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CHAPTER 1

GENERAL INTRODUCTION

Chapter 1

The axon
The neuron is the epitome of cell polarity (Andersen & Bi 2000; Hedstrom et al. 2008;
Hoogenraad & Bradke 2009). In 1865, Otto Friedrich Karl Deiters first described the
archetypal neuron: a cell body bearing several “protoplasmic processes” (dendrites) and a
single “axis cylinder process” (axon) (Deiters 1865)(Figure 1). Proposed later by Ramon y
Cajal as the “law of dynamic polarization” in 1889 (Cajal 1911), this asymmetry supports
the route of electrochemical signalling in the mammalian brain: small amplitude synaptic
inputs impinge on the somato-dendritic compartments, and the axonal tree conveys signals
toward downstream post-synaptic targets in the form of all-or-none large amplitude
electrical action potentials (APs).
Two distinct types of axons occur in the peripheral and central nervous system (PNS and
CNS): unmyelinated and myelinated axons, the latter being ensheathed by myelin
originating from Schwann cells in the PNS or oligodendrocytes in the CNS. Myelinated
axons are, by convention, viewed as a multi-compartmental structure: an axon initial
segment (AIS) imbued with an array of voltage-gated ion channels where somatic inputs
summate and initiate APs (Palmer & Stuart 2006; Meeks & Mennerick 2007; Atherton et
al. 2008; Kole et al. 2008; Palmer et al. 2010; Popovic et al. 2011; Kole & Stuart 2012),
myelinated internodes of variable length interrupted by excitable membrane containing
nodes of Ranvier (noR), a structural domain that in concert with internodes ensures rapid
and reliable propagation of AP by restricting transmembrane charge flow through ion
channels located within the nodes. Within the internodes, current flows efficiently down
the axon with little loss in the transverse direction. The AP is generated again at each node,
where the density of voltage-gated sodium and potassium channels is very high. The
process is called “saltatory conduction” since the AP seems to jump from node to node
(Huxley & Stämpfli 1949). Finally, axon collaterals are imbued with presynaptic en passant
terminals for transmitter release.
Axon morphologies are highly elaborate with some axons extending locally (~1
mm) whereas others may be as long as ~1 m or more. The largest unmyelinated axon
(squid giant axon) has a diameter close to ~1 mm (Young 1936), whereas the diameter of
unmyelinated cortical axons can vary between 0.08 and 0.4 µm (Westrum & Blackstad
1962; Berbel & Innocenti 1988). In several regards, axons appear to operate at physical
limits. An interesting example is that the size of axons seems to be constrained by thermal
noise intrinsic to ion channel proteins; any thinner than 0.1 µm would be useless for
information transfer due to its high noise levels (Faisal et al. 2005). Intriguingly, 0.1 µm is
also roughly the smallest axon diameter observed in the nervous system (Faisal et al. 2005).
The above finding suggests that axons and their substructures are finely tuned biological
devices, but that tuning can evidently be disrupted under pathological conditions (Babbs &
Shi 2013).

12

General Introduction

Figure 1 – Morphology of thick-tufted layer 5 pyramidal neurons
Detailed 3-d reconstruction of the dendritic (black) and axonal (red) morphology of a large thick-tufted
layer 5 pyramidal neuron in the primary somatosensory cortex of the hind limb in the rat. Note the
elaborate dendritic and axonal morphology.
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The excitable axon initial segment
One of the most excitable domains of the neuron is the axon initial segment (AIS), a
tapered non-myelinated region 30 – 60 µm length, strategically located in the most
proximal part of the axon. The AIS carries out the function of a physical and electrical
bridge between the somatodendritic and axonal compartments in both myelinated and
unmyelinated axons. The AIS is present in virtually all vertebrate neuronal classes, forming
a unique domain for the final integration of synaptic input and the initiation of APs
(Rasband 2010; Kole & Stuart 2012), and a key locus to regulate neuronal excitability.
At the ultrastructural level the AIS has unique features such as a dense granular
layer undercoating the plasma membrane, which is similar to that found in nodes of
Ranvier (Palay et al. 1968; Peters et al. 1968). Furthermore, the undercoat is connected
with an external density on the other side of the plasma membrane, denoting a dense
complex of sub-membrane and transmembrane proteins (Palay et al. 1968). Given their
similarity in function, it is not surprising that the AIS and nodes of Ranvier are both
polarized structures with almost identical molecular assemblies (Figure 2, 3)(Hedstrom &
Rasband 2006). Protein complexes at these excitable domains include voltage-gated ion
channels, scaffolding protein ankyrin G, the neuronal cell adhesion molecule (NrCAM),
neurofascin (NF) 186, and the cytoskeletal protein bIV-spectrin (Normand & Rasband
2015). To rapidly produce large inward and outward currents underlying the AP, the AIS
contains high-densities of voltage-gated sodium (Nav) and potassium (Kv) channels in the
axolemma (Figure 3) (Kole & Stuart 2012; Xu et al. 2013; King et al. 2014). The
composition of voltage-gated ion channels within the AIS displays considerable interneuronal variation (Lorincz & Nusser 2008), signifying a neuron-specific ion channel
expression profile fine tuned to generate unique neuronal spiking properties. Voltage-gated
ion channels, NF186, and NrCAM all bind through their cytoplasmic domains to ankyrin G
(Srinivasan 1988; Davis et al. 1996). With the advances of super-resolution microscopy
(D’Este et al. 2016), it was found that ankyrin G and associated proteins complexes in the
AIS and nodes of Ranvier form ring-like nanoscale structures that wrap around the
circumference of the axons, evenly spaced along axonal shafts with a periodicity of ~180 to
190 nanometers (Zhong et al. 2014; D’Este et al. 2015). This nanoscale distribution is
ubiquitously found in many types of neurons (D’Este et al. 2015; He et al. 2016) and
conserved across species (He et al. 2016). However, despite almost identical molecular
composition, the assembly mechanisms of these excitable domains differ. AIS assembly is
intrinsically driven and its length is thought to be restricted by position of submembranous
intra-axonal boundaries made up of ankyrin B and aII-spectrin, whereas nodes of Ranvier
formation requires interaction between neurons and myelinating oligodendrocytes (Mathis
et al. 2001; Dzhashiashvili et al. 2007; Ogawa & Rasband 2008; Galiano et al. 2012).
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Ankyrin G is he first protein that appears in the AIS and is considered to be central
for the AIS assembly, the loss of which prevents clustering of subsequent ion channels,
adhesion molecules and cytoskeletal constituents (Rasband 2011). In contrast, myelinating
oligodendrocytes are required for nodes of Ranvier formation (Susuki et al. 2013). At the
paranodes flanking each side of the node, myelinating glia form junction complexes with
the axolemma. These complexes include axonal proteins (contactin and contactinassociated proteins) and the glial molecule NF155, comprising a barrier restricting
diffusion of nodal protein complexes. In the CNS, node assembly starts when paranodal
axo-glial junctions form, providing the mechanism of nodal Nav channel clustering. The
loss of paranodal axo-glial junctions have been shown to induce lateral diffusion of ion
channels into the formerly myelinated internodal regions in both neuroinflammatory
disorder multiple sclerosis or in experimental animals models of demyelination (Foster et
al. 1980; Craner 2004; Waxman et al. 2004). Nodal formation is further supported by glial
derived extracellular matrix molecules that interact with NF186 and promote its clustering
(Griggs et al. 2016). The Nav ion channel-ankyrin G complexes are in turn stabilized at the
node via bIV-spectrin-based submembraneous cytoskeleton.

Figure 2 – Molecular composition of excitable
axonal domains
Schematic depicting the major molecular substrates
in the axon initial segment (AIS) and nodes of
Ranvier (noR). The molecular organization of the
axon initial segment (AIS; top), shares many
features with nodes of Ranvier (noR; bottom) and
juxta-paranodes (JXP). These domains are
comprised of ion channels (Nav1.x, Kv7.x, and
Kv1.x), cytoskeletal scaffolds (Ankyrin G (AnkG)
and bIV-spectrin), and actin cytoskeleton (Actin).
The paranodes (PN) act as a physical barrier aiding
to sequester and prevent any lateral drift of nodal
proteins. Both noR and JXP proteins are located at
the AIS, but they occupy mutually exclusive
domains in myelinated axons.
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Figure 3 – Nav and Kv channels are expressed in neocortical pyramidal neurons AISs and noR
Top, z-projected confocal images of the soma and axon initial segment (AIS) morphology (red, biocytin)
and immunofluorescence staining of Nav (a-PanNav, green) and Kv (Kv7.3, gray) in neocortical thicktufted layer 5 pyramidal neuron. Bottom, nodes of Ranvier (noR) indicated by axonal bifurcation points.
Adapted from Battefeld et al. 2014.

Ion channel expression in the AIS is critical for initiation of APs and underlying spiking
phenotype, however based on recent seminal findings, the AIS location and length have
been shown to vary, thus providing an intrinsic homeostatic mechanism to regulate
excitability in response to excitatory drive both in vitro and in vivo (Grubb & Burrone
2010; Kuba et al. 2010; Gutzmann et al. 2014; Kuba et al. 2015; Del Puerto et al. 2015).
For instance, in cultured hippocampal principal neurons, chronic depolarization relocates
the AIS distally away from the soma causing decreased intrinsic excitability (Grubb &
Burrone 2010; Evans et al. 2013). Similarly, in both auditory (Kuba et al. 2014) and visual
(Gutzmann et al. 2014) systems, sensory experience sculpts AIS structure, while
experimental manipulations of sensory input- drive dynamic modifications of AIS
morphology, correlated with changes in neuron excitability (Kuba et al. 2010). But how
does the AIS location impacts neuronal excitability?
Given the notion that the AIS impact on neuronal excitability does not rely only
on spatial shift along the axon, but also engages in a complex interaction with the
somatodendritic compartment (Gulledge & Bravo 2016), it is interesting to examine how
diverse dendritic morphologies impact AIS architecture and neuron excitability.
Considering the large dendritic morphology and the significant intracellular variability in
16
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AIS location (Peters et al. 1968), an important question arises: how do AIS location and
somatodendritic morphology in concert influence neuron excitability?
To better understand this interaction, in Chapter 2 we used single-cell functional
analysis and stipulated a scaling principle between the size of the dendritic tree and AIS
location supported by numerical simulations, morphometric data and electrophysiological
recordings. Our understanding of the neuronal structure and function is based primarily on
experimental work with rodent models. However, more recently the successful use of in
vitro slice preparation from human biopsies (Testa Silva et al. 2009; Verhoog et al. 2013;
Testa Silva et al. 2014; Mohan et al. 2015; Verhoog et al. 2016), provided us with the
unique opportunity in Chapter 3 to carry out comparative structural and
electrophysiological analysis of layer 5 pyramidal neurons in the human temporal lobe
(Chapter 3).

Excitable axonal domains in demyelination
Demyelination neuropathies occur both in CNS and PNS, as it is the primary process in
clinical conditions such as in multiple sclerosis (MS) and Guillain-Baré syndrome,
respectively. MS is an inflammatory demyelinating disease of the CNS the onset of which
is prevalent among young adults and leading to severe chronic disabilities (Geurts &
Barkhof 2008). The causes of MS involve environmental exposure and genetic
susceptibility. Both factors are implicated, together with cultural condition of age at which
the interplay between genes and the environment occurs (Compston & Coles 2008). Axons
are profoundly affected by demyelination. Axon morphology becomes irregular or swollen,
often with a beaded appearance. In chronic active plaques, axonal loss of 20 – 80% is
apparent within peri-plaque white matter and normal white matter (Moll et al. 2011). In
early active and chronic active plaques, damage is thought to be caused by inflammatory
and immune factors released during acute inflammatory demyelination (Geurts & Barkhof
2008). Other factors, causing axonal dysfunction or death include a lack of trophic support
from myelin and oligodendrocytes, damage from soluble or cellular immune factors still
present in the inactive plaque, and chronic mitochondrial failure in the setting of increased
energy demands (Lucchinetti et al. 2000). Additionally, demyelination plaques are known
to destabilize the densities of nodal ionic conductances in affected axonal tracts (Bostock &
Sears 1978; Waxman 2006; Smith 2007). In peripheral and optic nerves the physiological
consequences of experimental demyelination lead to conduction slowing or even a
conduction block (McDonald & Sears 1970; Bostock & Sears 1978), consistent with a
reduced axonal membrane resistance and impedance mismatches at demyelinated regions.
Remyelination is often observed as shadow plaques formed by the recruitment of
undifferentiated oligodendrocyte precursors that migrate to and surround the lesions
enabling a newly formed thin layer of remyelination (Scolding 1998). While this process
occurs mostly in acute active plaques, it also to a lesser extent takes place in chronic
phases. However, remyelination in the CNS is nonetheless minimal and any recovery or
17
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continued function is associated with compensatory plasticity in the demyelinated
membrane (Rasminsky 1981; Waxman 1982). Indeed, partially demyelinated axons can
recover the ability to conduct through a centimeter or more of demyelinated patches in the
optic nerve (Ulrich 1983). The diverse clinical symptoms could be a result of axonal
excitability changes causing conduction slowing, failure or spontaneous spiking (Twomey
& Espir 1980; Rasminsky 1981; Waxman 1982).

Figure 3 – Impact of demyelination on excitable nodal domains
Top, The neuron is a polarized cell that integrates synaptic inputs (left; light green) over the soma and
dendrites. The axon initial segment (AIS) located in the first 20 – 60 µm of the axon, serves as the final
integration of input and the initiation of the AP (blue traces) that propagates along the axon into the
axon collaterals and terminals. The axon is myelinated (orange internodes), and the AP regenerates at
nodes of Ranvier (noR). Bottom, Demyelination studies have focused primarily on AP propagation and
nodal integrity in white matter tracts, leaving a trail of unanswered questions regarding the impact on the
AIS integrity situated in the gray matter, the consequential impact on neuron excitability, and AP
propagation beyond the main axons in unmyelinated axonal collaterals.
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Though the precise factors leading to axonal degeneration and dysfunction in MS
are not fully understood, it is interesting to note that antibodies against the nodal and AIS
cell-adhesion molecule NF186 are significantly elevated in the serum of some patients with
MS (Mathey et al. 2007). Anti-NF186 antibodies applied to hippocampal slice cultures
activated complement cascade resulting in AP conduction block and axonal injury (Mathey
et al. 2007). Similarly, antibody-mediated autoimmune channelopathies can affect neuronal
excitability leading to nervous system dysfunction. For instance, antibodies against lowthreshold Kv1 channels subtype, which are the predominant Kv channel subtype in the AIS
and nodes of Ranvier, were found to be upregulated in the sera of patients with Morvan
syndrome (Misawa & Mizusawa 2010). The resulting hyperexcitability of neurons within
the CNS is associated with epilepsy, short-term memory deficits, and insomnia (Cornelius
et al. 2011); patients suffer concomitant PNS hyperexcitability. The increased
hyperexcitability is a logical consequence of autoimmune targeting of Kv channels in
axonal domains, due to their diverse and pivotal role in regulating neuronal excitability.
However, given the presence of high density clustering of Kv channels in both AIS and
nodes of Ranvier, it is not fully understood what the functional consequences are that
underlie this phenomenon following myelin loss. Thus, immune recognition of AIS and
nodal proteins is a potential pathogenic mechanism for neurological deficits observed in
MS and other antibody-mediated neurological disorders.
The prevailing view is that demyelinating pathology influences primarily axonal
AP conduction along the main the axons due to dissolution of nodal domains. However,
what is missing from this view is the initiation aspect of APs and their propagation into the
unmyelinated collaterals (Figure 2). Whether upstream AIS domains located in gray matter
are equally affected by the loss of myelin is not known (Figure 3). Both in the clinical
setting and in animal models large-scale re-organization in voltage-gated Na+ and K+
channel expression occurs throughout the demyelinated internodal regions of the axon
(Foster et al. 1980). However, initiation of AP at the AIS could be affected as well, as
suggested for cerebellar Purkinje cells (Saab et al. 2004). Examining the impact on the AIS
during demyelination is important for our understanding of the demyelination process as
well as understanding the consequences for cortical neural processing. To date, no studies
have examined the integrity of the AIS in postmortem MS tissue or in animal models of
MS or other autoimmune diseases.
In Chapter 4 and Chapter 5, we investigated the structure-function consequences
of myelin loss in an animal model replicating aspects of MS. Using a combination of
techniques we correlated the observed structural changes in excitable axonal domains with
their impact on neuronal excitability on a single-cell level.
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Thesis outline
This thesis investigates the following research questions:
•

What is the functional role of AIS location on neuron excitability in layer 5
pyramidal neurons? (Chapter 2)

•

Is the spatiotemporal distribution of APs and AIS location conserved in human
layer 5 pyramidal neurons? (Chapter 3)

•

What are the functional consequences of gray matter myelin loss on layer 5
pyramidal neurons axonal domains and excitability? (Chapter 4)

•

How does loss of myelin effect the AP propagation in axon collaterals and
presynaptic terminals? (Chapter 5)

