerde versies van 
geoptimaliseerde neuronmodellen, vonden we een mechanisme voor de 
experimenteel waargenomen hyperexcitatie van gedemyeliniseerde 
axonen (Hoofdstuk 3). De rol van de dubbele kabelarchitectuur van 
gemyeliniseerde axonen in normale toestand en tijdens ziekte wordt 
vervolgens verder besproken in Hoofdstuk 4. Hierin wordt de stelling 
geponeerd dat het betrekken van de ruimtes onder myeline een nieuw 
licht werpt op myeline plasticiteit en energie huishouding, en hoe deze 
fundamentele kennis kan bijdragen aan ons begrip van de veranderingen 
in signaaloverdracht bij degeneratieve myeline-aandoeningen. 
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