Chapter 2 provides a detailed experimental and theoretical analysis examining structurefunction relationship of AIS location in neocortical layer 5 pyramidal neurons. We
discovered a scaling principle between dendritic tree and AIS spatial location supported by
numerical simulations and electrical recordings. This work stipulates that axon location is
not randomly positioned but co-varies with proximal dendritic morphology to achieve
optimal neuron excitability.
Chapter 3 outlines the spatiotemporal structure of Na+ AP in human layer 5 pyramidal and
the how the immense dendritic morphology cross talk with AIS location. Functional singlecell analysis revealed that in human pyramidal neurons there is a reduction in axonal lateral
current due to distal AIS location, which is augmented by increased dendritic excitability.
Chapter 4 highlights the functional and morphological consequences of acute and chronic
myelin loss on excitable domains in myelinated primary layer 5 neocortical axons and layer
5 pyramidal neuron excitability. The data show that loss of myelin has an extensive
functional impact on the structural integrity of axonal domains and intrinsic excitability of
layer 5 pyramidal neurons and broader gray matter circuitry.
Building on the findings presented in Chapter 4, in Chapter 5 we extended the single-cell
functional analysis of myelin loss beyond the axon proper and examined the AP invasion
and propagation into the unmyelinated axon collaterals, using electrical and optical voltage
recordings from demyelinated main axons and distal en passant pre-synaptic boutons. We
show that loss of myelin completely disrupts the saltatory conduction in the main axon and
found that AP propagation in axonal collaterals is significantly affected by myelin loss in a
frequency dependent manner.
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Abstract
In mammalian neurons the axon initial segment (AIS) electrically connects the
somatodendritic compartment with the axon and converts the incoming synaptic voltage
changes into a temporally precise action potential (AP) output code. Although axons often
emanate directly from the soma they may also originate more distally from a dendrite, the
implications of which are not well understood. Here we show that one-third of the thicktufted layer 5 pyramidal neurons have an axon originating from a dendrite and are
characterized by a reduced dendritic complexity and thinner main apical dendrite.
Unexpectedly, the rising phase of somatic APs is electrically indistinguishable between
neurons with a somatic or dendritic axon origin. Cable analysis of the neurons indicated the
axonal axial current is inversely proportional to the AIS distance, denoting the path length
between the soma and the start of the AIS, and in order to produce invariant somatic APs it
must scale with the local somatodendritic capacitance. In agreement, AIS distance
inversely correlates with the apical dendrite diameter and model simulations confirmed the
covariation suffices to normalize the somatic AP waveform. Therefore, in pyramidal
neurons the AIS location is finely tuned with the somatodendritic capacitive load, serving
as a homeostatic regulation of the somatic AP in the face of diverse neuronal morphologies.
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Introduction
The axon initial segment (AIS) specifies in vertebrate neurons a single domain for the final
integration of synaptic input and the initiation of action potentials (APs) (Rasband 2010;
Kole & Stuart 2012). To rapidly produce large inward- and outward currents mediating the
AP, the AIS contains a complex arrangement of cytoskeletal and trans-membrane proteins
clustering high densities of voltage-gated sodium (Nav) and potassium (Kv) channels in the
axolemma (Kole & Stuart 2012; K. Xu et al. 2013; King et al. 2014). While the
composition of ion channels is critical for initiation and regulation of firing patterns there
are emerging insights that the AIS is not operating in isolation but is also subject to
activity-dependent changes in size and location, constrained by the local dendritic branch
geometry and the passive cable properties (Grubb & Burrone 2010; Kuba et al. 2010; Kuba
et al. 2015). Experimental studies linking changes in AIS length and neuronal output
showed that an increased length facilitates AP generation (Kuba et al. 2010; Kaphzan et al.
2011). In these cases the net increased excitability is a logic consequence of the larger Nav
conductance. However, predicting the impact of AIS location on neuronal output is more
complex. Experimental studies showed that an activity-dependent distal shift of the AIS is
associated with decreased AP output (Grubb & Burrone 2010). In contrast, model
simulations showed that shifting the AIS distally promotes excitability (Gulledge & Bravo
2016). One of the critical factors influencing AIS excitability is the large somatodendritic
membrane area acting as current sink for sodium current generated in the AIS (Baranauskas
et al. 2013; Brette 2013; Eyal et al. 2014). In this view, a distal anatomical location of the
AIS increases electrical compartmentalization and facilitates axonal AP generation. Indeed,
the local depolarization in the AIS is proportional to the axial resistance between the soma
and the AP initiation site, which increases with distance from the soma (Brette 2013).
However, increasing the distance between soma and AIS will be unfavorable for synapseto-spike coupling since it increases voltage attenuation and thereby reduces the possibility
for synaptic potentials to cross the AP threshold in the AIS (Kuba et al. 2006).
Furthermore, pyramidal neurons require axonal APs to rapidly depolarize the soma and
activate somatic voltage-gated Nav channels in order to produce the dendritic
backpropagating AP (Kole et al. 2008; Stuart, Spruston, et al. 1997).
In view of the importance of AIS location in neuronal excitability it is striking that the
reported intercellular variability within neuron cell types is large. In 50 – 70% of
dopaminergic and GABA-ergic neurons of the substantia nigra the axon arises from
dendrites, even up to ~260 µm distance from the soma (Blythe et al. 2009; Hausser et al.
1995; Gentet & Williams 2007). In fact, an axon origin from a dendrite is even a defining
feature of some hippocampal interneurons (Amaral 1978). Furthermore, 30 – 60% of the
pyramidal neurons in the hippocampus have an axon emerging from a basal (or sometimes
an apical) dendrite up to ~40 µm distance from the soma (Amaral 1978; Thome et al. 2014)
and also in the neocortex axons have been observed to emerge from basal dendrites (Palay
et al. 1968; Peters et al. 1968). Here, we investigated whether AIS location plays a
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functional role in neocortical pyramidal neuron excitability. We found that AIS distance,
but not length, strongly and inversely correlates with the dendritic morphology and follows
the theoretical relationship predicted by cable theory when resistive coupling between the
soma and axon adjusts a longitudinal current that normalizes somatic AP generation. The
large intercellular variation in AIS location thus reflects structural homeostatic scaling to
normalize the somatic AP in the face of diverse morphologies of dendritic trees.
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Results
Thick-tufted layer 5 neurons have diverse axonal origins
In order to characterize the diversity in axon locations in layer 5 pyramidal neurons we colabeled tissue sections containing the primary somato-sensory hindlimb region (S1HL)
from adult Wistar rats with Gp-anti-NeuN, a somatodendritic marker, Rb-anti-Ankyrin G,
an AIS marker, and M-anti-SMI-32, a neurofilament marker for type 1 (thick-tufted) layer
5 neurons (Molnár & Cheung 2006) (Figure 1A). SMI-32-positive (SMI-32+) primary
axons could be observed emanating from either the soma or a primary basal dendritic
branch (Figure 1B). Population analysis (n = 7 animals; 2 – 3 sections per animal) showed
that neurons with an axon origin from a dendrite, hereby referred to as ‘axodendritic’
neurons, constitute one-third of the population of SMI-32+ neurons (Figure 1C). The large
fraction of pyramidal neurons with an axon starting from a basal dendrite may indicate they
represent a distinct subtype. Based on electrophysiological and anatomical features two
major types of layer 5 pyramidal neurons have been identified; intracortically (corticocortical, CC) projecting slender tufted layer 5 neurons and subcortically (corticosubcortical, CS) projecting thick-tufted layer 5 neurons (Molnár & Cheung 2006; Kim et al.
2015; Groh et al. 2010). While SMI-32 typically labels thick-tufted layer 5 neurons they
may be further be divided into subpopulations (Molnár & Cheung 2006; Kim et al. 2015).
To test whether axodendritic and axosomatic neurons project to different targets we
injected fluorescent retrograde beads in the spinal cord (C2/3; Figure S1). Fluorescent
retrobeads were localized exclusively in the somata of superficial and deep layer 5 in the
somato-sensory and motor cortices. From a total of 313 analyzed neurons, 178 were backlabeled with fluorescent retrobeads. Within the population of layer 5 neurons with
identified axon origin (somatic or dendritic) 58% of the axosomatic neurons projected to
C2/3 (n = 160 out of 277), compared to 46% of the axodendritic neurons (n = 17 out of 37,
Fisher’s exact test, P = 0.2167; Figure S1) indicating equal sub-cerebral targeting of both
subtypes. Next, we made whole-cell recordings from visually identified pyramidal layer 5
neurons and filled them with biocytin for post-hoc immunofluorescence using βIV-spectrin
to identify the axon location (n = 38 cells; 27 animals). Similarly, a large fraction neurons
were ‘axodendritic’ (50%, n = 19 out of 38). The dendritic organization of both subtypes
showed that apical dendrites branched extensively in layer 1 consistent with a CS cell type
(Figure 1D; Figure S2; Table S1). Interestingly, further comparisons showed that the sum
of dendritic branches was smaller in the basal region of the axodendritic neurons (Table S1,
Figure 1E). This difference was further supported by a Sholl analysis revealing that the
density of basal dendrites was significantly lower in axodendritic neurons (two-way
ANOVA, P < 0.05, n = 26; Figure 1F). Further comparison of branches as a function of
distance from the soma showed that axodendritic neurons have less (basal and apical)
dendritic sections within a proximal region of 100 – 200 µm from the cell body and a lower
complexity of both basal and apical dendritic sections (Figure 1F, G). Taken together,
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these results indicate that the subcellular axon origin is not associated with a specific
subtype but with quantitative differences in the dendritic tree.
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Figure 1 – Axodendritic layer 5 pyramidal neurons are abundant and characterized by a smaller
dendritic tree
(A) z-projected confocal scan of a triple immunofluorescence labeling for NeuN (blue), Ankyrin G
+
(green) and SMI-32 (type 1 pyramidal cell marker, white). SMI-32 neurons with identified axon location
are indicated (yellow); s, axosomatic; d, axodendritic. Scale bar, 25 µm. (B) Left, single fluorescence
channels and merged image. Right, merged scan of an axosomatic neuron. Yellow arrows indicate start
+
of the AIS. Scale bar, 20 µm. (C) Axodendritic neurons constitute one-third of the SMI-32 neurons
(28.7%; 35 out of 122). (D) Representative examples of 3D reconstructed dendritic trees of axosomatic
and axodendritic neurons. Scale bar, 100 µm. (E) Left, average heat–maps of axosomatic (n = 13) and
axodendritic neurons (n = 13). Right, Note the higher density of basal dendrites in the subtracted heatmap. (F) Sholl-plot of axosomatic (open circles) and axodendritic neurons (closed circles) at 20 µm
intervals. Two-way Repeated Measures ANOVA, interaction P = 0.0651; intersections P < 0.0001;
subtype P < 0.0001. Bonferroni’s post-hoc test, *P < 0.05. Error bars represent SEM. (G) Axodendritic
neurons possess lower branch order of the basal dendrites. Basal branch order: two-way ANOVA
interaction P = 0.3468; branch order P < 0.0001; subtype P = 0.030. Bonferroni’s post-hoc test, *P <
0.05. Apical branch order: two-way ANOVA, interaction P = 0.0165; branch order P < 0.0001; subtype P
= 0.0016. Error bars represent SEM.

The dendritic morphology scales specifically with AIS distance
A salient characteristic of axodendritic layer 5 neurons was their relatively narrow diameter
of the proximal apical dendritic trunk (Figure 2A, B; Table S2), and smaller somatic crosssectional area (Figure 2A, B; Table S2), consistent with their reduced dendritic
organization (Figure 1E, F). To obtain a single measure for AIS location we determined
the AIS distance (AISΔ) as the linear path length from the base of the soma to the start of
the dense expression of either βIV-spectrin or Ankyrin G (Figure 2A). In contrast to
previous observations in mouse hippocampal pyramidal neurons (Thome et al. 2014), we
never detected Ankyrin G or βIV-spectrin immunofluorescence signals in the dendritic
branches connecting the axon, suggesting that AISΔ accurately reflects the anatomical
distance from the soma. In axodendritic neurons AISΔ was significantly more distal
compared to axosomatic neurons (Figure 2A, B; Table S2). The size of the AIS
compartment was, however, constant; neither AIS length nor the 2D area was different
between subtypes (Table S2). Interestingly, specifically the AISΔ inversely and strongly
correlated with the apical dendrite diameter (Figure 2C, Table S3). A correlation between
the axonal and dendritic organization was further corroborated when plotting AISΔ against
the total number of dendritic nodes (Figure 2D, Table S3), the total dendritic length as
well as the total dendritic area (Figure S3). In contrast, neither AIS length nor the area
correlated with apical dendritic diameter (Table S3). These findings suggest that in the
population of thick-tufted layer 5 neurons the AISΔ is fine-tuned with the anatomical
organization of dendrites.
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Figure 2 – Dendritic morphology correlates with AIS distance
(A) Left, z-projected confocal images of filled axosomatic and axodendritic layer 5 neurons (blue)
overlaid with bIV-spectrin
spectrin (green). Closed yellow arrowheads, start and end of the bIV-spectrin
immunofluorescence signal. Open yellow arrows, apical dendrite diameter. Right, schematic with AISΔ
indicating the linear path from soma base to start of bIV-spectrin expression. d, apical diameter. Scale
bar, 20 µm. (B) Axodendritic neurons possess smaller apical dendritic diameter and somata but longer
AISΔ. Two-way unpaired Student’s t-test, *P < 0.05, ***P < 0.0001. Axodendritic, n = 19; axosomatic, n
= 19. Error bars represent SEM. (C) Correlation analysis between AISΔ and apical dendrite diameter.
Pearson’s test, ***P < 0.0001; n = 38. (D) Correlation analysis between AISΔ and total sum of dendritic
nodes. Pearson’s test, **P = 0.001; n = 26.

Somatodendritic capacitive load predicts axonal coupling resistance
To examine whether AISΔ, ranging from 1.5 to 20 µm, impacts neuronal excitability we
examined the somatically recorded AP properties. The first rate-of-rise (dVm dt –1)
component of the somatic AP reflects the axonal axial current charging the somatodendritic
capacitor (Kole et al. 2008). If the local somatodendritic capacitance is constant dVm dt –1 is
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expected to vary as a function of AISΔ due to the axial resistance (!a ). In striking contrast
to the predictions the first peak in the dVm dt –1 showed no difference between the subtypes
(Figure 3A-C; Figure S4; Table S4), nor did it correlate with AISΔ (Figure 3C).
Similarly, the second, somatic Nav-mediated component was also not different (Table S4).
Neither the onset rapidness, defined as the slope of a linear fit to the AP phase plot (dVm dt –
1
vs. Vm, with unit ms–1), was different (~78 ms–1; Table S4). Theoretical work predicts that
increasing AISΔ is associated with a more hyperpolarized AP voltage threshold (Brette
2013). Although AP voltage threshold was significantly more hyperpolarized in
axodendritic neurons (~3 mV, P = 0.0005; Table S4), it did not correlate with AISΔ (r = –
0.332, P = 0.055; Table S3). The AP voltage threshold rather correlated with the apical
dendritic diameter (r = 0.488, P = 0.003; Table S3) and the larger apical dendritic diameter
(capacitive load), required larger current amplitudes to reach threshold compared to
axodendritic neurons (P = 0.0095; Table S4). Taken together, AISΔ alone does not explain
differences in spike generation.
If the maximal Nav conductance ("#$ ) within the AIS is constant the axial current should
theoretically be larger with a more proximal AIS location. Since the somatodendritic
capacitance (Cm) acts as a current sink, the axial current %axon should flow towards the soma
and leave the neuron as capacitive current %axon = Cm x dVm dt –1. Based on these concepts
we hypothesized that the larger capacitance of axosomatic neurons is matched with the
larger axial current expected for more proximal AIS locations. This idea is supported by the
observation that apical dendrites in the axosomatic neurons are on average ~2 µm larger in
diameter (Figure 2A, B) and strongly correlated with the AISΔ (Figure 2C, Table S3). It
may be predicted that AISΔ is inversely proportional to the capacitance of a characteristic
(

length of apical dendrite, which scales as ' ) , where ' is the apical dendritic diameter.
Indeed, correlation of the transformed geometrical data showed that AISΔ is well predicted
(

by apical ' *) (Figure 3D). In order to examine more closely the relationship with resistive
coupling !a we determined for each cell the specific coupling !a , based on the 3D
reconstructions and assuming a specific intracellular cytoplasmic resistance (!i ) of 150 W
cm (see Methods). Interestingly, there was a strong linear relationship between !a and
AISΔ (Figure 3E) suggesting that branch diameters are not greatly different between the
(

subtypes. Next, using the coupling !a estimates, we tested whether apical ' *) is a predictor
for !a and found a significant linear relationship (Figure 3F). These data suggest that
resistive coupling increases with smaller dendritic capacitance to reduce %axon during spike
initiation and the scaling of coupling !a with dendrites is independent of a somatic or
dendritic origin of the axon.
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Figure 3 – Similarity in AP waveform but inverted correlation between AIS distance and dendritic
diameter
(A) Overlaid voltage traces of somatic APs (red, axosomatic, AISΔ = 3 µm; blue, axodendritic, AISΔ =
18 µm). Scale bars, 10 ms, 10 mV. Inset, somatic APs plotted on an expanded time scale. Scale bars,
0.1 ms, 10 mV. (B) Corresponding phase-plots of the APs shown in panel A. (C) The first peak in the
–1
dVm dt did not correlate with AISΔ. Pearson’s test, P = 0.203; n = 36. (D) Correlation plot showing
(

AISΔ scales with apical d*) . Pearson’s test, ***P < 0.0001; n = 38. (E) AISΔ distance is linearly related
(

to coupling R a. Pearson’s test, ***P < 0.0001; n = 33. (F) Correlation of apical d*) vs. coupling R a.
Pearson’s test, ***P < 0.0001; n = 33.

Biophysical analysis of dendritic and axonal tuning of the somatic AP
To understand how AISΔ influences the capacitive depolarization of the somatodendritic
membrane by the axonal AP we examined a simple biophysical model consisting of a
cylindrical axon (diameter 1.5 µm) connected to a larger cylindrical somatodendritic
compartment (diameter 6 µm and length 500 µm; Figure 4A). KV channels,
somatodendritic NaV conductance and the inactivation component of NaV channels were
excluded (Brette 2013). When NaV channels open, the membrane potential in the AIS rises
towards the sodium reversal potential (,Na , Figure 4B). Since there were no NaV channels
between soma and AIS in the model this region should be mostly resistive (resistance !a ).
Therefore, the axonal current should be %axon = (,#$ − /0 )/!$ , where /s is the somatic
voltage. We assumed that /s remains far from ,Na and close to spike threshold during the
initial rise of the somatic AP, owing to the large somatodendritic capacitance (more
precisely, /s rises from spike threshold to somatic threshold, both well below ,#$ ). This
simplified account indicated that %axon ∝ 1/!$ , and since resistance is linearly proportional
to the path length (Figure 3E) it follows that %axon ∝ 1/(AISΔ). A more precise analysis
yields %axon ∝ 1/(AISΔ + δ), where δ is a positive shift calculated from the parameters (SI,
Figure S5). %axon must charge a large cylindrical somatodendritic compartment with a
dendritic diameter ('). The voltage response of a cylinder to a current scales with diameter
(

as ' *) (Rall 1969). Therefore, for the voltage response at the soma to be independent of the
(

diameter, AISΔ must scale as ' *) (see Methods and Figure S5). As predicted, peak %axon
and dVm dt –1 do not depend leak currents (Figure S5), neither on AIS length in the range
tested but are inversely related with AISΔ (Figure 4C). In general, our theoretical analysis
(

predicts that initial dVm dt –1 should scale with dendritic diameter as ' *) and we found
numerically and theoretically that those scaling factors were well in line with the
experimentally observed relationship (Figure 4D). Finally, is the covariation between
dendrites and axons sufficient to tune the somatic AP? In order to test this we varied the
dendritic diameter between 2 µm and 8 µm in the model and tuned the AISΔ so as to obtain
a constant somatic dVm dt –1 of 350 V s–1. The results from the numerical simulation (Figure
4E) agreed well with this prediction and showed that the AISΔ and the dendritic size
interact as observed experimentally (c.f. Figure 3D).
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Figure 4 – Numerical simulations predict that dendritic scaling with AIS distance normalizes the
somatic AP
(A) Illustration of the simplified conductance-based model of a pyramidal neuron with cylindrical
1
dendrite/axon (blue) and AIS (red). AISΔ (gray) is 5 µm and 45 µm long (diameter 1.5 µm). Nav (m )
channels do not inactivate and Kv channels are not included. (B) Voltage waveforms of the AIS (red)
and soma (blue, interface of axon and dendrite) during AP initiation. Note the lack of repolarization in
–1
the simple model. (C) Left, somatic Iaxon and dVm dt were independent of AIS length. Right, somatic
–1
–1
Iaxon and dVm dt showed a strong dependence on AISΔ. (D) Somatic dVm dt plotted against apical
diameter (d) in log-log scale (blue dots). The correlation is fitted with a power law function with
exponential of –1.22 (black line), compared to the theoretical prediction of –1.5 (black dashed line). (E)
–1
Combination of panel C (right) and D (left). AISΔ was adjusted to obtain a constant somatic dVm dt of
(

350 V s for dendrite diameters between 2.0 and 8.0 µm and plotted as a function of d*) (blue open
circles). Line represents the linear regression of the data.
–1
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Geometry of the somatodendritic compartment normalizes the consequence of axon
coupling to the dendrite
Next, to test how dendrites and AISΔ interact in neurons with complex morphologies and
in the presence of voltage-gated channels we created a conductance-based multicompartmental model based on an axosomatic layer 5 pyramidal neuron (see Methods and
Figure 5A). Based on the bIV-spectrin immunofluorescence signal the AISΔ (2.1 µm) and
AIS length (39.5 µm) were precisely implemented in the model (Hamada & Kole 2015)
(Figure S6). To test the role of !a in the optimized model we fixed the diameter of the
section representing AISΔ to 2 µm and varied the segment length between 2 and 40 µm
(Figure 5B, C). The critical role of AISΔ was evident by the steep hyperpolarization of the
voltage threshold (Figure S6) and decrease of the initial dVm dt –1 of the model APs (Figure
5C) in similar magnitude as predicted with the simplified biophysical model (Figure 4C).
With an AISΔ of 30 µm the initial dVm dt –1 reduced substantially causing a temporal delay
in the onset of the somatic AP, producing subsequently AP reflection in the axon. With an
AISΔ of 40 µm the somatic AP failed (Figure 5B, C). Increasing AISΔ thus facilitates
axonal output but negatively impacts the antidromic AP. Finally, to test whether the
reduction of %axon with distal AIS positions can be accounted for by reducing the
somatodendritic capacitive load we positioned the AIS at ~18 µm from the soma. The AIS
shift reduced the initial rising phase of the somatic AP by ~179 V s–1 (Figure 5D), in line
with the expected increase in resistive coupling (Figure 4C). Furthermore, in agreement
with the numerical and theoretical predictions, when the somatic and apical dendritic
diameters were reduced by 30% (reflecting the average dendritic diameter of axodendritic
neurons; Figure 2B) the initial peak in the dVm dt –1 increased selectively and reached
approximately similar amplitudes when compared to the control AP (Figure 5D). Together,
these simulations with realistic morphologies show that covariation of dendritic geometry
and AIS distance suffices to tune the somatic AP.
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Figure 5 – Dendritic morphology and AIS distance in a realistic compartmental model normalize
the somatic AP
(A) Part of the morphological reconstruction encompassing soma, proximal basal and apical dendrites
(blue) and the AIS (red) used in compartmental modeling. The AISΔ of 2 µm represents the control
morphology. Alternative models were made with increasing AISΔ (gray). Scale bar, 20 µm.(B) Left,
Simulation of single APs at the soma (blue), overlaid with the experimentally recorded AP as constrain
(black) and with corresponding simulated AP waveform in the distal AIS (red). Left, somatic and AIS AP
for different AISΔ values. Note the failure of somatic (but not axonal) AP generation with a 40 µm AISΔ.
–1
–1
Scale bars, 0.1 ms, 10 mV.(C) First dVm dt of the somatic APs (blue) and the peak dVm dt of the AIS
AP (red). Asterisk, somatic AP failure. Data series are fitted with single-exponential functions. (D) Phase
–1
–
plot of the simulated APs showing how adjusting AISΔ to 18 µm reduced the first dVm dt by ~179 V s
1
. Decreasing the somatodendritic compartment by 30% sufficed to recover the amplitude in the first
–1
dVm dt .
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Discussion
In this study we identified that a large fraction of adult thick-tufted rat layer 5 pyramidal
neurons have an axon emanating from a basal dendrite (Figure 1). These observations are
in line with earlier reports using Golgi staining or electron microscopy from layer 2/3 or
layer 5 pyramidal cells in a range of different cortical areas and species (Palay et al. 1968;
Peters et al. 1968) or in hippocampal pyramidal neurons (Thome et al. 2014; Amaral 1978)
and support the notion that variation in axon location is a common principle of the cellular
architecture of pyramidal cells. Cable theory predicts that the axial resistance between the
AIS and the soma has a strong impact on spike initiation (Brette 2013). Although the
resistive coupling values across the population spanned more than one order of magnitude
(from ~0.1 to 2.5 MW, Figure 3) we surprisingly could not identify a functional impact of
AISΔ on somatically recorded AP properties (Table S3). To achieve uniform APs at the
soma our theoretical analyses and compartmental simulations predict that AISΔ should be
inversely related with the local somatodendritic capacitance. The anatomical properties of
layer 5 pyramidal neurons were well in line with these theoretical predictions and revealed
a strong correlation, with the correct order of magnitude, with the apical dendrite diameter
and number of dendritic nodes (Figure 2, Table S3). These experimental results support
the theory of resistive coupling (Brette 2013), predicting that the main determinants of the
first somatic AP component are local geometry and intracellular resistivity.
Scaling of AIS location with somatodendritic morphology may be a general feature of
neurons. For example, in midbrain dopaminergic neurons axons often emanate from a
dendrite which is larger in diameter (Blythe et al. 2009; Hausser et al. 1995; Gentet &
Williams 2007). In these cells the dendritic APs are electrically isolated during synaptic
potentials and often characterized by temporal imprecision, failure, reverberation and/or
reflection (Gentet & Williams 2007). Since dopaminergic cells release neurotransmitter
from somatodendritic sites it is thought that dendritic origin of the AIS facilitates
somatodendritic auto-inhibition (Gentet & Williams 2007). In other cell types the AIS
location is linked to unique electrical computations. For example, in auditory neurons in
chicks the AIS distance, ranging between 0 and 50 µm distance, is adapted to enable
frequency tuning (Kuba et al. 2006; Kuba et al. 2010). Consistent with predictions from
axial resistive coupling the distal AIS position in these cells is characterized by smaller
somatic AP amplitudes but with the distinct advantage of axonal AP output being phase
locked to higher input frequencies in the kilohertz range. Uncoupling the axon from
charging the soma in some cell types thus benefits local axonal computations.
In pyramidal neurons, however, the AIS not only integrates incoming synaptic inputs and
transforms them into output patterns, but at the same time plays a critical role in the
antidromic direction to depolarize the somatodendritic membrane capacitance with
sufficient magnitude and speed to activate the somatic Nav channels initiating the
backpropagating spike (Kole & Stuart 2008; Stuart, Spruston, et al. 1997; Moore et al.
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1983). The present observation of invariable somatic APs is in agreement with recordings
in hippocampal CA1 pyramidal neurons with AIS distances ranging between ~1.0 and 20
µm showing little, if any, difference in the somatic AP (Thome et al. 2014). In that study it
was shown that axon coupling to basal dendrites facilitates synapse-evoked dendritic spike
generation in the axon-carrying dendrite (Thome et al. 2014). While we did not examine
the presence of local basal dendritic spikes, our integrated electrophysiological and
morphological approach suggests the anatomical arrangement may rather serve geometrical
homeostasis normalizing the amplitude and rsie time of the somatic AP. Backpropagating
APs are implicated in a wide range of dendritic computations (London & Häusser 2005)
acting as a retrograde signal for non-linear integrative functions in the dendritic branches of
cortical pyramidal neurons (Larkum 2013; N.-L. Xu et al. 2012; Stuart, Schiller, et al.
1997). Tuning the position of the axon and local dendritic area may ensure amplitude and
temporal fidelity of the backpropagating spike during its transition from the axon into the
soma and dendritic branches.
The cellular and molecular mechanisms tuning the somatodendritic geometry together with
the axon location remain to be determined. During the first weeks of development, when
the dendritic tree rapidly expands, the AIS also shifts from its distal site to a more proximal
location near the soma (Galiano et al. 2012) and dynamically changes in length (Gutzmann
et al. 2014). One mechanism identified for activity-dependent changes in AIS location
includes the Ca2+ influx from L-type Ca2+ channels subsequently activating the cytosolic
signaling pathways including the Ca2+-calmodulin sensitive phosphatase calcineurin (Evans
et al. 2013). Such a molecular mechanism may also be suitable to link local
somatodendritic Ca2+ elevations with cytoskeletal organization along the axon. This
hypothesis remains to be established and would require simultaneous morphological
analysis of dendrites and axons. The finding of a structural homeostatic scaling between
axons and dendrites in pyramidal neurons may also have implications for the interpretation
of activity-dependent relocation of the AIS along the longitudinal axis of the axon (Grubb
& Burrone 2010). Rather then reducing intrinsic excitability, our modeling predicts that
shifting the AIS alone distally would weakly promote axonal firing (Figure 5), consistent
with theoretical and modeling results (Gulledge & Bravo 2016; Brette 2013). Furthermore,
our results indicate that in cortical pyramidal cells the anatomical location of the AIS is to a
large degree co-varying with the local somatodendritic membrane area, ensuring the
generation of uniform somatic APs in the face of highly variable dendritic loads.

Materials and Methods
All details for electrophysiological recordings, numerical simulations, biophysical
modeling (Brian) and compartmental NEURON modeling are described in the
Supporting Information (SI).
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Figure S1 – Labeling of layer 5 pyramidal cells by fluorescent retrograde beads injections into
the spinal cord and contralateral cortex hemisphere
(A) Schematic representation of fluorescent retrograde beads injection sites.
(B) Overview confocal image of the somato-sensory cortex in a parasagittal section showing the spinal
cord injected retrograde beads labeling of pyramidal neurons after retrograde transport (bright red).
Sections where co-labeled with NeuN (blue) to reveal cortical layer identification. Neurons projecting to
the spinal cord were back-labeled and restricted to layer 5.
(C) Confocal images of an axosomatic and axodendritic layer 5 pyramidal neurons showing labeling
with fluorescent retrobeads (white) and immunolabeling
olabeling for NeuN (blue) and bIV-spectrin (red). Yellow
arrows, indicate the origin of the AIS. (D) Bar plots quantifying the percentage of layer 5 pyramidal
neurons projecting to the spinal cord. PT, pyramidal tract. Fisher’s exact test. (E) Overview confocal
image of the retrograde labeling of contralaterally projecting neurons in the somato-sensory cortex.
Although primary cortical areas have very few callosal connections, some contralateral projecting
neurons with small somata were found in the primary somatosensory cortex. (F) Large layer 5 pyramidal
neurons were not back-labeled for retrobeads injected at the contralateral cortex hemisphere.
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Figure S2 – Dendritic morphology of thick-tufted layer 5 neurons
Dendritic gallery of 13 reconstructed axodendritic (A) and 13 axosomatic (B) thick-tufted layer 5
pyramidal neurons.

Figure S3 – AISΔ scales with dendritic length and dendritic area
(A) Correlation analysis between AISΔ and length and total dendritic length. Pearson correlation test,
**P = 0.009; n = 26.
(B) Correlation analysis between AISΔ and length and total dendritic area. Pearson correlation test, *P
= 0.017; n = 26.
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Figure S4 – Identification of the peak in the first temporal derivative
(A) Top, Several overlaid voltage waveforms of individually evoked APs from a layer 5 neuron with a 3
–1
ms direct-current injection. Bottom, Voltage first time derivative (dV m dt ), from the same traces. The
first peak amplitude reflects the current flow from the axonal during onset of the somatic voltage
–1
waveform (46, 47). In Method 1, the initial peak of dVm dt
was the average of 4-5 individually
measured peaks (black dotted line).
2
–2
(B) Red voltage trace from A. including the second time derivative (d Vm dt ). To test the robustness of
peak measurements in Method 1, we identified the temporal location of the local minimum in second
time derivative (grey dotted line, closed grey circle), which corresponds to the peak in first time
–1
derivative (grey dotted line, closed grey circle). (C) Plot of the initial dVm dt data set analyzed using
two different methods described in A. and B. The data indicate a strong overlap in both methods not
deviating from unity (line) (Pearson’s r = 0.9, n = 36).
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Figure S5 – Role of voltage-gated channels in biophysical simple model of AP initiation
(A) Voltage traces along the axon when the soma is voltage-clamped 2 mV below (red, dashed line)
and above (red, solid line) the AP threshold. Black line (solid) is the theoretical voltage profile obtained if
the AIS Nav channels clamp the membrane at ENa. The difference in axial current between this profile
and the simulation is equivalent to shifting AISΔ by a few micrometers (δ). The voltage-clamp situation
is used as the basis of theoretical predictions, where Iaxon at the soma is calculated. An analytical
expression for the peak axonal current as a function of biophysical parameters was generated for the
case where the soma is voltage-clamped, by making the approximation that all NaV channels are open
and that leak currents are negligible. The analytical expression predicted that Iaxon ∝ 1/(AISΔ + δ),
where δ is a shift that decreases with increasing g=> . It is then expected that Iaxon measured in voltage–1

clamp is proportional to dVm dt
in current clamp. We compared this expression with numerical
–1
simulations, and with the maximum somatic dVm dt in a current-clamp simulation.
–1
(B) Left, Iaxon in voltage-clamp (left axis; blue) and maximum somatic dVm dt
(right axis; red) in
current-clamp plotted against leak conductance (g?@>A ), showing that leak channels have no impact.
Black dashed line indicates the theoretical prediction. Right, somatic Iaxon and dVM dt
Nav conductance density (g=> ).
As expected, peak Iaxon and dVm dt

–1

–1

plotted against

did not depend on leak conductance density (g?@>A ) because g?@>A

is small relative to g=> (left). Both increase with sodium conductance density, but in a sub-linear way.
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Figure S6 – Compartmental modeling shows geometrical normalization is independent of axon
type
(A) Left, confocal scan of the neuron used for the computational model. Right, Part of the 3D
reconstruction of the same axosomatic neuron (blue). Scale bar, 20 µm.
(B) Overlaid and aligned AP voltage waveforms from the experimental data (black) of the same neuron
shown in A. and simulated AP voltage waveform (blue) for voltage versus time (top) and time-derivative
versus time (bottom). The compartmental model was based on the experimentally identified AISΔ of 2.1
µm and length 39.5 µm. To match the experimentally recorded AP waveform, "#$ in the AIS and
–2

–2

somatodendritic membrane were adjusted ("#$ AIS: 14,250 pS µm ; "#$ soma: 525 pS µm ). The
–1

inset shows a 3 ms, 2.1 nA current step, and voltage responses. Scale bars, 0.1 ms, 10 mV, 0.1 kV s .
(C) Voltage threshold of somatic (blue) and AIS (red) AP generated from neurons with increasing AISΔ.
Consistent with electrical compartmentalization and increased axial resistance when placing the AIS
further from the soma the local AIS AP rise time increased and the voltage threshold, as measured at
the soma, decreased (from –49.6 to –54.6 mV). Data series are fitted with single-exponential function.
(D) Finally, to exclude that regulation of %axon in the axodendritic and axosomatic occurs at the level of
conductance densities or other cell-specific detailed morphological differences in their axons we
generated hybrid models. First, we optimized a morphologically realistic axodendritic neuron to the
–2
–2
experimentally recorded somatic AP (full red) ("#$ AIS: 14,350 pS µm ; "#$ soma: 600 pS µm ) and
subsequently exchanged its axon (red) with the axon of the optimized axosomatic layer 5 pyramidal
neuron (blue) and vice versa.
(E) Phase plots of simulated APs from control models (solid lines) and hybrid models (dashed lines).
Note how AP initiation waveform is independent of the axon morphology.
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Axo-dendritic
(n = 13)
83 ± 5

69 ± 5

Sum of
dendritic
nodes

0.1907

16 090 ± 719

14 722 ± 717

Sum of
dendritic
length (µm)

0.0314

65 696 ± 2
590

Sum of
dendritic area
(µm2)
57 572 ± 2
430

0.0539

51 ± 3

43 ± 3

Apical
dendritic
nodes

0.2483

10 239 ± 523

9 404 ± 474

Apical
dendritic
length (µm)

0.2758

44 528 ± 2
266

41 316 ± 1
772

Apical
dendritic area
(µm2)

0.1361

31 ± 2

26 ± 3

Basal
dendritic
nodes

0.1874

5 851 ± 276

5 319 ± 279

Basal
dendritic
length (µm)

0.0413

19 211 ± 3
648

16 257 ± 923

Basal
dendritic area
(µm2)

Table S1 – Dendritic tree properties

Axo-somatic
(n = 13)
0.0537

Two-tailed
unpaired t-test
(P)

Morphological parameters of 3D reconstructed neurons. All data presented as mean ± SEM (n).
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Axo-somatic

Axo-dendritic

0.7689

1 227 ± 32
(n = 17)

1 206 ± 35
(n = 18)

Cortical
depth (µm)

0.0388

640.2 ± 35.8
(n = 19)

556.7 ± 184
(n = 19)

Soma area
(µm2)

<0.00001

8.25 ± 0.2
(n = 19)

6.44 ± 0.2
(n = 19)

Apical
diameter
(µm)

<0.00001

3.71 ± 0.42
(n = 19)

9.8 ± 0.79
(n = 19)

AIS distance
(µm)

0.6195

45.7 ± 1.0
(n = 19)

46.5 ± 1.3
(n = 19)

AIS length
(µm)

0.3110

108.8 ± 4.1
(n = 19)

102.4 ± 4.4
(n = 19)

AIS area
(µm2)

0.4074

0.18 ± 0.01
(n = 19)

0.19 ± 0.01
(n = 19)

AIS/soma
ratio

Table S2 – Morphological properties of the peri-somatic domain

Two-tailed
unpaired t-test
(P)

Parameters of the neuronal peri-somatic morphology measured from z-projected confocal stacks. Soma area and AIS area refer
to the two-dimensional cross sectional area estimated by using the polygon selection tool (FIJI). AIS, axon initial segment. All data
presented as mean ± SEM (n).
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AIS L
AIS A
RMP
RIN
AP ITH
AP VTH
1st dVm/dt
2nd dVm/dt
AP amp.

ADP A

AP H-W

ADP amp.
Rheo base

Soma A

APTrain VTH

Apical d
Total dend.
nodes
Total dend. L
Total dend. A

r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P
r
P

0.713**
0.000
0.385*
0.032
0.114
0.521
–0.494**
0.003
0.107
0.547
–0.122
0.492
–0.312
0.072
–0.192
0.277
0.011
0.953
–0.550**
0.001
–0.274
0.122
–0.112
0.529
–0.143
0.420
0.120
0.472
–0.062
0.712
–0.371
0.062
0.067
0.745
0.325
0.105
AIS A

0.372*
0.039
–0.175
0.322
–0.219
0.213
0.194
0.272
–0.182
0.304
–0.528**
0.001
–0.338
0.051
0.110
0.536
–0.506**
0.002
–0.231
0.196
0.091
0.610
–0.014
0.939
0.340*
0.037
0.199
0.230
–0.280
0.166
0.023
0.912
0.252
0.214
RMP

0.286
0.119
–0.462**
0.009
0.668**
0.000
0.254
0.168
0.094
0.615
–0.170
0.360
0.138
0.460
–0.421*
0.018
–0.124
0.513
–0.308
0.092
0.419*
0.019
0.007
0.968
0.177
0.341
–0.235
0.293
–0.268
0.228
–0.028
0.902
RIN

–0.598**
0.000
0.235
0.182
0.215
0.223
0.234
0.182
0.187
0.289
0.227
0.197
–0.191
0.279
–0.308
0.082
–0.742**
0.000
–0.010
0.956
–0.416*
0.014
–0.041
0.816
0.171
0.424
0.123
0.566
0.010
0.965
AP ITH

0.728 *
0.000
0.209
0.236
0.401*
0.019
0.327
0.059
0.493*
0.014
0.228
0.284
0.102
0.635

AP VTH

0.323
0.063
–0.030
0.868
–0.389*
0.023
0.045
0.799
–0.086
0.628
0.026
0.888
–0.020
0.912
0.657**
0.000
0.134
0.451
0.488**
0.003
0.104
0.630
0.006
0.976
0.144
0.502
*

0.236
0.153
–0.060
0.720
–0.085
0.648
–0.062
0.729
–0.335
0.053
–0.332
0.055
–0.232
0.187
0.062
0.726
0.008
0.966
–0.123
0.488
–0.161
0.362
–0.020
0.911
–0.117
0.511
–0.148
0.404
–0.060
0.718
–0.731**
0.0001
–0.596**
0.001
–0.503*
0.009
–0.464*
0.017
AIS L

0.008
0.965
–0.071
0.688
–0.113
0.526
–0.163
0.358
–0.139
0.432
0.619**
0.000
0.415*
0.016

AISD

Table S3

0.799**
0.000
0.216
0.220
0.140
0.429
0.052
0.771
0.088
0.621
0.529**
0.008
0.126
0.558
–0.159
0.457
ADP A

0.259
0.145
0.287
0.105
0.236
0.186
0.032
0.859
0.143
0.516
–0.256
0.238
–0.350
0.102
ADP
amp.

Rheo base

0.168
0.343
0.429*
0.011
0.214
0.225
0.093
0.666
0.018
0.932
0.231
0.278

APTrain VTH

0.263
0.134
0.284
0.103
–0.170
0.427
–0.395
0.056
–0.259
0.222

Soma A

0.188
0.259
–0.160
0.435
–0.209
0.306
–0.069
0.737

Apical d

0.392*
0.048
0.261
0.197
0.321
0.110

0.699**
0.0001
0.392*
0.048
Total
dend.
nodes

Total
dend. L

0.732**
0.0001

Correlation analysis between AIS onset and neurophysiological parameters from recorded control neurons.
Pearson’s correlation coefficient (r) and the P value are shown for all combinations. *P < 0.05, **P < 0.01.
AIS L, AIS length; AIS A, AIS area; RMP, resting membrane potential; RIN, input resistance; AP ITH, AP
current threshold; AP VTH, AP voltage threshold; AP amp., AP amplitude; ADP A, afterdepolarization area;
APTrain VTH, AP train voltage threshold; Soma A, soma area; Apical d, apical diameter.

0.460**
0.006
–0.235
0.182
0.104
0.560
0.067
0.710
–0.182
0.304
0.028
0.873
–0.229
0.194
–0.204
0.246
–0.139
0.518
–0.045
0.835
–0.120
0.575

0.335
0.052
0.361*
0.039
–0.373*
0.030
–0.088
0.622
–0.091
0.607
0.117
0.510
0.242
0.255
0.164
0.443
–0.115
0.591

0.488**
0.003
–0.032
0.859
–0.374*
0.029
–0.085
0.635
0.052
0.775
0.055
0.758
0.359*
0.037
–0.039
0.827
0.134
0.449
–0.167
0.436
–0.233
0.273
–0.072
0.737

2nd
AP amp. AP H-W
dVm/dt

0.209
0.235
0.164
0.353
–0.093
0.607
–0.316
0.069
–0.504**
0.002
–0.454**
0.007
–0.308
0.076
0.199
0.351
0.364
0.080
0.059
0.784
1st
dVm/dt
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Axo-somatic

Axo-dendritic

0.0095

2.3 ± 0.1
(n = 17)

1.8 ± 0.1
(n = 19)

AP ITH (nA)

0.0005

–47.6 ± 0.6
(n = 17)

–50.8 ± 0.6
(n = 19)

AP VTH (mV)

0.2986

429.7 ± 11.2
(n = 17)

411.9 ± 12.6
(n = 19)

1st dVM dt –1
(V s–1)

0.5002

633.4 ± 17.1
(n = 17)

651.6 ± 20.4
(n = 19)

2nd dVM dt –1
(V s–1)

0.1916

93.8 ± 5.3
(n = 17)

102.3 ± 3.6
(n = 19)

dVM dt –1
delay (µs)

0.8869

78.4 ± 4.2
(n = 17)

76.8 ± 4.5
(n = 19)

AP onset
rapidness
(ms–1)

0.0505

99.6 ± 1.0
(n = 17)

102.2 ± 0.9
(n = 19)

AP
amplitude
(mV)

0.6366

510.9 ± 9.2
(n = 17)

518.0 ± 11.7
(n = 19)

AP halfwidth (µs)

0.6337

251.0 ± 17.2
(n = 17)

237.6 ± 21.7
(n = 19)

ADP area
(V s)

0.5499

–3.2 ± 0.7
(n = 17)

–4.0 ± 0.8
(n = 19)

ADP
amplitude
(mV)

Table S4 – Action potential properties

Two-tailed
unpaired t-test
(P)

Action potential (AP) parameters from recorded neurons. ADP, afterdepolarization; AP ITH, AP current threshold; AP VTH, AP voltage threshold. All data presented as mean ±
SEM (n).
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SI Materials and Methods
In vitro slice preparation. All experiments were done in compliance with the European
Communities Council Directive of 24 November 1986 (86/609/EEC) and the Royal
Netherlands Academy of Arts and Sciences animal welfare and ethical guidelines and
protocols (DEC NIN 12.13). Male or female Wistar rats (5 – 10 weeks of age) were deeply
anesthetized by isoflurane inhalation and quickly decapitated. Brain hemispheres were both
removed, and parasagittal brain slices (300 µm) were prepared from S1 cortex, including
barrel, hind-, and forelimb areas, using vibratome (1200S, Leica Microsystems B.V.).
Throughout the slice preparation, the brain was maintained in ice-cold ACSF consisting of
(in mM) 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4, 25 glucose, 1 CaCl2, and 6 MgCl2
(pH 7.4; oxygenated with 95% O2/5% CO2). After cutting, slices were transferred to a
holding chamber filled with oxygenated ACSF maintained at 35°C for 45 min and
thereafter stored at room temperature.
Whole-cell recordings. Slices were transferred to an upright microscope (BX51WI,
Olympus Nederland B.V.) equipped with oblique illumination optics (WI-OBCD, NA0.8).
The microscope bath was perfused with oxygenated (95% O2, 5% CO2) aCSF consisting of
(in mM) 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2PO4, 25 glucose, 2 CaCl2, and 1 MgCl2.
Current-clamp whole-cell recordings were made from visualized layer 5 pyramidal neurons
with Dagan BVC-700A amplifiers (Dagan Corporation, MN, USA). Whole-cell patch
pipettes were made from borosilicate glass (Harvard, Edenbridge, Kent, UK) pulled to an
open tip resistance of 5 – 6 MΩ. Pipettes were filled with (in mM) 130 K-gluconate, 20
KCl, 4 Mg-ATP, 0.3 Na-GTP, 10 HEPES, and 10 Na2-phosphocreatine (pH 7.4 adjusted
with KOH, 280 mOsmol kg−1), to which 8 – 10 mg ml−1 biocytin and/or 100 – 200 µM
Alexa Fluor salts (488 or 594; Invitrogen B.V.) were added. Unless otherwise stated, all
chemicals were obtained from Sigma-Aldrich (Sigma-Aldrich Chemie B.V.). All data were
obtained at 32°C (± 1°C). APs were evoked by brief (3 ms) current injections perithreshold (range: 1–3 nA) to minimally charge the dendritic membrane and temporally
isolate the voltage waveform of the axosomatic AP from the current injection during the
falling phase of the membrane transient. Voltage was analog low-pass filtered at 10 kHz
(Bessel) and digitally sampled at 100 kHz using an A-D converter (ITC-18, HEKA
Elektronik GmbH) and data acquisition software AxoGraph (v. 1.5.4, Molecular Devices
Co., CA, USA). Access resistance was on average ~20 MΩ for somatic recordings and
fully compensated using bridge balance and capacitance neutralization. Recordings were
aborted if the access resistance exceeded 30 MΩ. All AP properties were determined from
AP threshold, defined as the voltage at which the AP depolarization rate approximates 50 V
s–1 (Kole et al. 2008).
Morphological reconstruction of thick-tufted layer 5 neurons. Immediately after
recording slices were transferred to a fixative of 0.1 M phosphate-buffered saline (PBS; pH
7.4) containing 4% paraformaldehyde for 20 – 25 min. Brain slices were then blocked with
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5% bovine serum albumin (BSA), 5% normal goat serum (NGS) and 2% Triton X-100
diluted in PBS for 2 h at room temperature (RT). Slices were subsequently incubated with
Rb-anti-bIV-spectrin (1:200, gift from M. N. Rasband, Baylor College of Medicine, TX,
USA), fluorophore-conjugated streptavidin (1:500; Invitrogen B.V.), 5% BSA, 5% NGS
and 2% Triton X-100 diluted in PBS overnight at RT. Slices were washed in PBS and
incubated in secondary antibodies (1:500) for 2 h at RT and washed again to visualize the
immunoreaction. Sections were then mounted on glass slides and coverslipped in
Vectashield (Vector Laboratories). The two-dimensional cell body area was estimated by
outlining the soma area with the polygon selection tool (FIJI) from distance calibrated zprojected confocal stacks acquired from acute brain slices. Apical dendritic diameter was
measured as an average of five equally spaced (5 µm) diameter estimations starting from 5
µm from the soma edge, using the line selection tool (FIJI).
For morphological reconstruction of the dendritic trees, tile-scan images of
biocytin-labeled neurons were collected with a Leica TCS SP5 II (DMI6000 CFS;
acquisition software, Leica Application Suite AF v. 2.6.3.8173) or SP8 X (DM6000 CFS;
acquisition software, Leica Application Suite AF v. 3.2.1.9702) confocal laser-scanning
microscopes (Leica Microsystems GmbH, Germany). Confocal images were acquired at
2048 × 2048 pixels (1.0 µm z-step) using 40x (NA1.3, 0.75 – 1.0 digital zoom) oilimmersion objective. To avoid bleed-through between emission wavelengths, automated
sequential acquisition of multiple channels was used and saved as uncompressed LIF
format. The 3D reconstructions of the dendritic structures were performed by computerized
tracing using Neurolucida (v.10, MBF Bioscience Inc., Germany). To examine the
accuracy with 1.0 µm z-step optical sections, we additionally scanned regions with 0.5 and
0.25 µm z-steps and reconstructed the somatodendritic morphology in all three scans.
Quantitative comparison of the total surface area showed a ~96% accuracy with z-steps of
1.0 µm.
Heat maps of reconstructed thick-tufted layer 5 pyramidal neurons were made by
normalizing the size of each neuron to the total cortical depth and converting Neurolucida
reconstructions into uncompressed black and white TIFF images using Adobe Illustrator
(Adobe Systems Inc., CA, USA). Then, the following bitmap manipulations were done
using FIJI (ImageJ) graphic software (v1.47, NIH, USA): Cell bodies were centered at the
medial lateral axis. Binary images were Gaussian filtered to a radius of 100 pixels (~50
µm). The contrast of each cell’s Gaussian blur filtered image was adjusted to make the
highest pixel intensity for the image the maximum value possible before averaging the
images for each neuron. These group average images were then adjusted for contrast to
make the highest pixel intensity for the image the maximum value possible (Bortone et al.
2014). The color look-up table (LUT) used was FIJI’s “physics”.
Retrograde fluorescent tracer injection. Green or red fluorescent retrograde beads
(RetrobeadsTM IX, Lumafluor Inc., FL, USA) were used to identify subpopulation of
cortical layer 5 pyramidal cells based on their axonal targets. For spinal cord injections (n =
2), young-adult rats (4 – 5 weeks) were anesthetized with intra-muscular injection of
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ketamine (0.1 ml 100 g–1), xylazine (0.05 ml 200 g–1) and distilled H2O (1:1:2 volume
ratio), and placed in stereotaxic stage. Incision in the cervical region was made and
laminectomy at level cervical C3 and C4 was preformed and subsequently the dura matter
was opened. Immediately after laminectomy, the retrograde dye was carefully injected
using glass pipette (~15 µm diameter tip). Each animal received three injections (3 x 1 µl;
dorsal and lateral finiculi) at depth of 0.8 mm from the dorsal surface of the spinal cord
using pressure injections a syringe pump (injection rate: 250 nl min–1; Harvard Apparatus
Inc., MA, USA). For cortical injections (n = 2), young-adult rats (4–5 weeks) were head
fixed in a stereotaxic stage and anaesthetized with isoflurane (5% induction, 2.0–2.5%
maintenance), and a micro-drill was used to create a small craniotomy (2 mm diameter
circle). We injected 250 nl (volume rate: 23 nl s–1) of fluorescent beads into the primary
somatosensory cortex (n = 2; –2.04 mm posterior to bregma, 2.6 mm lateral of sagittal
suture, 1 mm deep; Paxinos et al. 1985), using Drummond Nanoject volume injector
(Drummond Scientific Co., PA, USA). The micropipette was kept in place for 5 – 10 min
before retraction. About 3 – 5 days were used to permit adequate retrograde transport of the
fluorescent beads to the pyramidal somata, before processing the tissue for fluorescent
immunohistochemistry. For immunolabeling 150 µm-thick parasagittal sections were colabeled for guinea pig anti-NeuN (1:1000; EMD Millipore) and Rb-anti-bIV-spectrin.

Quantification of retrobeads labeled neurons. Quantification of double-labeled neurons
was restricted to the somatosensory cortex (S1HL) for both contralateral cortex and spinal
cord projecting neurons. At least 4 – 5 cortical sections for each injection paradigm were
selected that contained numerous fluorescent back-labeled pyramidal neurons within
S1HL. All layer 5 pyramidal neurons per section that contained fluorescent microspheres
were examined by sequential z-stack (50 – 60 µm) acquisition of multiple channels of an
area of 554 x 554 µm spanning layer 2/3 – layer 6 with a laser-scanning confocal
microscope (Leica SP8 X DM6000 CFS) at 2048 × 2048 pixel-resolution (1.0 µm z-step;
bit-depth = 8) using 20 x (NA 0.75, x1 digital zoom) oil-immersion objective. All layer 5
pyramidal neurons per section containing dense fluorescent microspheres were examined
individually for immunolabeling and axon coupling by alternating the fluorescence
channels in FIJI (ImageJ) graphic software (v1.47, NIH, USA). The present study is based
on the examination of 784 layer 5 pyramidal neurons. An average of ~60 neurons per layer
5 subpopulation was counted for each section (n = 14 sections; n = 4 rats) used.
Compartmental modeling. For conductance-based multi-compartmental simulations, we
used a biocytin-filled thick-tufted rat layer 5 pyramidal axosomatic neuron (cell ID
2014_01_28_#1), scanned at 2048 x 2048 pixel resolution with confocal microscopy using
1 µm z steps (Leica SP8), three-dimensionally reconstructed with Neurolucida (v.10,
MicroBrightField) and imported into the NEURON simulation environment (v. 7.3; (Hines
& Carnevale 2001)). Both the AIS and nodal domains were carefully incorporated into the
model as distinct sections with the width, and length values based on the precise location of
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bIV-spectrin (2.1 µm). Cytoplasmic resistance (Ri) was set to 150 Ω · cm throughout all
compartments. The resting membrane potential (RMP) was adjusted with e_pas to –80 mV
and temperature was set nominally at 33 °C. Throughout the somatodendritic and nodal
compartments, the membrane resistance (Rm) was set to 25 kΩ · cm2 and capacitance (Cm)
1.0 µF · cm–2. Myelination of internodal sections was represented by increasing internodal
Rm to 100 kΩ · cm2 and decreasing Cm to 0.25 µF · cm–2. Nav conductance was
implemented by two separate eight-state allosteric models developed for the soma and the
axon (Schmidt-Hieber & Bischofberger 2010) and distributed linearly decreasing in density
along the somatodendritic axis and locally increasing in peak densities in the AIS as
described previously (Hallermann et al. 2012; Battefeld et al. 2014). Nav peak conductance
values used were 525 pS · µm–2 in the soma, 20 pS · µm–2 in dendrites, 40 pS µm–2 in the
internodal membrane, 4000 pS · µm–2 in the nodes, and 14,250 pS · µm–2 at the peak
density in the AIS. Potassium (K+) and calcium-dependent K+ conductances were
distributed as described recently model accession number #144526 (ModelDB). Kv7 peak
conductance was set at 150 pS · µm–2 in nodes of Ranvier and at the end of the AIS, 15 pS ·
µm–2 in axon collaterals and in the internodes, and 5 pS · µm–2 in dendrites (Battefeld et al.
2014). The K+ and Na+ equilibrium potentials were set to –85 and –55 mV, respectively.
The hyperpolarization-activated cation channel (HCN1) model was exponentially
increasing in the apical dendrites (Kole et al. 2006) but uniform in the axon (1.0 pS · µm–2).
The final input resistance of the model neuron was 18.6 MΩ (22.7 MΩ, experimentally).
Segment length was adjusted to be below 10% of the alternating current length constant,
lAC, at 3 kHz for each section. Since we were primarily interested in the rising phase of the
AP, simulations were performed with integration time steps (dt) of 2 µs. To compare the
simulations to electrophysiological recordings simulated traces were filtered at 10 kHz and
re-sampled at 100 kHz. Simulated APs were evoked with a 3 ms, 2.1 nA current injection
(2.5 nA, experimentally). For the hybrid model simulations we used 3D reconstructed
thick-tufted rat layer 5 pyramidal axodendritic neuron with bIV-spectrin-based AISΔ of
11.6 µm (cell ID 2014_11_24_#3). RMP was adjusted with e_pas to –89.5 mV and
membrane parameters were set to previously described values. Nav peak conductances in
the soma and AIS were used were 600 pS · µm–2 and 14,350 pS · µm–2, respectively. Final
input resistance of the model neuron was 20.7 MΩ (20.6 MΩ, experimentally), and APs
were simulated with 3 ms, 1.8 nA current injection (2.1 nA, experimentally).
Numerical simulations of the simplified model. All simulations were performed with the
Brian Simulator with temporal resolution 0.015 ms and spatial resolution 1 µm (Goodman
& Brette 2009). The neuron model used in the simulations consists of a cylindrical
somatodendritic compartment of diameter 6 µm and length 500 µm attached to a thinner
cylinder (diameter 1.5 µm and length 300 µm), representing the axon. The specific
membrane capacitance is Cm = 0.9 µF · cm–2, the leak conductance density ("BC$D ) was set
to 1 pS · µm–2, giving a membrane time constant τm = 9 ms. Intracellular resistivity is Ri =
150 Ω · cm and the leak reversal potential is ELeak = −80 mV. Only Nav channels and leak
channels were included, because we focus on spike initiation. Kv channels and inactivation
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of Nav channels are not considered. Unless otherwise stated, the AIS starts at 5 µm away
from the soma and is 45 µm long, in line with experimental observations (see Results
section). Nav channels are uniformly distributed in the AIS and the Na current is defined
by the following equations:
INa = "Na m(ENa – V)
dm
τm
= m∞ V – m
dt
m∞ V =
1+ exp

1
V1 – V
2

Ka

where ENa = 60 mV, Ka = 6 mV, V1/2 = −30 mV, τm = 50 µs. The peak Na conductance
density is "#$ is 3,000 pS µm–2. Note that to reduce the complexity the current equation
(INa) uses m1. Furthermore, there are no Nav channels in the soma because they are not
involved in spike initiation. The model is simulated in somatic current-clamp and in
somatic voltage-clamp. In current-clamp, a 1 ms current step is injected at the soma, i.e. at
the junction between the somatodendritic cylinder and the axonal cylinder. The maximum
of the first time-derivative of the voltage is recorded at the soma (red axis, Figure 4B, C).
In voltage-clamp, the voltage at the soma is successively clamped at values between −80
mV and −30 mV, with steps of 0.0025 mV. The threshold for spike initiation is defined as
the lowest value of the somatic voltage for which half of the Nav channels at the AIS end
are open. The axonal current is measured at the beginning of the AIS at a potential 0.2 mV
above the threshold ( axis, Figure S4 B, C).
Resistive coupling of AIS and soma. The soma and AIS are electrically coupled by the
resistive characteristics of the axon region between the two sites. For a cylindrical axon, the
axial resistance is proportional to length. For an axon with non-uniform diameter d(y),
where y is distance from soma, this resistance is:
!$ =

4!F
G

J
K

1
' H

I

'H

where x is AIS distance and Ri = 150 Ω · cm is intracellular resistivity.
Analytical calculation of axonal current. We calculate the axonal current invading the
soma at AP initiation in the following simplified model: the soma is clamped at voltage Vs;
the axon is a cylinder of diameter dAIS; Nav channels are uniformly distributed along the
AIS with conductance density g and are all open; capacitive currents are neglected. Under
these assumptions, voltage is a linear function of distance x in the resistive part of the axon,
between soma (x = 0) and AIS (x = Δ). In the AIS, the cable equation is a linear secondorder ordinary differential equation:
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L$ /′′ = −G'AIS "(,#$ − /)
where the derivative is with respect to x, and
L$ =

4!F
I
G'NOP

is axial resistance per unit length. The AIS is defined as the region between x = Δ and x =
Δ + L. The two boundary conditions are given by 1) somatic voltage-clamp:
/ 0 = /0
and 2) axial current vanishes at AIS end:
/′(R + S) = 0
Since voltage is linear between x = 0 and x = Δ, the first boundary condition can be
replaced by:
/ R = /0 + / T R R
We solve this differential equation analytically, and we calculate the axonal current flowing
into the soma as:
%=

/ ′0
/T R
=
L$
L$

We obtain the following expression:
%=

,#$ − /0
L$ (R + U)

where U is a shift equal to:
'NOP
"!F

U=
2 tanh
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For large AIS length and conductance density, this is close to:

U≈

1 'NOP
2 "!F

Therefore, axonal current scales as 1/(Δ + U). The voltage response of a cylindrical
(

dendrite of diameter d depends linearly on the current and scales with ' *) (Rall 1969):
\

' *I
/∝
Δ + U
Therefore, normalizing the voltage response requires:
\

AISΔ = k · ' *I − U
where k is a proportionality factor.

Statistics. Statistical differences between groups were tested with MatLab R2014a
(8.3.0.523, MathWorks) or GraphPad Prism (v.6.0h, GraphPad Software) using a cut-off
significance level (P) of 0.05. Correlation coefficients were determined using IBM SPSS
(v.23, IBM Co., NY).

61

CHAPTER 3

Nonlinear Input Amplification and Action Potential Initiation in
Human Layer 5 Pyramidal Neuron Dendrites and Axons

Mustafa S. Hamada1,2, Sharon I. de Vries1, Johannes C. Baayen3, Huibert D.
Mansvelder4 and Maarten H.P. Kole1,2

1

Department of Axonal Signalling, Netherlands Institute for Neuroscience, Royal
Netherlands Academy of Arts and Sciences, Meibergdreef 47, 1105 BA,
Amsterdam, The Netherlands
2
Cell Biology, Faculty of Science, Utrecht University, 3584 CH Utrecht, The
Netherlands
3
Department of Neurosurgery, VU University Medical Center, Amsterdam 1081
HV, The Netherland 4 Department of Integrative Neurophysiology, Center for
Neurogenomics and Cognitive Research, VU University, Amsterdam 1081 HV,
The Netherlands

In preparation.

Chapter 3

Abstract
An important development in the evolution of excitable cells of jawed vertebrate nervous
systems is the clustering of sodium (Na+) channels to the primary axonal domains including
the axon initial segment (AIS) and nodes of Ranvier. Na+ channel clustering in the AIS
endows cells with local axonal initiation of Na+ action potentials (APs) rapidly forward
propagating to synaptic terminals and backpropagating (bAP) into the dendrites as local
feedback signals influencing the dendritic integrative capabilities. Here we examined
whether the spatiotemporal distribution of APs is conserved in layer 5 pyramidal neurons in
the human neocortex. Using visually targeted patch-clamp recording and detailed
anatomical reconstruction of axons and dendrites of human layer 5 pyramidal neurons, we
found that the human AIS is electrically and anatomically compartmentalized. The
geometrical distance between the soma and AIS positively correlated with the size of the
apical dendrites, which were characterized by long oblique branches with relatively few
branch points. Remarkably, human oblique dendrites generated not only highly supralinear
synaptic excitation but could even trigger Na+ spikes with milliseconds delay following the
bAP, initiating additional forward propagating APs. Detailed compartmental models of
human pyramidal cells showed that a combination of dendritic electrotonic architecture and
a hyperpolarized voltage-dependence of activation of dendritic Na+ channels was required
to reproduce the multi-site initiation of Na+ spikes. Together, the results indicate that
human layer 5 pyramidal neurons are enriched with nonlinear computational mechanisms,
which may support the mnemonic information processing and single-trial learning in
individual neurons of the human temporal lobe.
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Introduction
A major contemporary challenge in neurosciences is to understand the cellular and circuit
organization of information processing in the human cerebral cortex. World-wide largescale initiatives have emerged with the goal to transfer the available multi-level
experimental and theoretical insights obtained from the detailed anatomical and functional
organization of the brains from small laboratory animals (Markram et al. 2015). Within the
neocortex, the rodent thick-tufted layer 5b pyramidal neuron is possibly the bestunderstood and characterized neocortical pyramidal cell. Their large-diameter primary
apical dendrite, receiving input from all layers of the cortical column, and highly branched
tuft dendrites in layer 1 are amenable to multi-site electrical recording and imaging,
enabling the experimental exploration of the subcellular organization of information
processing in vitro and in vivo (Larkum et al. 1999; Stuart & Sakmann 1994; Stuart et al.
1997; Larkum 2013; Williams & Stuart 2002; Xu et al. 2012). One of the principal
operations of layer 5 pyramidal neurons is to convert subthreshold synaptic inputs into
large calcium (Ca2+) spikes and/or N-methyl-d-aspartate receptor (NMDA) spikes in their
distal tufts and basal dendritic branches, spreading as large amplitude depolarizations to the
spike initiation zone where subsequently feed-forward information is produced in the form
of sodium (Na+) spike bursts. This cellular mechanism provides a powerful computational
mechanism to pair temporally correlated inputs from various modalities, serving to form
new cognitive associations in neocortical columns (Larkum 2013). In the rodent and other
mammals many of the key domains including the soma, main and tuft dendrites as well as
the axons have been mapped for ion channel expression enabling the development of
experimentally-constrained computational single-cell models and multi-cellular neocortical
column models (Markram et al. 2015; Hallermann et al. 2012). However, whether these
fundamental biophysical and cellular operations are evolutionary conserved in layer 5
neurons in human remains to be examined.
In jawed vertebrates Na+ spikes are mostly limited to the beginning of the axon, the axon
initial segment (AIS), a domain which is highly enriched with Ankyrin G which clusters
Nav channels and provides a low threshold region for AP generation (Rasband 2010;
Bender & Trussell 2012; Kole & Stuart 2012). Phylogenetic analyses for genes of the
voltage-gated sodium (Nav) and potassium channel subtype Kv7 revealed a strong
evolutionary conservation of the anchoring sequences across divergent vertebrates (Jenkins
et al. 2015). Immunofluorescence characterization of axons in the human cerebral cortex
demonstrate a distribution pattern of AIS scaffolding proteins and ion channels, including
Ankyrin G, bIV-spectrin as well as a similarity in the associated voltage-gated channel
protein for sodium channels (Nav1.6, Nav1.2) and potassium channels (Kv1.2 and Kv2.1),
which are comparable to the rodent (Inda et al. 2007; King et al. 2014). These molecular
studies predict that the generation of fast Na+ APs will be similar in human neurons.
However, comparative electrophysiological studies revealed notable species-specific
mechanisms. For example, in human dorsal root ganglion neurons broader APs are
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generated due to biophysical differences in the gating properties of the human versus rat
Nav1.8 channels (Han et al. 2015). Comparative electrophysiological recording from layer
2/3 pyramidal neurons in the human temporal lobe showed that somatic Na+ APs may be
more resistant to frequency-dependent attenuation (Testa Silva et al. 2014). Finally, across
all cortical layers human pyramidal neuron dendrites are significantly longer compared to
rodent or primates, which is thought to be associated with larger dendrosomatic and
somatodendritic voltage attenuation which may have significant implications in associative
mechanisms (Mohan et al. 2015).
In order to examine the spatiotemporal structure APs in human layer 5 neurons we made
whole-cell voltage recordings combined with high-resolution morphological
reconstructions, and immunofluorescence labelling for the AIS in brain slices from resected
temporal lobe tissue of epilepsy patients. We observed two unexpected adaptations of the
Na+-AP; first, the distal position of the AIS relative to the soma reduced axial current flow
into the somatodendritic membrane and slowed the initial rising phase of the AP at the
soma. Second, the reduced axonal Na+ current is offset by an augmented dendritic Na+
current, which promotes nonlinear dendritic excitation and dendritic Na+ spike initiation
capable to trigger axonal APs. These findings suggest that human pyramidal neurons are
tuned for highly compartmentalized nonlinear distributed computational processing.
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Results
Reduced charging of somato-dendritic membrane during the axonal AP
Slices of human temporal cortex were (Figure 1A) obtained from 25 epilepsy patients,
which varied in the age between 19 and 62 years (Average: 37 ± 2.3 years). Whole-cell
current-clamp recordings were made from a total of n = 66 cortical pyramidal neurons by
visually targeting large pyramidal-shaped cell bodies in the deeper layers of the cortex.
Post-hoc immunofluorescence staining from biocytin-filled cells showed that recorded
neurons were on average at ~2.4 mm distance from the pia (2.37 ± 0.1 mm; range: 1.1 – 4.1
mm; n = 52; Figure 1B), showing that most of the cells were located in layer 5 (Mohan et
al. 2015; Verhoog et al. 2013). The resting membrane potential (Vm) of human neurons was
on average –79.1 ± 0.5 mV (n = 63) and the input resistance (RN) 35 ± 2.3 MW (n = 56) and
depolarizing current injections evoked firing patterns typical for cortical pyramidal neurons
in rat, starting frequently with a brief burst (50%, 31 out of 62), followed by regularly
spaced APs (Figure 1C). Resting and active membrane properties were compared with
data from rat layer 5 neurons across a large age range (1 – 12 months) in the temporal
association (TeA) cortex, likely the most homologous cortical region, are summarised in
Table 1 and 2.

Table 1 – Resting membrane properties
Vm (mV)

RN (MΩ)

t slow (ms)

Human

–79.1 ± 0.5
(n = 63)

35.0 ± 2.3
(n = 56)

23.8 ± 1.3
(n = 59)

Rat

–77.6 ± 1.1
(n = 22)

52.0 ± 3.9
(n = 22)

31.4 ± 2.4
(n = 22)

Two-tailed
unpaired t-test
(P)

0.0071

0.0100

0.0005

AP parameters are from recorded neurons. All data are presented as
mean ± sem (n). Vm, resting membrane potential; R N, input resistance; t slow,
membrane time constant.
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Figure 1 – Recording morphologically identified layer 5 pyramidal neurons in the human
temporal lobe
(A) Top, Schematic of a human brain highlighting in red the temporal lobe, Bottom, cross-section of the
temporal lobe. 3V, third ventricle. (B) Left, z-projected overview confocal image of immunofluorescence
labelling with anti-NeuN showing the layering of neuronal cell bodies. Right, heat map of the cortical
depth (measured from the pia) of total recorded neurons (n = 52). (C) Left, reconstructed human layer 5
pyramidal neuron. Right, voltage responses of the same reconstructed neuron (left) to a series of
hyperpolarizing and depolarizing current injections at the soma in current-clamp whole-cell
configuration. Inset shows an overlay of spontaneous synaptic depolarization.

To examine the detailed properties of the AP waveform we injected a 3 ms current
injection peri-threshold to minimally charge the membrane and temporally isolate the AP
waveform from the decay transient of the current injection. Figure 2A shows an overlay of
human and rat APs revealing several differences in AP waveform. The human AP voltage
threshold was –58.4 ± 0.34 mV (n = 53), not different from the rat (–59.9 ± 0.6 mV, n = 22;
unpaired t-test P = 0.053; Table 2). However, human APs were on average ~5 mV smaller
in amplitude and ~110 µs broader (unpaired t-test, P < 0.00001 and P = 0.01, n = 22,
68

Action potential initiation in human layer 5 pyramidal neurons
respectively; Figure 2A; Table 2). The AP rising phase is bi-phasic due to the axonal
origin of the first phase is primarily due to lateral current flow into the soma (Kole & Stuart
2008; Coombs et al. 1957; Hamada et al. 2016). These components were analysed by
plotting the slope properties of the AP rising and decaying trajectories using the phaseplane projection, i.e. voltage (Vm) versus the first time-derivative (dVm dt –1; Figure 2B).
While APs in the rat peak with a first time-derivative of ~400 Vm s–1, followed by a second
larger peak of ~615 Vm s–1, for human APs the first phase was on average ~230 Vm s–1
smaller (231.8 ± 9 Vm s–1; n = 62; unpaired t-test, P < 0.00001; Table 2; Figure 2B).

Figure 2 – Slow AP kinetics in human layer 5 pyramidal neurons
(A) Left, Overlaid and aligned single AP voltage waveform in response to brief peri-threshold current
injection at the soma. Right, Quantification of AP waveform parameters. Unpaired t-test, ***P < 0.001.
–1
(B) Left, dV dt of the same trace in (A) displaying a temporal separation of the two components. Right,
Quantification of the axonal and somatic peaks of the first time derivative. Unpaired t-test, **P < 0.01;
***P < 0.001. (C) Left, Magnification of the initial axonal component of the phase-plot shown in (C). The
initial upstroke or ‘onset rapidness’ is linearly fitted (dashed lines). Right, quantification of axonal AP
onset rapidness. Unpaired t-test, ***P < 0.001. (D) Left, Suprathreshold current injection (bottom, 0.5
nA) induced AP at higher frequencies in rat neurons compared to human. Right, I-f curve quantifying the
input-output properties to steady-state current injection at the soma. Unpaired t-test, ***P < 0.001.

The second peak, which reflects the somatodendritic capacitance charging from local Na+
current showed a large range of values between 0.20 – 1.1 kV s–1, which on average was
slightly smaller in amplitude (unpaired t-test, P = 0.0061; n = 62; Table 2; Figure 2B). In
further support of a reduced initial charging, also the onset rapidness of the AP in human
neurons was slower (rat, ~66 ms–1 vs. human, ~42 ms–1; n = 53, unpaired t-test, P <
0.00001; Figure 2C). In response to depolarizing steady-state current injections (700 ms
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current steps), rat neurons displayed a faster increase in their mean spiking rate within 0.1 –
0.8 nA current injection range compared to human neurons (unpaired t-test, P < 0.0001;
Figure 2D). In order to test whether these differences were dependent on cortical area, we
compared the values to previous recordings of APs from somatosensory cortex layer 5
neurons from both rats and mice. Their AP generate dVm dt –1 peak amplitudes of ~400 and
600 Vm s–1 during the 1st and 2nd peaks, respectively (Hamada et al. 2016; Hamada & Kole
2015)). These values for somatosensory cortex are not different compared with rat TeA
cortex, supporting the idea that the slower human somatic AP waveform is species- but not
area-specific. Taken together, the somatically recorded AP in human layer 5 pyramidal
neurons is characterized by a markedly slow rise-time and onset rapidness.
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Rat

Human

< 0.0001

1.0 ± 0.1
(n = 22)

1.7 ± 0.1
(n = 44)

AP Istim
threshold
(nA)

0.0526

–59.9 ± 0.6
(n = 22)

–58.4 ± 0.3
(n = 53)

AP Vm
threshold
(mV)

< 0.0001

402.0 ± 15.7
(n = 22)

230.8 ± 9.2
(n = 62)

First dVm dt –1
(Vm s–1)

0.0061

615.5 ± 26.4
(n = 22)

511 ± 25.5
(n = 62)

Total dVm dt –1
(Vm s–1)

< 0.00001

106.5 ± 7.3
(n = 19)

199.3 ± 9,5
(n = 55)

dVm dt –1
delay (µs)

< 0.00001

66.5 ± 5.9
(n = 22)

42.3 ± 1.6
(n = 57)

AP onset
speed
(ms–1)

< 0.00001

102.2 ± 0.6
(n = 22)

97.3 ± 0.8
(n = 62)

AP
amplitude
(mV)

0.0100

739.5 ± 26.8
(n = 22)

846.4 ± 30.2
(n = 61)

AP halfwidth (µs)

0.5714

601.7 ± 62.2
(n =22)

650.0 ± 57.7
(n = 51)

ADP area
(V s)

0.0008

–0.2 ± 0.8
(n = 18)

–3.9 ± 0.7
(n = 51)

ADP
amplitude
(mV)

Table 2 – Action potential properties

Two-tailed
unpaired t-test
(P)

AP parameters are from recorded neurons. All data are presented as mean ± sem (n). ADP, afterdepolarization.
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AIS position and compartmentalization is differentially organized in human and rodents
pyramidal neurons
The slow initial rising phase of the human AP may be caused by several mechanisms. It
may reflect a low AIS Nav conductance density, biophysical differences in human Nav
subunits, morphological differences in the axon and somatodendritic sites or increased
coupling resistance between soma an axon (Hamada et al. 2016). Recent staining of Nav1.2
and Nav1.6 in the human AIS indicated that Nav channels show a similar distribution
profile compared to the rat AIS (Tian et al. 2014). However, there is currently no
information available on the morphological organization and location of the human AIS.
To study the AIS distance and the use of bIV-spectrin as marker for the AIS we tripleimmunolabeled human tissue with NeuN, bIV-spectrin and a-PanNav (Figure 3A). Path
length analysis from the soma (NeuN) edge to the bIV-spectrin (=AIS distance, AISD),
which reflects the resistive coupling between the soma and the AIS (Hamada et al. 2016),
showed that the immunofluorescence signals bIV-spectrin and a-PanNav overlapped
consistently with AISD of 12 ± 0.7 µm (length, 42.4 ± 1.1 µm; n = 30, AISs) and 11.9 ± 0.7
µm (length, 43.1 ± 1.2 µm; n = 30, AISs; n = 3 slices), respectively (Figure 3A-C).
Previous work showed that AISD is strongly linked to dendritic structure (Hamada et al.
2016). In order to further identify the role of neuronal morphology, neurons loaded with
biocytin during whole-cell recordings were post hoc processed for fluorescence
streptavidin and combined with bIV-spectrin immunolabeling (see Experimental
Procedures; Figure 3). Immunofluorescence analysis showed that axons often began from
a basal dendrite both in rat TeA layer 5 neurons (41%; 9 out of 22) and human layer 5
neurons (28%; 15 out of 53; Chi-square test, P = 0.2935). This variability in subcellular
origin of the axon is consistent with previous data from rodent somatosensory cortex as
well as the hippocampus (Thome et al. 2014; Hamada et al. 2016). Consistent with the
unbiased analysis also in the filled cells AISD was on average ~10 µm longer in human
axons compared to rat axons (unpaired t-test P < 0.0001; Figure 3D-F; Table 3).
Noticeably, AIS distance of the human pyramidal neurons from electrophysiologically
identified cells was also significantly greater when comparing to the largest pyramidal
neuron in the rat neocortex; the layer 5 pyramidal neuron of the primary somatosensory
cortex (AISD: 6.76 ± 4.13 µm; n = 28; unpaired t-test, P < 0.0001, data from (Hamada et al.
2016)), suggesting these differences are not related to cell size but rather reflect variation
between species. Remarkably, correlation analysis showed that the AISD significantly and
positively scales with the diameter of the primary apical dendrites (Pearson’s r = 0.781; P <
0.0001; Figure 3C), which is opposite to the relationship between the AIS and dendrites in
the rat (Hamada et al. 2016).
Other measurements of the AIS such as the 2D surface area and length of the AIS were,
however, comparable (Table 3). The average AIS length of expression 40.3 ± 1.5 µm
(range: 28 – 62 µm, n = 28) was similar to the rat (unpaired t-test, P = 0.081; Table 3).
Interestingly, in rat the AIS length reduced with age (Figure 3D). In contrast, the
AISD was independent of age (human: Pearson’s r = –0.23, P > 0.45, rat: Pearson’s r = –
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0.388, P > 0.153). Together with previous theoretical and experimental work (Hamada et
al. 2016) these results suggest that AIS distance in human neurons may underlie the
reduced lateral charging of the somatic area by the axonal Na+ current during the onset of
the AP.

Figure 3 – Distal AIS location in human layer 5 pyramidal neurons
(A) Single fluorescence channels and merged image of z-projected confocal scans of the soma (NeuN;
green) and AIS expression of bIV-spectrin (magenta) and a-PanNav (yellow). (B) Quantification of the
bIV-spectrin and a-PanNav distance (D) and length. ns, non significant. (C) bIV-spectrin and a-PanNav
expression strongly overlap. Continuous line is the unity line. (D) z-projected confocal images of the
soma and AIS morphology (green; streptavidin Alexa Fluor 488), and immunofluorescence labelling of
bIV-spectrin (magenta) in human and rat TeA neurons. (E) Quantification of somatodendritic and AIS
morphology. Unpaired t-test, ***P < 0.001. (F) AIS distance (AISD) positively correlated with apical
dendritic diameter. Pearson’s test; n = 22. ***P < 0.001. (G) Correlation analysis between age-binned
AIS length and subject/animal age. Pearson’s test; n = 10 (Rat); n = 10 (Human). ***P < 0.001.
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Dendritic architecture of human temporal lobe layer 5 pyramidal neurons
The remarkable distal position of the AIS and as well as the slowly rising APs in human
neurons are suggesting that the dendritic tree in human pyramidal neurons is large. To
obtain detailed insights into the morphological properties of the basal and apical dendritic
architecture we used biocytin-filled cells for high-resolution confocal microscopy scanning
and reconstruction (Hamada et al. 2016) and compare these morphologies directly with
recorded layer 5 pyramidal neurons from the rat temporal cortex (Figure 4; Table 4). The
results showed that in rat neurons the apical dendrite always extended to layer 1, where the
apical tuft extensively branched and distributed laterally. In contrast, similar to previous
morphological analysis of human neurons in the temporal lobe (Mohan et al. 2015) ~60%
of human layer 5 pyramidal neurons (5/8 reconstructed neurons) did have apical dendrites
extending into layer 1 (Figure 4A) while other cells showed an apical dendritic tree
terminating in layer 2/3. Although the total length in human neurons was significantly
longer, this was due to longer dendrites in the basal tree (Figure 4A-C; Table 4).
Quantitative analysis showed that in the context of long dendrites the human layer 5
neurons had surprisingly less dendritic nodes (Table 4).
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Human

Rat
Two-tailed
unpaired t-test
(P)
< 0.00001

4.4 ± 0.3
(n = 21)

6.9 ± 0.4
(n = 45)

Apical
diameter
(µm)

< 0.00001

2.9 ± 0.5
(n = 20)

12.5 ± 1.0
(n = 28)

AISΔ
(µm)

0.0811

36.8 ± 1.4
(n = 21)

40.4 ± 1.5
(n = 28)

AIS L
(µm)

0.8417

56.4 ± 3.6
(n =21)

58.4 ± 4.1
(n = 27)

AIS A
(µm2)

0.0120

0.21 ± 0.02
(n = 21)

0.14 ± 0.01
(n = 27)

Axon/Soma
area ratio

Table 3 – Morphological properties of the peri-somatic domain
Soma A
(µm2)
451.3
± 25.8
(n = 46)
313.2
± 22.1
(n = 21)
0.00002

Parameters of the neuronal perisomatic morphology measured from z-projected confocal stacks. Soma
area and AIS area refer to the 2D cross-sectional area estimated by using the polygon selection tool
(FIJI). All data are presented as mean ± sem (n). AISΔ, AIS distance; L, length; A, area.

Rat (n = 8)

Human (n = 11)

0.0004

275 ± 26

523 ± 48

Soma A
(µm2)

0.5937

8 364 ± 486

8 761 ± 545

Apical
dendritic L
(µm)

0.4797

29 285
± 2 063

32 354
± 3 698

Apical
dendritic A
(µm2)

0.0035

45 ± 3

31 ± 1

Apical
dendritic nodes

0.00007

3 906
± 516

7 615
± 223

Basal
dendritic L
(µm)

0.00002

10 122
± 1 394

23 191
± 1 737

Basal
dendritic A
(µm2)

0.0550

23 ± 2

28 ± 1

Basal
dendritic
nodes

0.0007

12 270
± 731

16 377
± 647

Total
dendritic L
(µm)

0.0055

39 407
± 2 990

55 545
± 4 096

Total
dendritic A
(µm2)

0.0248

68 ± 3

59 ± 1

Total
dendritic
nodes

Table 4 – Dendritic tree properties (3D reconstruction)

Two-tailed
unpaired t-test
(P)

Morphological parameters of 3D reconstructed neurons. All data are presented as mean ± sem. L, length; A, area.
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Figure 4 – Dendritic architecture of human layer 5 pyramidal neuron
(A) 3-d reconstruction of a human (left) rat (right) layer 5 pyramidal neurons. (B) Sholl plot of
reconstructed rat and human neurons. Unpaired t-test, *P < 0.05, **P < 0.01. (C) Bar plots quantifying
the dendritic geometry and complexity. Unpaired t-test, *P < 0.05, ***P < 0.001. L, length.

Increased intrinsic excitability despite low axial current charging
Previous studies suggested that human layer 2/3 pyramidal neurons are characterized by a
large after-depolarization (ADP) which contributes to the long window for spike-timing
dependent synaptic integration and plasticity in these cells (Verhoog et al. 2013). In the
layer 5 recordings from the temporal cortex long-lasting plateau depolarizations were also
observed in both species (Table 2). The ADP evoked by a 3 ms somatic current injection
revealed no difference in the voltage-time integral (~650 µVm s–1; unpaired t-test, P =
0.5714; Table 2, Figure 5A). On the contrary, on average the human neurons showed a
smaller ADP peak amplitude (–3.9 mV; unpaired t-test, P = 0.0008; Table 2). In some
instances these ADPs were associated with additional APs (human: 12/62 versus rat: 5/22;
Fisher’s test, P < 0.505, Figure 5A). Remarkably, however, in a number of human neurons
(14%, 9 out of 65) APs were generated even during the repolarization phase of the ADP, up
to ~48 ms after the first AP (Figure 5A). Inspection of the voltage trajectory including the
phase-plane of the delayed APs showed a number of atypical features, which is suggestive
of a dendritic origin (Figure 5B, C). First, in repeating trials the delayed APs had its onset
in the falling phase of the ADP and across a large range of thresholds, indicating a variable
initiation location. Second, the phase slope during the inflection of the membrane potential
during spike onset was characterized by an additional component with much slower speed
(~6 ms–1 versus ~42 ms–1; unpaired t-test, P < 0.0001, n = 9; Figure 5C), substantially
slower compared to a typical axonal AP and leading to a tri-phasic waveform of the AP
visible in the phase-plan plot (Figure 5C, D). Such slow preceding slope values have been
reported earlier to reflect dendritically evoked APs (Y. J. Sun et al. 2013; Smith et al.
2013). Third, the delayed APs in human neurons were not characterized by attenuated peak
amplitude of rise-time which is typical for secondary APs but reached AP amplitudes
which were not different from the first AP indicating the somatic and axonal Na+ channels
were minimally inactivated, consistent with an additional current source generating the AP
(Figure 5B). Such complex delayed spikes were never observed in mice or rat neocortical
pyramidal neurons. These data show that in contrast to the reduced charging from the
axonal AP a sub-population of human layer 5 neurons are capable of generating
dendritically evoked APs that are seemingly unique to the human neurons.
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Figure 5 – Dendritically initiated forward propagating APs in human layer 5 neurons
(A) Voltage response of a rat neuron to brief current injection (3 ms; bottom) at the soma eliciting two
APs. (B) Phase-plot of the AP waveform in (A). (C) Human neuron voltage response to similar current
injection at the soma generated two axonal APs and a delayed dendritic AP (dend. AP) (D) Phase-plane
plot of one typical sequence of three APs shown in (C). (E) Expanded voltage scale of the blue-shaded
rectangle in (D) highlighting the slow onset rapidness of the dendritically evoked AP (orange; dend. AP).
Note the tri-phasic voltage waveform of the third spike compared to the bi-phasic waveform of the
–1
preceding APs (grey). The axonal and dendritic portions of the initial dVm dt are fitted with solid and
dashed lines, respectively. (F) Quantification of the onset rapidness of the first axonal AP and dendritic
AP. Paired t-test, ***P < 0.001.

78

Action potential initiation in human layer 5 pyramidal neurons
Conductance-based compartmental model or human pyramidal neuron recapitulates the
back- and forward propagating action potential
In order to test how and where in the dendrites the complex reflected spikes were generated
we used multi-compartmental model of a human layer 5 pyramidal neuron (Figure 6). The
morphology of the model was generated based on a detailed confocal microscopy
reconstruction of the human neuron (shown in Figure 4A) which was filled with biocytin
during the recording and was post-hoc stained for bIV-spectrin allowing the integration of
the AIS as a compartment with realistic dimensions (Hamada et al. 2016). Segments in the
compartmentalized model had the following passive membrane properties; RM = 25 kW
cm2, CM = 1.0 µF cm–2 and Ri = 150 W cm1, distributed uniformly through soma, dendrites
and AIS. In order to reproduce the experimentally recorded AP waveforms we manually
and iteratively adjusted the voltage-dependence of activation and inactivation as well as the
peak conductance densities of various Na+ and K+ channel models based on the
experimentally recorded current injections (Figure 6A). One prominent difference between
human rat models was a ~3 mV hyperpolarized voltage-dependence of activation of the
dendritic Na+ current. Importantly, the optimization of voltage-dependent conductances
yielded AP voltage waveforms which resembled the experimentally recorded sequence
consisting of two axonal APs and a third delayed AP which was initiated in an apical
primary oblique dendrite prior to the axonal AP and generating a phase plane voltage
trajectory resembling the experimentally recorded AP (Figure 6B, C). Interestingly, the
dendritic Na+ spikes were initiated in the middle of one oblique dendrite ~100 µm from the
soma. Furthermore, analysis of the passive electrotonic structure of the pyramidal cell
showed that due to its long and thin oblique dendrites the input impedance from ~100 µm
from the soma increased from ~500 MW at the proximal dendrite up to 3.0 GW in the distal
ends (Figure 6D). The impedance in dendrites was substantially higher compared to the rat
and may contribute to the ability of the oblique dendrites to generate reflection APs in
response to the bAP. Similar computational models were generated for two independent
human layer 5 pyramidal neurons with dendritic reflected APs.
The detailed multi-compartmental model shows that oblique dendrites in human
neurons are electrically highly compartmentalized and can account for the generation of
Na+ spikes and act as separate integrative dendritic compartment in human layer 5
pyramidal neurons.
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Figure 6 – Simulation of dendritic action potential initiation in human layer 5 neurons
(A) AP voltage waveform from the experimental (data; black) and simulated neuron (model; blue), in
response to brief current injection (bottom). (B) Left, freeze-frame of a shape plot displaying the
neuronal voltage change during dendritic AP initiation (red arrowhead) in a primary oblique dendrite.
Top right, Overlaid AP voltage waveforms of the simulated first AP (AP1) from the AIS, soma, and
dendrite (backpropagating). Bottom right, Simulated dendritically evoked AP (dAP) occurring before the
somatic and AIS APs. (C) Phase-plots of AP1 and the dAP. (D) Local input impedance map of human
and rat neuron revealing higher impedance for human dendrites.

Large amplitude of synaptic depolarizations and supralinear integration in dendrites of
human layer 5 pyramidal neurons
If human oblique dendrites are highly active regenerating compartments (Figure 6B) it
may be predicted that synaptic inputs will be similarly locally boosted. Consistent with this
idea the amplitude of spontaneous postsynaptic potentials (PSPs) recorded at the resting
membrane potential at the soma showed a constant bombardment with PSPs characterized
with large amplitudes compared to rats (Figure 7A, B). Furthermore, while in rat neurons
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individual PSPs exhibited the stereotypical voltage waveform of fast onset and slow decay
the human PSPs were characterized by highly heterogeneous waveforms reminiscent of
nonlinear summation and possibly dendritic spiking. These large amplitude PSPs are likely
to be a functional consequence of the significantly large local input impedance in human
neurons caused by its dendritic architecture (Figure 6D). To test whether dendritic
compartmentalization in human dendrites produces supralinear integration, we synaptically
stimulated primary oblique dendrites at 150 – 200 µm from the soma using focal
extracellular stimulation guided by two-photon microscopy (human, n = 5 dendrites from 3
patients, rat; n = 10 dendrites from 7 rats, Figure 7C). To isolate EPSPs the responses were
recorded in the presence of gabazine (3 µM). The synaptically evoked EPSPs were fully
blocked in the presence of dAP5 (50 µM) and CNQX (20 µM) further supporting the idea
that the responses were excitatory synaptic inputs (Figure 7D). In response to incremental
stimulations of the proximal segment of the oblique dendrites (~40 – 50 µm from branch
onset), human dendrites displayed significantly larger supralinearity with increasingly
higher stimulus intensity (Figure 7D, E).
Taken together, these findings show that human dendrites generate large
amplitude EPSPs likely as a result of the supralinear summation in high input impedance
primary oblique dendrites.
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Figure 7 – Supralinearity in human oblique layer 5 dendrites
(A) Top, Baseline membrane potential recordings from human (red; n = 9 patients, n = 12 neurons) and
rat (black; n = 5 animals, n = 8 neurons) layer 5 pyramidal neurons. Bottom, Gray shading showing the
PSPs on an expanded time scale. (B) Cumulative probability of post-synaptic potential (PSP) amplitude.
K-S, Kolmogorov-Smirnov test. (C) z-projected 2P image scan of a human primary oblique dendrite
located 190 µm from the soma. (D) Voltage responses to incremental focal extracellular synaptic
stimulation of the oblique dendritic branches in human and rat neuron. (E) Quantification of the voltage
responses to focal dendritic stimulations revealing supralinearity in human layer 5 neurons. Unpaired ttest, *P < 0.05.
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Discussion
The present study identified a number of cellular mechanisms governing spike generation
in human cortical layer 5 pyramidal neurons in the temporal lobe. Visually targeted patchclamp recordings combined with morphological identification showed that the AP in
human pyramidal cells is characterized by an increased axonal compartmentalization,
reducing the initial charging and a slower AP rise time. Combined with active dendritic
properties, however, oblique dendrites boost nonlinear synaptic integration and single
dendritic compartments trigger feed-forward axonal AP output.
Increased axonal compartmentalization in human layer 5 pyramidal neurons
Based on electrophysiological and optical studies of the membrane potential, in rats and
mice, the cortical pyramidal neuron AIS has been recognized as the sole initiation site for
fast Na+ APs (Kole & Stuart 2012; Bender & Trussell 2012; Popovic et al. 2011; Palmer &
Stuart 2006; Kole et al. 2007). In agreement with the evolutionary conserved giant exon of
Ankyrin G and the binding sites of the Nav1.6 and Kv7 channels (Jenkins et al. 2015) we
found that the distribution of Nav within the AIS was not different between the human and
rodent AIS (Figure 3). These data are in good agreement with the expression and
distribution of Nav1.2, Nav1.6 and Ankyrin G in cortical pyramidal neurons in human and
non-human primates (King et al. 2014; Inda et al. 2006). However, human neurons were
distinct from rodents in their large separation between the soma edge and AIS start (AISD;
Figure 3). In the somatosensory cortex AISD is at micrometer resolution linked to the
number of dendritic branches and soma size, acting to compensate for the axial current loss
during AP onset at the soma (Hamada et al. 2016; Brette 2013). Strikingly, in human
temporal lobe the scaling between the dendritic tree and AISD is opposite (Figure 3),
further supporting the idea that AP generation in human cortical neurons is governed by
distinct mechanisms. Both the large somatodendritic capacitance and large AISD will
theoretically slow the AP rise-time at the soma (Hamada et al. 2016) which is consistent
with the experimentally observed ~250 V s–1 rate-of-rise peak. Increasing the axial resistive
coupling between axon and soma, however, offers advantages for axonal AP initiation by
hyperpolarizing the AP voltage threshold and increasing axonal rate-of-rise (Hamada et al.
2016; Brette 2013; Gulledge & Bravo 2016). Distal AIS location in auditory neurons is
well established to enable tuning to high-frequency inputs (Kuba et al. 2006). Electrical
compartmentalization of the AIS may well be a common feature of primate pyramidal
neurons. For example, a slower rise-time and onset rapidness of somatically recorded APs
have been observed in human layer 2/3 pyramidal neurons (Testa Silva et al. 2014).
Furthermore, a markedly slow AP rise time was noted in comparative electrophysiological
analysis of hippocampal dentate granule cells of rhesus monkey in comparison to the rat (St
John et al. 1997). Increased compartmentalization may not be a unique feature of the
human cortex but a common feature in the order of primates. Future staining for AIS
proteins in a species comparative manner (King et al. 2014) and combining these with
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cellular markers will be required to provide more insights in the species-specific AIS
features.
Dendritic spikes in human dendrites efficiently forward propagate to trigger axonal
output
In ~15% of the human layer 5 pyramidal neurons we observed dendritic spikes initiating a
second or third APs. In comparison, electrophysiological recordings from rodent pyramidal
neurons showed that dendritic spikes typically generate small local spikes in response to
synchronized synaptic activation depolarizing the dendritic membrane sufficiently to open
voltage-gated Na+ or Ca2+ channels and/or NMDA receptors (Stuart et al. 1997; Major et al.
2013; London & Häusser 2005; Losonczy & Magee 2006; Larkum et al. 2007; Milojkovic
et al. 2005; Smith et al. 2013). However, the large dendrosomatic filtering together with
frequency-dependent Na+ channel inactivation typically limits the forward propagation of
dendritic spikes prohibiting to evoke axonal output (Müller et al. 2012; Losonczy & Magee
2006). Local dendritic Na+ spikes triggering axonal APs have only been observed in a few
rodent cell types including the hippocampal CA2 pyramidal neuron, the olfactory mitral
cell and retinal ganglion cell (Q. Sun et al. 2014; Sivyer & Williams 2013). Thus, the
dendritic nonlinear integration in human layer 5 pyramidal neurons is greatly amplified
compared to the rodent neocortex. Which mechanisms could account for the large
nonlinear integration in human dendrites? Our preliminary computational modelling
showed that at least three conditions were essential; 1) a negatively shifted voltagedependence of activation of the somatodendritic Na+ current of –3 mV compared to rat
models, 2) a compartmentalization of dendrites with few branch points and 3) an axon
initial segment which is compartmentalized from the soma, enabling rapid local lowthreshold axonal spike initiation.
Regarding the Na+ current properties the experimental evidence for a hyperpolarized
voltage-dependence of activation of Na+ channels in human dendrites remains to be
established. Such experiment would require dendritic outside-out Na+ current recordings.
Interestingly, up-regulated Na+ current consistent with previous studies of human
pyramidal neurons. For example, hippocampal neurons from temporal lobe epilepsy
showed a very large persistent Na+ current associated with a ~7 mV hyperpolarized shift in
voltage-dependence of activation (Vreugdenhil et al. 2004). Increased persistent Na+
current has furthermore been found in a specific subtype of human interneuron (Wang et al.
2015). Recent comparative studies showed that in human dorsal root ganglion neurons the
gating of human Nav1.8 generates a large persistent sodium current, directly underlying the
~3-fold broader AP in DRG neurons (Han et al. 2015). Augmented dendritic Na+ current
will directly contribute to subthreshold amplification of synaptic inputs and underlie the
larger EPSP peak amplitudes in layer 2/3 pyramidal neurons (Verhoog et al. 2013) and
nonlinear synaptic integration (this study). However, we cannot exclude that other voltagegated channels contribute to nonlinear summation including dendritic Ca2+ current
(Verhoog et al. 2013) or branch-specific lower densities of transients K+ currents, known to
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govern oblique dendritic branch excitability (Losonczy & Magee 2006). In addition, spine
density in human dendrites is typically very high (Morales et al. 2014; Elston et al. 2001)
which would increase the number of synapses and support the possibility for local
nonlinear summation.
Electrotonic organization of human dendrites
An important contribution to the increased dendritic excitability is generated by their
specific dendritic morphology with longer unbranched oblique apical and basal dendrites.
These findings corroborate the notion that that human neurons are not linearly scaled-up
versions of rodent neurons but rather show compartment-specific organization (Mohan et
al. 2015). The thin apical oblique dendrites are characterized by a high axial resistance,
isolating input currents from the primary trunk and facilitating supralinear excitation
(Losonczy & Magee 2006; Branco & Häusser 2011). Targeted optical and electrical
recording combined with glutamate uncaging at rodent spines has shown previously that
local dendritic Na+ spikes are facilitated by a high input impedance at the distal terminal
branches (Sivyer & Williams 2013; Losonczy & Magee 2006). Interestingly, human
dendrites show significantly less branch points facilitating not only the bAP (Schaefer et al.
2003), but also will favour forward propagation of the dendritic Na+ AP. Such unbranched
proximal dendrite contributing to forward propagation to the soma has also been observed
in rodent neurons with dendritic spikes generating axonal output (Srinivas et al. 2017; Q.
Sun et al. 2014). Whether the layer 5 neurons with highly active dendrites represent a
specific subclass of layer 5 pyramidal neurons is not known. Anatomical studies show that
human layer 5b region contains diverse and specialized pyramidal cell types (Nimchinsky
et al. 1999). In both apes and humans the layer 5b lamina in the anterior insular and
cingular cortices contains for example von Economo neurons and fork cells characterized
by large-diameter bipolar or dual primary dendrites (Nimchinsky et al. 1999).
Morphological analysis of the cells generating dendritic forward propagating AP, however,
did not reveal specific features which were different from the other pyramidal cells without
multi-site AP initiation. These events more likely arise due to the combination of active
dendritic properties and the specific dendritic and AIS architecture.
Epilepsy
All our recordings in human temporal lobe cortex were obtained from patients with
intractable epilepsy. Whether the epilepsy syndrome explains the observed extreme
dendritic supralinearity is not known and remains to be examined in other human brain
tissue. Neocortical tissue studied here was removed from different parts of the human
temporal lobe at varying ages and seizure phenotypes. Studying neurons in human
neocortical tissue removed from patients with intractable epilepsy involves several
important caveats; many of these experimental caveats well documented (Marcuccilli et al.
2010; Theyel et al. 2010). While none of our main results were correlated with the duration
of the epilepsy excluding the possibility it enhances dendritic excitability is still an issue.
Human epilepsies are strongly linked to Na+ channel mutations (53). Recording from
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human neocortical tissue precludes the possibility of controlled replication with similar
tissue or control experiments from healthy patients. The brain tissue obtained from patients
with epilepsy have also been repeatedly exposed to anticonvulsant and seizures that may
alter the neuroarchitecture (Prince & Wong 1981). Additionally, prior to undergoing
resection surgery, patients underwent highly specific pre-surgical medication regimes and
life-time use of alcohol, nicotine, or caffeine is largely unknown, which may alter the
electrophysiological characteristics of neocortical neurons (Zona et al. 2002). Despite these
caveats many of the previous reported cellular features in human temporal lobe were found
to be independent of the epilepsy. Consistent with the fact that the neocortical regions are
clinically normal brain tissue in none of our recordings did we observe epileptogenesis.
Furthermore, prominent Nav1.2 expression in the human AIS was also observed in a
human control group without epilepsy (Tian et al. 2014) and voltage-dependent shifts of
even larger magnitude (~10 mV) were found to be an intrinsic feature of the human
genome for the Nav1.8 channel (Han et al. 2015). Interneuronal persistent firing was
observed in both human and non-human primates (Wang et al. 2015). Finally, the complex
large amplitude synaptic events we here report were described previously in human
cerebral cortex obtained from tumour operations and by making use of paired recordings
were found to reflect in part the activation of unique cellular microcircuits (Molnár et al.
2008). Taken together, it is likely that morphological and electrophysiological properties
observed in human brain obtained from surgeries can be regarded as features of normal
human brain.
A cellular mechanism for rapid memory storage
In summary, we show that human layer 5 neurons can generate local dendritic
depolarizations of sufficient magnitude to activate dendritic voltage-gated channels, even
up to dendritic Na+ spikes triggering axonal spikes. Supralinear dendritic mechanisms will
substantially increase the temporal window for spike generation during ongoing
background activity, consistent with previously observed complex poly-synaptic and AP
sequences in a ~50 ms temporal window evoked by even a single action potential (Molnár
et al. 2008). Such events, reflecting highly connected inhibitory and excitatory neurons
underlie Hebbian activation of synapses (Molnár et al. 2008). Furthermore, in human
neuronal circuits the spike-timing dependent plasticity is characterized by long temporal
window of up to ~100 ms (Verhoog et al. 2013; Testa Silva et al. 2009). Together with the
present observation of nonlinear encoding of spike initiation in dendrites suggest that
human layer 5 neurons may provide a powerful intrinsic mechanism for rapid single-trial
learning or form new associations and substantially contribute to the cellular mechanisms
for episodic memory formation in the medial temporal lobe (Rutishauser et al. 2006; Ison et
al. 2015).
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Materials and Methods
Slice preparation. All procedures on human tissue were performed with the approval of the
Medical Ethical Committee of the VUmc (Amsterdam) and in accordance with Dutch
license procedures and the Declaration of Helsinki. Human slices were cut from anterior
medial temporal cortex that had to be removed for the surgical treatment of deeper brain
structures for epilepsy or tumors with written informed consent of the patients (aged 19 –
62 years) prior to surgery. Anesthesia was induced with intravenous fentanyl 1–3 mg kg–1
and a bolus dose of propofol (2–10 mg kg–1) and was maintained with remyfentanyl 250
mg kg–1 min–1 and propofol 4–12 mg kg–1. Parts of the resected neocortex were also
assessed by a neuropathologist and only those cases that were designated as normal were
used in the present study. After resection, a block of the temporal lobe was placed within
30 seconds in ice-cold artificial cerebrospinal fluid (ACSF) slicing solution which
contained in (mM): 110 choline chloride, 26 NaHCO3, 10 D-glucose, 11.6 sodium
ascorbate, 7 MgCl2, 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4, and 0.5 CaCl2 (300
mOsm) (Verhoog et al. 2013; Testa Silva et al. 2014) and transported to the laboratory of
the CNCR (VU). Transition time between resection of the tissue and preparation of the
slices was < 15 minutes. Neocortical slices (~300 – 400 µm thickness) were cut in an icecold slicing solution, stored for 30 minutes at 34 °C, and afterwards at room temperature in
ACSF. The standard ACSF solution contained (in mM): 125 NaCl; 3 KCl; 1 NaH2PO4; 1
MgSO4 or MgCl2, 2 CaCl2; 25 NaHCO3; 10 – 25 glucose (300 mOsm), bubbled with
carbogen gas (95% O2/5% CO2). For some recordings, human slices were further
transported in continuously carbogenated ACSF towards the Netherlands Institute for
Neurosciences (< 15 min.) Slices from juvenile and adult rats (2 – 11 months old) were
prepared similarly and horizontal slices containing the temporal cortex.
Voltage recordings. Patch-clamp recordings from deep layer 5 cortical pyramidal neurons
in rodent and human slices were made with either MultiClamp 700B (Molecular Devices)
or Dagan BVC-700A (Dagan Corporation, MN, USA) amplifiers. Recording accurately the
phase-plane of action potential voltage waveforms requires technical care. Full
compensation of the pipette capacitance is required since uncompensated capacitance of the
pipette may filter the rise- and decay times of the AP waveform, being in human neurons in
the somatodendritic phase up to 1 kV s–1. Furthermore when using time derivatives the
voltage recording needs to be made with high bandwidth settings of the analogue Bessel
filter and maximizing sampling rates. Voltage signals were low-pass filtered between 10 –
30 kHz and sampled at 50 – 100 kHz, respectively and acquired with either Axograph X
(v.1.5.4, Axograph Scientific, NSW, Australia) or pClamp (v. 10, Molecular Devices).
Patch pipettes (~5 M tip resistance) were pulled from standard-wall borosilicate
capillaries and filled with intracellular solution containing (in mM): 110–130 K-Gluconate;
10 KCl; 10 HEPES; 10 Na2-phosphocreatine; 4 Mg-ATP and 0.3 – 0.4 Na2-GTP. The pH
was adjusted to 7.2–7.4 with KOH and osmolality set to 285–290 mOsm. Approximately 5
mg ml−1 biocytin was routinely added to the intracellular solution. Liquid junction potential
91

Chapter 3
was experimentally determined to be –14 mV and applied post hoc to all data shown. Slices
were transferred to an upright microscope (BX51WI, Olympus Netherlands B.V.) equipped
with oblique or IR-DIC illumination optics and using either 40× (0.80W) or 60× (1.00W)
water immersion objectives (Olympus). For two-photon microscopy guided recordings we
used galvanometer-based laser scanning microscope (Femto3D-RC, Femtonics Inc.,
Budapest, Hungary). A Ti:Sapphire pulsed laser (Chameleon Ultra II, Coherent Inc., Santa
Clara, CA, USA) tuned to 800 nm was used for two-photon excitation. Three
photomultipliers (PMTs, Hamamatsu Photonics Co., Hamamatsu, Japan) were used for
signal detection; two were used to collect the fluorescence signals and one to scan the
transmitted IR-light (800 nm). All recordings were performed at 34 ± 2 °C.
Immunofluorescence staining. Biocytin-filled cells (5 mg mL–1) were fixed with 4% PFA
and 2.5% glutaraldehyde for 24 hours and thereafter stored in 0.1 M PBS (pH 7.4) at 4 °C.
For histological staining of filled cells the slices were washed in 0.1 M PBS followed by
sucrose xx% and permeabilization with freeze-thawing. DAB and reconstructed as
described previously (Kole 2011). For biocytin and rabbit anti-bIV-spectrin (1: 200; gift
from M.N. Rasband, Baylor College of Medicine) immunofluorescence the sections were
fixed in 4% paraformaldehyde (PFA) for 20 min and stored in in 0.1 M PBS (pH 7.4) at 4
°C. For guinea pig anti-Kv7.3 (1: 250; gift from E.C. Cooper, Baylor College of Medicine)
immunofluorescence sections were fixed in –20°C methanol for 10 min. Whole sections
(300 – 400 µm) were blocked in 5% normal goat serum (NGS) and 2% Triton X-100 for 2h
followed by 24 h incubation in primary antibodies diluted in 0.1 M PBS containing 5%
NGS, and 2% Triton X-100. For triple immunolabeling of rabbit anti-bIV-spectrin (1: 200)
mouse anti-a-PanNav (1: 100; Sigma-Aldrich Chemie), and guinea pig anti NeuN (1:
1000; EMD Millipore) brain slices were fixed with 1% PFA for 30 min, then blocked with
10% NGS plus 0.2% Triton X-100 diluted in 0.1 M PBS for 2 h followed by 24 h
incubation of primary antibodies, 10% NGS, and 0.2% Triton X-100 diluted in 0.1 M PBS.
For all immunofluorescence protocols, sections were incubated in the following secondary
antibodies to visualize the immunoreactions: Streptavidin Alexa 488 (1: 500; Invitrogen),
Alexa 488-conjugated goat anti-rabbit (1: 500; Invitrogen), Alexa 555 goat anti-mouse (1:
500; Invitrogen), Alexa 633 goat anti-guinea pig (1: 500; Invitrogen), and. Sections were
then mounted on glass slides and cover-slipped in Vectashield (Vector Laboratories).
Images (bit depth = 8) were collected with a Leica TCS SP5 II (DMI6000 CFS; acquisition
software, Leica Application Suite AF v2.6.3.8173) or SP8 X (DM6000 CFS; acquisition
software, Leica Application Suite AF v3.2.1.9702) confocal laser-scanning microscopes
(Leica Microsystems GmbH, Germany). Confocal images were acquired using either 40×
(NA1.3) or 63× (NA1.4) oil-immersion objectives. To avoid bleed-through between
emission wavelengths, automated sequential acquisition of multiple channels was used.
Low-magnification (objective: 40×; digital zoom: 1×) images were collected: 10 – 25
images at 1 µm z-step, and high-magnification (objective: 60×; digital zoom: 2 – 4×)
images were collected with 0.5 – 1.0 µm z-step. Image analysis was performed using FIJI
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(ImageJ) graphic software (v1.47p, NIH, USA).
Morphologically realistic computational neuron model. Human and rat pyramidal neuron
morphologies which were examined to be complete were scanned at 2048 × 2048
resolution with confocal microscopy using 1 µm z-step (Leica SP8), three-dimensionally
reconstructed with Neurolucida (v.10, MicroBrightField Europe E.K., Magdeburg,
Germany) and the AIS and nodal domains were incorporated as distinct sections with the
width and length values based on the specific location of bIV-spectrin, as reported
previously (Hamada & Kole 2015; Hamada et al. 2016). The 3D morphologies were
imported into the NEURON simulation environment (v. 7.3, (Hines & Carnevale 2001).
Cytoplasmic resistance (Ri) was set to 150
cm throughout all compartments. The resting
membrane potential was adjusted with e_pas to the recorded resting potential for each
simulated cell (between –72 to –81 mV ) and temperature was set nominally at the
experimental recording temperature 31 – 33 °C. Throughout the somatodendritic and nodal
compartments the membrane resistance (Rm) was set to 25 k cm2 and capacitance (Cm)
1.0 µF cm–2. Myelination of internodal sections was represented by increasing internodal
Rm to 100 k cm2 and decreasing Cm to 0.25 µF cm–2. Nav conductance was implemented
by two separate 8-state allosteric models developed for the soma and the axon (SchmidtHieber & Bischofberger 2010) and linearly decreased in density in dendrites with distance
from the soma and uniformly was set to high values in the AIS as described previously
(Hallermann et al. 2012; Battefeld et al. 2014). Densities for Nav, Kv1 and Kv were
adjusted to obtain an accurate representation of the experimentally recorded AP waveform
of the modelled cell. Small adjustments to the steepness in linear distribution of the Kv and
Nav conductances were also varied. Tuning to the experimental trace required manual
iterative adjustments of the parameters listed in Table Sx. The average parameters for the
human (6 models) and rat neurons (5 models) are listed. Since we were interested in the
description of the fast rising phase of the action potential, simulations were performed with
~3 µs time steps for a duration of the the first 30 – 70 ms of the recording upon a 3 ms
current injection. Simulations were digitally filtered at 10 – 30 kHz (mimicking the
analogue Bessel filter of the amplifiers) and resampled at 100 kHz.
Statistical analysis. Data are given as mean ± SEM, and were statistically analyzed with
MatLab 2014a (The MathWorks, Natick, MA, USA) or with custom-written analysis
scripts in IGOR Pro 6 (WaveMetrics). When n ≥ 6, data were tested for normal distribution
with a Shapiro-Wilk test and when positive, we applied an unpaired t-test subsequently.
Not normally distributed experiments with n < 6 were tested with non-parametric unpaired
Mann-Whitney (M-W) test. Cut- off significance level (P) was set to 0.05. Pearson
correlation coefficients were determined using IBM SPSS (v.23; IBM Co., New York, NY,
USA).
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Abstract
Myelination and voltage-gated ion channel clustering in axons at the nodes of Ranvier are
essential for the rapid saltatory conduction of action potentials. Whether myelination
influences the structural organization of the axon initial segment (AIS) and action potential
initiation is poorly understood. Using the cuprizone mouse model, we combined
electrophysiological recordings with immunofluorescence of the voltage-gated Nav1.6 and
Kv7.3 subunits and anchoring proteins to analyze the functional and structural properties of
single demyelinated neocortical L5 axons. Whole-cell recordings demonstrated that
neurons with demyelinated axons were intrinsically more excitable, characterized by
increased spontaneous suprathreshold depolarizations as well as antidromically propagating
action potentials ectopically generated in distal parts of the axon. Immunofluorescence
examination of demyelinated axons showed that βIV-spectrin, Nav1.6 and the Kv7.3
channels in nodes of Ranvier either dissolved or extended into the paranodal domains. In
contrast, while the AIS in demyelinated axons started more close to the soma, Ankyrin-G,
βIV-spectrin and the ion channel expression were maintained. Structure-function analysis
and computational modeling, constrained by the AIS location and realistic dendritic and
axonal morphologies, confirmed that a more proximal onset of the AIS slightly reduced the
efficacy of action potential generation, suggesting compensatory role. These results suggest
that oligodendroglial myelination is not only important for maximizing conduction
velocity, but also to limit hyperexcitability of pyramidal neurons.
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Introduction
The development and maintenance of voltage-gated ion channel clustering to nodes of
Ranvier depends on multiple and complex interactions between neurons and glia cells,
including clustering of NF186 by glia-derived extracellular matrix complexes, paranodal
axoglial barriers, and stabilization of ion channel proteins by cytoskeletal scaffolds (Susuki
et al. 2013; Dzhashiashvili et al. 2007). As a consequence, with the lack of oligodendroglial
signals such as in the neuroinflammatory disorder multiple sclerosis (MS) or in
experimental animal models of demyelination, it is well established that nodal and
juxtaparanodal voltage-gated ion channels diffuse laterally and can extend into the formerly
myelinated internodal regions (Foster et al. 1980; Craner et al. 2004; Waxman et al. 2004).
It is thought that these voltage-gated ion channel reorganizations compensate, in part, for
the loss of saltatory conduction and slowing of action potential (AP) propagation in whitematter axons (Bostock & Sears 1978; Felts et al. 1997). Whether myelin loss affects the
intrinsic excitability of cortical gray matter neuronal circuits, where large fractions of axons
in the deeper layers are myelinated (Tomassy et al. 2014), remains poorly understood.
A major hallmark of gray matter axons is the axon initial segment (AIS), an ~40
µm long excitable region responsible for the initiation of the fast sodium ion-mediated AP
at the onset of axons (Kole & Stuart 2012; Rasband 2010). AISs share many of the same
ion channel proteins and assembly mechanisms of the nodes of Ranvier, including Ankyrin
G, voltage-gated Nav and Kv channels, and cell adhesion molecules such as neurofascin
(Rasband 2010). In contrast to nodes, the AIS develops independent of myelinating
oligodendrocytes and its length is restricted by the position of sub-membranous intraaxonal boundaries (Ogawa & Rasband 2008; Galiano et al. 2012; Dzhashiashvili et al.
2007; Mathis et al. 2001). To date, experimental demyelination studies have primarily
focused on white-matter axonal tracts and the role of myelin in the nodal organization but
the impact on the AIS is less well understood.
In order to test the role of myelination in the structure and function of the AIS we
used the cuprizone model for demyelination (Kipp et al. 2009) and examined the
myelinated axons of thick-tufted L5 pyramidal neurons in the somatosensory cortex.
Demyelination relocated the position of the AIS toward the soma, reduced Nav1.6 channels
but was associated with increased Kv7.3 expression into the internodes, and AP initiation
was slightly impaired. Notably, demyelination facilitated the initiation of ectopic APs
antidromically propagating into the AIS and somato-dendritic domain. These results
suggest that oligodendroglial myelination is not only important for maximizing conduction
velocity, but also to spatiotemporally confine AP generation to the AIS and limit
hyperexcitability of pyramidal neurons.
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Results
Cuprizone induces dose- and time-dependent gray matter demyelination of L5 axons
To investigate the impact of demyelination at the level of single L5 axons we recorded
from visually identified L5 neurons in the primary somato-sensory hindlimb region (S1HL)
in slices from adult C57BL/6 mice which were fed with 0.2% cuprizone for 5 weeks, a
standard regime to obtain maximal oligodendrocyte death and loss of myelin protein
expression (Kipp et al. 2009). Recorded cells were processed cells for biocytin and
demyelination was assessed by immunofluorescence of myelin basic protein (MBP,
essential for the formation of compact myelin (15)(Figure 1A)). Confocal z-projected
images showed that although 0.2% cuprizone for 5 weeks reduced MBP expression
prominently within the L5 and 6, patches of MBP could still be observed (Figure 1A).
Also when feeding mice for 9 weeks with 0.2% cuprizone L6 was still immunopositive for
MBP indicating that 0.2% allows continuation of remyelination, consistent with previous
work (Lindner et al. 2007). In contrast, 0.3% cuprizone feeding for 9 weeks induced a nearcomplete demyelination of the gray matter region (Figure 1A).
To quantitatively examine the differences in myelin loss across the groups we used
confocal image analysis of MBP immunofluorescence. Analysis of the myelin content in
L6 revealed that 0.3% cuprizone treatment for 9 weeks compared to control and 0.2%
cuprizone for 5 weeks, induced significantly more myelin loss (5.1% vs. 50.4% and 13.9%;
respectively; Figure 1B,C). Furthermore, myelination of single axons was quantitatively
measured by calculating the percentage of axon length covered with MBP. Control L5
axons had an average onset of myelin at 45.7 ± 2.1 µm distance from the soma, at the end
of the AIS, and myelination continued across the entire length examined (100%, n = 10;
Figure 1D). In contrast, 0.2%/5 weeks cuprizone treatment caused a significant ~70% loss
of myelin and shifted the myelin onset to more distal locations in the axon (276.6 ± 40.6
µm distance from the soma, n = 9 axons, one-way ANOVA followed by Bonferroni post
hoc test, P = 0.0002). Additionally, nearly ~35% (n = 5 out of 14) of axons in 0.2%/5
weeks group were completely demyelinated. In comparison, within the 0.3%/9 weeks
group axons showed a ~97% loss of myelin and ~81% (n = 13 out of 16) of the axons
labeled with MBP were completely demyelinated (Figure 1D). In three MBP positive
axons (n = 3) the myelin onset occurred at significantly more distal locations from the soma
(0.3%/9 weeks, 448.3 ± 101 µm, n = 3 axons; compared to control, Bonferroni post hoc
test, P < 0.0001; compared to 0.2%/5 weeks, P = 0.047). Despite the major loss of
myelination the axon morphology, as assessed by diameter, was not affected (axon
diameter at 300 µm from soma: control, 1.03 ± 0.08 µm, n = 7; 0.2%/5 weeks, 0.76 ± 0.04
µm, n = 4; 0.3%/9 weeks, 0.92 ± 0.07 µm, n = 6; one-way ANOVA, P = 0.09).
Taken together, the observed spatial and temporal dynamics of the 0.2%/5 weeks and
0.3%/9 weeks cuprizone treatment indicates that the two paradigms cause an ‘acute’ or
‘chronic’ loss of myelination in L5 axons, respectively.
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Figure 1 – Graded demyelination of L5 axons in the somatosensory cortex
(A), Left, z-projected overview images of the morphology of thick-tufted L5 neurons in the
somatosensory cortex (biocytin fill, red) overlaid with immunofluorescence staining for myelin basic
protein (MBP, cyan). Right, Higher magnification z-projected images show the progressive
demyelination of primary L5 axons. Yellow arrowheads indicate the onset of myelin. (B), Confocal
images of L6 region immunolabeled for MBP expression showing the progressive loss of myelin with
increasing cuprizone dosage and treatment duration. (C) Quantification of MBP immunofluorescence in
L6 region. Control, n = 10; acute, n = 18; chronic, n = 10. (D), Bar plot of the extent of myelination of
single L5 axons. Control, n = 10; acute, n = 14; chronic, n = 16. One-way ANOVA followed by
Bonferroni post hoc test. Co, control; Ac, acute; Ch, chronic. Data are presented as mean ± s.e.m.
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Morphological changes of L5 neurons in demyelination
To examine whether demyelinated L5 pyramidal neurons of the somato-sensory cortex
exhibit dendritic morphological differences, neurons were labeled with biocytin for post
hoc analysis. Morphological analysis showed that targeted neurons were always of the
thick-tufted L5 pyramidal neuron type (n = 38 neurons; Figure 2A). All analyzed neurons
extended apical dendrites that terminated in dendritic tufts near the pia, with laminar
position of the bifurcation points of primary apical dendrites typically observed near the
boarders of L2/3 and L4. Following chronic demyelination L5 neurons had apical dendrites
that were on average ~100 µm shorter compared to control and acute demyelination
(Figure 2B). The width of the apical dendritic tufts in neurons of cuprizone-treated animals
was not different from that in control (Figure 2B). Similarly, the diameter at the base of the
apical dendrites of L5 neurons was not changed in cuprizone-treated animals (Figure 2B).
We subsequently examined subdomains of the dendritic tree using Sholl plots. When
comparing cuprizone-treated groups to control, it was found that chronic demyelination
induced an increase in number of dendritic branches within a very small range spanning
between 60 – 80 µm from the center of the cell body (Figure 2C).

100

Hyperexcitability in demyelinated layer 5 pyramidal neurons

Figure 2 – Chronic demyelination reduce the apical dendrite of L5 neurons
(A) Examples of z-projected confocal images of the morphology and whole-cell recorded thick-tufted L5
neurons in the somatosensory cortex. (B) Quantification of dendritic morphology showed that chronic
demyelination reduces, probably as a result of cortical shrinkage, the apical dendritic length, as
determined by the distance between tuft and soma. Apical tuft width: Co, n = 16 neurons; Ac, n = 10;
Ch, n = 12. Apical length: Co, n = 17; Ac, n = 10; Ch, n = 12. Apical diameter: Co, n = 17; Ac, n = 8; Ch,
n = 12. Co, control; Ac, acute; Ch, chronic. (C) Sholl-plot analysis of dendritic segments within 20 µm
distance from the soma. Note the larger number of basal dendritic intersections in the chronic
demyelinated group between 60 – 80 µm from the soma. One-way ANOVA followed by Bonferroni post
hoc test, *P = 0.019 (60 µm), *P = 0.026 (80 µm). Data are presented as mean ± s.e.m.
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Demyelination-induced ion channel redistribution in the AIS
In order to examine whether loss of myelin affects the voltage-gated ion channel
composition of the AIS we performed immunofluorescence experiments on the slices in
which L5 neurons were filled with Alexa Fluor during the whole-cell recordings (n = 97).
Confocal images revealed an intense immunosignal for βIV-spectrin, an anchoring protein
together with Ankyrin G stabilizing Nav1.6 channels in the AIS (Rasband 2010), and
showed that it was associated with the plasma membrane (Figure 3A). 3D analysis of zstacks showed that the average AIS onset of βIV-spectrin, relative to the edge of the soma,
was 3.39 ± 0.36 µm in control cells (Figure 3A,B). Acute and chronic demyelination led
to, however, a significantly more proximal onset at 1.65 ± 0.32 µm and at 0.92 ± 0.19 µm,
respectively (Figure 3A,B). The average length of βIV-spectrin expression, however, did
not change (Figure 3C). Next, we labeled brain slices with a Nav1.6 antibody (Figure 3D).
In control L5 neurons, the length of Nav1.6 immunosignal in the AIS was on average 34.3
± 0.4 µm with a proximal onset of 4.2 ± 0.6 µm (Figure 3E,F). In acutely demyelinated
axons the immunosignal length was significantly reduced and started at a more proximal
site of onset (length, 31.3 ± 0.5 µm; onset, 2.11 ± 0.2 µm; Figure 3E,F). Chronically
demyelinated L5 axons also showed a more proximal onset of Nav1.6 at 2.0 ± 0.2 µm but
were not different in length of expression (Figure 3E,F).
In addition to βIV-spectrin and Nav1.6, we triple immunolaxbeled control and acute brain
slices with Ankyrin G, a-PanNav, and NeuN (Figure 3G). However, due to the required
low-fixation regime, it was not possible to combine these two immunolabelings with
neuron filling. Consistent with the βIV-spectrin results, the average length of Ankyrin G in
acute demyelination was similar to that in control (control, 37.2 ± 0.3 µm, n = 44 AISs;
acute, 37.9 ± 0.4 µm, n = 63 AISs; Figure 3H). Interestingly, unlike the reduction of
Nav1.6 expression in acute demyelination, we did not observe a similar reduction in
a-PanNav expression in the acute group (Figure 3I). This could reflect an increase in
expression of other Nav ion channels in the AIS, to compensate for the reduction observed
in Nav1.6. However, immunolabeling of Nav1.2 ion channels did not show any specific
fluorescent signal in the gray matter of both control (n = 18) and cuprizone-treated brain
sections (n = 8).
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Figure 3 – Demyelination-induced ion channel reorganization in the AIS
(A) Single fluorescence channels and merged image of z-projected confocal scans of the soma and AIS
morphology (Alexa Fluor 594 fill, red) and immunofluorescence labeling of βIV-spectrin (yellow). White
arrowheads indicate the onset and extent of βIV-spectrin immunofluorescence identifying the AIS. (B,
C), Bar plots showing more proximal onset, but maintained length of expression of the AIS βIV-spectrin
immunofluorescence. Kruskal-Wallis followed by Dunn post hoc test. Onset: *P = 0.042, ***P = 0.0003.
Control, n = 8; acute, n = 13; chronic, n = 16. (D, E, F) Nav1.6 immunofluorescence labeling (cyan) is
significantly more proximal in its onset and changed in length in demyelinated axons. Onset: control vs.
acute, **P = 0.0025; control vs. chronic **P = 0.0043. Length: control vs. acute, **P = 0.0023; acute vs.
chronic, *P = 0.039. Control, n = 14; acute, n = 23; chronic, n = 17. (G, H, I) Confocal images of triple
immunofluorescence of Ankyrin G, α-PanNav and NeuN. For both Ankyrin G and α-PanNav expression,
length was maintained in acute demyelination. Mann-Whitney test. Ankyrin G, P = 0.1647; α-PanNav, P
= 0.099. Control, n = 44 AISs; acute, n = 63 AISs.

Based on the βIV-spectrin and Nav1.6 relocation we hypothesized that the Kv7 (KCNQ)gated ion channels, which are co-localized with Nav channels in both nodes of Ranvier and
the AIS, and shares a similar Ankyrin G binding domain (Pan et al. 2006; Battefeld et al.
2014), may also be affected by myelin loss. In the control AIS the Kv7.3 immunosignals
relative to the soma edge had a distal onset of an average 12.8 ± 1.2 µm and signal length
of 23.0 ± 0.9 µm (Figure 4A). In contrast to Nav1.6, the AIS of acutely demyelinated
axons displayed a similar Kv7.3 onset profile but channel expression significantly extended
into the formerly myelinated internodes (acute, length, 35.9 ± 4.2 µm; chronic, 35.8 ± 4.1
µm; Figure 4B,C). Furthermore, when using triple fluorescence for Alexa 594, βIVspectrin and Kv7.3, we found that in both acutely and chronically demyelinated axons the
Kv7.3 immunosignal spread widely into the first internode without detectable levels of
βIV-spectrin (Figure 4D).
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Figure 4 – Kv7.3 ion channel expression
continues into the first internode in
demyelination
(A, B, C) Kv7.3 immunofluorescence
labeling (green) reveals a more extensive
distribution of signal in demyelinated axons.
Length: control vs. acute, *P = 0.0375;
control vs. chronic, *P = 0.0396. Control, n
= 8; acute, n = 10; chronic, n = 16. Data are
presented as mean ± s.e.m. (D) Confocal zprojection of triple immunolabeling of a
chronically demyelinated L5 neuron,
showing the diffuse expression of Kv7.3
into the formerly myelinated first internode
independently
of
βIV-spectrin
coexpression. This diffuse expression of
Kv7.3 was found in both acute (n = 3
neurons) and chronic demyelinated (n = 4
neurons) group with expression length
range of 44 – 82 µm.

Demyelination-induced ion channel redistribution reduces AIS excitability
The location of the AIS and its ion channel properties are major determinants of the AP
voltage threshold and firing properties of neurons (Kole et al. 2008; Grubb & Burrone
2010; Battefeld et al. 2014; Kuba et al. 2010). To examine the functional impact on
neuronal excitability we explored various resting membrane parameters and AP properties
of the thick-tufted L5 neurons in the three groups. The resting membrane potential (RMP)
in control L5 pyramidal neurons was on average –67.9 ± 0.26 mV (n = 100), but neurons
from both the acute and chronic demyelinated group showed a ~1 – 2 mV more depolarized
RMP (acute, –66.93 ± 0.31 mV, n = 93, P = 0.025; chronic, –66.22 ± 0.46 mV, n = 54;
one-way ANOVA followed by Bonferroni post hoc test, P = 0.0008). In chronic
demyelinated group the input resistance was on average 49.5 ± 1.4 MΩ (n = 54; Bonferroni
post hoc test, P = 0.024), significantly higher compared to control (control, 45.3 ± 0.9 MΩ,
n = 101; acute, 45.6 ± 1.1 MΩ, n = 90). This increase in input resistance was also
accompanied by a lower rheo base of AP trains in chronic demyelinated neurons (control,
275.0 ± 6.09, n = 100; acute, 263.2 ± 9.12 n = 87; chronic, 243.1 ± 8.5, n = 51; Bonferroni
post hoc test, P = 0.019). These two changes are most likely associated with the reduced
apical dendritic length in the chronically treated mice (Figure 2).
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The most consistent effect was that in both acute and chronic demyelinated L5 neurons the
somatically recorded AP amplitude was ~1 – 3 mV smaller (control, 100.5 ± 0.37 mV, n =
98; acute, 99.1 ± 0.47 mV, n = 77, Bonferroni post hoc test, P = 0.049; chronic, 97.7 ± 0.61
mV, n = 54, Bonferroni post hoc test, P = 0.0001) without change in half-width (control,
0.60 ± 0.007 ms, n = 98; acute, 0.60 ± 0.007 ms, n = 77; chronic, 0.58 ± 0.012 ms, n = 53;
one-way ANOVA, P = 0.323). The AP voltage threshold of demyelinated neurons showed
a trend to depolarize following chronic cuprizone treatment (control, –47.3 ± 0.25, n = 98;
acute, –47.2 ± 0.34, n = 77; chronic, –46.3 ± 0.40, n = 53; one-way ANOVA, P = 0.0682).
Closer examination of the AP rising phase showed that the initial component in the dVM/dt,
which reflects the current flow from the AIS during onset of the somatic AP voltage
waveform, was selectively reduced in chronically demyelinated neurons (control, 383.8 ±
6.4 V s–1, n = 65; chronic, 356.6 ± 7.2 V s–1, n = 33; Bonferroni post hoc test, P = 0.02).
To examine whether these properties were a result of cuprizone or the associated
myelin loss, we bath applied 100 µM cuprizone to control neurons in whole-cell currentclamp configuration in vitro and established the main properties. The resting membrane
potential slightly hyperpolarized after 20 min of 100 µM cuprizone bath application
(control, –67.9 ± 1.3 mV; cuprizone, –69.0 ± 1.1 mV, n = 5; paired Wilcoxon test, P =
0.04). However, bath application of cuprizone had no significant effects on AP properties
including AP amplitude (control, 100.4 ± 1.5 mV; cuprizone, 98.6 ± 1.4 mV, n = 5; paired
Wilcoxon test, P = 0.17).
Next, to test the hypothesis that the experimentally observed changes in AIS
position or AIS length (Figure 5) were associated with the group changes in AP
generation, we took advantage of our correlated approach of recording APs from neurons
which were also fluorescently labeled for βIV-spectrin or Nav1.6. We plotted the onset
location of the AIS, varying between 0.5 – 8 µm, against various parameters of excitability
recorded from the same cell. The results showed that AIS onset significantly, and
positively, correlated only with the AP amplitude in both control and demyelinated neurons
(Figure 5A,B). A linear fit of the pooled data from control and demyelinated neurons
revealed a slope of 1.8 mV µm–1 (red trace; Figure 5B). As the AIS moved on average ~2
µm these results quantitatively predict a 3.6 mV amplitude reduction, in accord with the ~3
mV AP amplitude reduction in demyelinated L5 neurons.
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Figure 5 – AIS relocation and length reduction impairs AP initiation
(A) Neurons with proximal AIS onset generate APs with significantly lower amplitude. Top, single AP
from a control (black) and chronically demyelinated neuron (red) after a current injection (bottom),
showing reduced AP amplitude in chronic demyelinated neuron with a more proximal AIS onset. Middle,
differentiated voltage, dVM/dt, of the same traces, with a decreased initial peak (black arrowheads)
reflecting a reduced current flow from the AIS during the onset of somatic voltage waveform. Control
–1
(black): onset, 4.4 µm; AP amplitude, 103.1 mV; dVM /dt, 390.5 V s . Chronic (red): onset, 0.36 µm; AP
–1
amplitude, 93.0 mV; dVM/dt, 358.8 V s . (B) AIS onset significantly correlated with AP amplitude in
control (dotted gray line, closed circles; Spearman’s ρ = 0.589, P = 0.021, n = 15) and demyelinated
neurons (black line, open squares; Spearman’s ρ = 0.623, P = 0.004, n = 19). The combined data were
fit with a linear function y = 1.8x + 90.9 (red line). Spearman’s rank correlation (ρ). (C) Left, Confocal
projection of the morphology of a thick-tufted L5 neuron labeled for biocytin and βIV-spectrin. Right, 3D
reconstruction of the same cell utilized for computational modeling. (D) Overlaid and aligned AP voltage
waveforms from the experimental data (black) and simulated neuron (blue) for voltage (top) and time
derivative (bottom). The inset shows the 6 ms, ~1 nA current step and voltage responses. Note the high
degree of similarity between experiment and simulation. (E) Adjusting the AIS onset distance (x-axis)
and length of the AIS in the model (open and closed circles and open squares), revealed that the length
of the AIS had more impact on the somatic AP amplitude compared to AIS onset changes. (F)
Examples of overlaid and aligned voltage traces of the simulated somatic AP waveform (top) and the
AIS (bottom) corresponding to control parameters (blue) and reduced AIS onset and length values as
shown in (E) Note the broader local AIS action potential.

To test whether AIS length or location suffices to reduce the somatically recorded APs we
generated a computational model of a control L5 neuron, reconstructed at high resolution
from confocal microscopy z-stacks (see Materials and Methods; Figure 5C). We took in
particular care to reconstruct the AIS at the precise onset distance (3.9 µm) and length (39
µm) based on the overlaid βIV-spectrin distribution. Next, to simulate the experimentally
recorded AP the peak Nav conductance densities in the AIS and soma were adjusted to
reproduce the AP rising phase shape recorded from the specific cell (AIS: 9,000 pS µm–2
and soma: 500 pS µm–2; Figure 5D). Subsequently, both AIS onset location and length
were varied between 0.1 – 12 µm and 29 – 39 µm, respectively. The result of changing
these model parameters revealed that both onset and length reduction depolarized the
somatic AP voltage threshold and thereby reduced the AP amplitude. Changes in AIS
length alone had a larger impact compared to changes in onset location (Figure 5E,F). The
impact of onset location on AP amplitude was 0.17 mV µm–1 and AIS length 0.4 mV µm–1.
While the computationally predicted geometrical relationship is less steep compared to the
experimentally observed location dependence (1.8 mV µm–1; Figure 5B), the results are in
accord with the hypothesis that demyelination-induced geometrical changes reduce the
capacity of the AIS Nav channels to generate inward current for the rising phase of the AP.
Furthermore, the simulations predicted that the AP in the AIS, at the distal end increased in
half-width duration by ~35% (control, 290 µs; demyelination, 390 µs) when the AIS has an
onset directly from the cell body (Figure 5F).
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Demyelination does not affect the AP initiation site in the AIS but reduces axonal
conduction velocity
Based on the computationally predicted reduction in local AIS excitability we next tested
experimentally how local AP initiation in the AIS was affected by performing simultaneous
patch-clamp recordings from the soma and axon. The axonal AP was assessed by recording
the extracellular voltage (e-AP) at various distances from the soma along the axon during
repetitive current injections (Figure 6A) (Kole 2011; Palmer et al. 2010). The AP initiation
site was identified by plotting the latency between the extracellular axonal AP onset and
intracellular somatic AP, versus the distance of the axonal recording site (see Materials and
Methods; Figure 6B,C). In control neurons the axonal initiation site of the AP was ~27 µm
from the soma and not different from acutely demyelinated axons (~25 µm; Figure 6D).
The e-AP latencies from locations distal from the AIS (> 50 µm) were fitted with a linear
function yielding an estimate of axonal conduction velocity of 0.35 m s–1 in axons from
cuprizone-fed mice, a ~3-fold velocity reduction compared to the control velocity (1.1 m s–
1
), consistent with the loss of myelin (Figure 6E).
We next investigated the local properties of the e-AP waveform within the AIS (binned
into 0 µm, 5 µm, 15 µm and 35 µm). Figure 6F shows the e-AP waveforms, reflecting
primarily the sum of the local Na+ and K+ current densities, overlaid for distinct recording
sites. Comparisons of e-AP waveforms from acute and chronic demyelinated neurons did
not display any significant differences, and thus were pooled for further analysis. While the
peak amplitudes of e-APs in demyelinated axons did not differ from the control e-AP
amplitudes at any of the locations (0 – 35 µm), the e-AP half-width was selectively
increased at 5 µm and 15 µm distance from the soma by ~30% and ~40%, respectively
(Figure 6F,G), consistent with the more proximal onset of Nav channel expression and
impaired initiation of the local AIS action potential (Figure 5F).
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Figure 6 – Maintained AIS initiation site, increased half-width and reduced conduction velocity
of axonal APs in demyelinated L5 axons
(A) z-projected confocal image of a L5 pyramidal neuron illustrating the experimental design of wholecell (W-C) configuration combined with extracellular AP (e-AP) recording. Locations of the recording
sites for this example are indicated by blue arrowheads. E-AP traces (blue) from one typical recording
aligned to the peak of the somatic dVM/dt (black). Black dots indicate the time when 20% of the local eAP maximum is reached. (*) Indicates the onset of AP. (B) Pooled AP latency plotted versus axonal
distance of the recording location in control (left, n = 30 neurons) and demyelinated axons (right, n = 26
acute and 2 chronic neurons). Red data point indicates the average initiation site. (C) Top, time
derivative of APs from control (black) and acute demyelinated (red) L5 neurons aligned at peak
amplitude. Bottom, e-APs recorded ~160 µm from the soma of respective neurons. Note the onset delay
of the extracellular AP in the demyelinated axon due to reduction of conduction velocity as a
consequence of myelin loss. Closed blue circles indicate the 20% onset of the local e-AP maxima. (D)
Location of AP initiation is maintained in demyelinated L5 axons. Student’s t-test. Control, 26.6 ± 1.5
µm, n = 10; Acute, 25.3 ± 1.3 µm, n = 12. (E) Bar plot showing the decreased conduction velocity (CV)
–1
–1
in demyelinated neurons. Control, 1.1 m s ; demyelination (acute and chronic), 0.35 m s . (F) Average
e-APs recorded at 5 and 15 µm from the soma from control (black) and pooled demyelinated neurons
(red, acute and chronic). Note the broader e-AP half-widths of demyelinated neurons. 0 µm: control, n =
11; n = 14 acute and 9 chronic. 5 µm: control, n = 10; n = 8 acute and 9 chronic. 15 µm: control, n = 10;
n = 10 acute and 9 chronic. 35 µm: control, n = 10; n = 10 acute and 9 chronic. (G) Plot shows the
+
average half-width of the Na component of the e-AP plotted against the location distance. Student’s ttest, *P = 0.02, ***P = 0.0002. Co, control; Ac, acute; Dem, demyelination (acute and chronic). Data are
presented as mean ± s.e.m.

Increased burst firing and spontaneous up-state-like events in demyelinated L5 neurons
If the AIS excitability is reduced this may affect the input-output function of the
demyelinated neurons. To test this we further analyzed the properties of subthreshold and
suprathreshold excitability in both groups by current injections. The current-injection
evoked excitability of L5 neurons can be broadly divided into intrinsic bursting (IB) and
regular spiking (RS) neurons with non-adapting spike intervals of ~100 – 200 ms (Hattox
& Nelson 2007; Kole 2011). In control L5 neurons steady current injections of just
suprathreshold amplitudes either caused repetitive high-frequency bursts of 2 – 3 APs
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followed by regular spikes or a train of regular low-frequency APs only (Figure 7A). IB of
acutely demyelinated neurons was observed more frequently when compared to control and
chronically demyelinated L5 neurons (Figure 7B,C). Interestingly, not only current-evoked
excitability but also spontaneous activity was enhanced in demyelinated neurons. When
monitoring the baseline activity of L5 neurons in current-clamp mode (I = 0) in epochs of
20 – 30 min it was observed that demyelinated L5 neurons showed spontaneous activity,
characterized by transient suprathreshold depolarizations triggering multiple APs or
subthreshold depolarizing envelops, reminiscent of up-states reported for in vivo and in
vitro recordings from L5 neurons (Figure 7D) (Sanchez-Vives & McCormick 2000;
Beltramo et al. 2013). Up-state-like events are a characteristic feature of L5 neurons and
were observed in a larger population of neurons from cuprizone-treated animals (up-state
AP: control, 8%; acute, 32%; chronic, 27%; up-state depolarization: control, 18%; acute,
48%; chronic, 26%; Figure 7E,F). These events also occurred more frequently within a
single recording (up-state AP: control, 2.0 ± 0.33 mHz, n = 5; acute, 2.9 ± 0.41 mHz, n =
25; chronic, 4.8 ± 0.75 mHz, n = 27; one-way ANOVA, P = 0.039; up-state depolarization:
control, 2.0 ± 0.2 mHz, n = 11; acute, 2.1 ± 0.1 mHz, n = 38; chronic, 2.7 ± 0.3 mHz, n =
26; one-way ANOVA, P = 0.043) and the inter-spike frequency within the up-state AP was
also significantly higher in demyelination (~100 Hz; Figure 7G,H). Loss of myelination in
the cuprizone model thus produces an increased excitability despite a decrease in AIS
excitability.
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Figure 7 – Demyelination increases burst firing and up-state-like depolarizations in
demyelinated L5 neurons
(A) Suprathreshold current injection induced (bottom) burst firing in control (left) and acute demyelinated
(right) neuron. (B) Overlaid voltage traces in (A) on an expanded time scale. Note the increase in
number of APs in an acute demyelinated neuron (red) in response to the same stimulus, compared to
control (black). (C) Bar plot showing a significant increase in intrinsic bursting (IB) neurons in acute
demyelination. The combined percentages of weak and strong IB firing neurons were also increased in
acute demyelinated neurons. Chi-square test. (D) Voltage traces of baseline activity at resting
membrane potential (VM ) from chronic demyelinated L5 neurons (middle, red), showing the occurrence
of spontaneous up-state APs and depolarizations (blue area), compared to control neuron (top, black).
Bottom, overlaid voltage traces of up-state APs and depolarizations (middle, blue area). (E) Bar plot
showing a significantly increased subpopulation of acute and chronic demyelinated L5 neurons
generating up-state AP. Chi-square test. Control, n = 5 out of 61; acute, n = 25 out of 79; chronic, n = 27
out of 99. (F) Subpopulations of neurons with subthreshold up-state depolarizations were also found to
be increased in acute and chronic neurons. Chi-square test. Control, n = 11 out of 61; acute, n = 38 out
of 79; chronic, n = 29 out of 99. (G, H) Overlaid and aligned up-state AP voltage traces from control
(black) and demyelinated neurons (red) on an expanded time scale. Note the high firing frequency of the
demyelinated (245.1 Hz) neurons compared to control (23.4 Hz). One-way ANOVA followed by
Bonferroni post hoc test. Control, n = 4 neurons; acute, n = 19 neurons; chronic, n = 24 neurons. Co,
control; Ac, acute; Ch, chronic. Data are presented as mean ± s.e.m.
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Glutamate receptor dependent up-state-like depolarizations in demyelinated L5 neurons
What underlies the increased excitability? We next aimed to examine whether up-state
depolarizations after demyelination are dependent on network activity. Simultaneous
recording from two horizontally adjacent demyelinated L5 neurons (~50 µm apart, n = 3
pairs) showed that up-state events could occur temporally correlated, consistent with
synchronized network activity (Figure 8A). To pharmacologically block synaptic activity
we bath applied glutamate receptor blockers and measured the impact on spontaneous AP
generation. We first recorded a 10 – 20 min baseline activity in slices from cuprizone
treated mice and subsequently bath applied CNQX, a competitive AMPA/kainate receptor
antagonist, which reduced the number of events (baseline, ~7.1 mHz; CNQX, ~0.42 mHz;
Figure 8B,C). Subsequent addition of d-AP5, a selective NMDA receptor antagonist, led
to a complete block (CNQX + d-AP5, 0 mHz; Figure 8B,C). Bath application of CNQX
and d-AP5 also significantly reduced the number of up-state depolarizations in
demyelinated neurons (baseline, 4.0 ± 1.0 mHz; CNQX, 1.7 ± 0.53 mHz; CNQX + d-AP5,
0.33 ± 0.33 mHz, n = 5 (acute); paired Friedman followed by Dunn post hoc test, P =
0.0089).
Based on these results we hypothesized that synaptic glutamate receptor activity may be
increased following demyelination. There is evidence that cuprizone, which is a copper
chelator, may have also direct impact on neurons by decreasing the free level of copper and
thereby inducing persistent opening of the NMDA receptor (Stys et al. 2012). On the other
hand, cuprizone-induced demyelination for 6 weeks reduces AMPA receptor expression in
the hippocampus, which may reduce the synaptic drive (Dutta et al. 2013). To test whether
synaptic properties of L5 neurons were altered we examined the inter-event interval
frequency and amplitudes of spontaneous postsynaptic potentials. The results showed, in
contrast, that the post-synaptic potential frequency in demyelinated L5 neurons was not
affected (control, 1.62 ± 0.33 Hz, n = 7; demyelination, 1.54 ± 0.15 Hz, n = 6 acute and 6
chronic; Student’s t-test, P = 0.801). The postsynaptic potential amplitude in demyelinated
neurons (0.99 ± 0.06 mV, n = 12; Student’s t-test, P = 0.177) was also similar to that in
control (0.85 ± 0.08 mV, n = 7).
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Figure 8 – Glutamate-receptor and sodium channel dependence of demyelination-induced
spontaneous up-state AP events
(A) Top, Simultaneous baseline current-clamp recording (red) from two chronic demyelinated L5
pyramidal neurons (Cell 1 and Cell 2) shows correlated up-state AP events, indicative of a network
driven mechanism. Bottom, Temporally correlated up-state AP events (blue area) on an expanded time,
showing the multiple APs of such events. (*) Indicates synchronous events. (B, C) Voltage traces of
spontaneous up-state AP events in response to bath application of CNQX (20 µM, competitive
AMPA/kainate receptor antagonist) and d-AP5 (50 µM, selective NMDA receptor antagonist). Bath
application of CNQX alone reduced the up-state AP event rate (baseline, 7.1 ± 2.1 mHz; + CNQX, 0.42
± 0.42 mHz). Co-application of CNQX + d-AP5 lead to a complete block of the spontaneous events (0.0
mHz, n = 4 chronic neurons). Friedman followed by Dunn post hoc test. (D, E) Top, Overlaid and
aligned traces of basal NMDA currents, evoked by lateral stimulation in control condition (black) and
during bath application of 100 µM cuprizone (red, n = 7 control neurons). Bottom, Same current traces
on an expanded time scale fitted with double-exponential fit (blue lines). NMDA currents were recorded
in the presence of 20 µM CNQX and 2 µM gabazine (SR 95531). Bath application of cuprizone did not
affect the NMDA current amplitude or the decay time constant (t). Black arrows indicate extracellular
stimulus artifacts. (F, G) 20 nM TTX significantly reduced the event rate of up-state AP events in
demyelinated L5 neurons (baseline, 2.8 ± 0.4 mHz; + TTX, 1.1 ± 0.5 mHz, n = 2 acute and 6 chronic
neurons). Paired Wilcoxon test. Data are presented as mean ± s.e.m.
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To examine the role of direct cuprizone exposure on NMDA synaptic currents, we
extracellularly stimulated intra-cortical fibers and recorded NMDA currents in the presence
of 20 µM CNQX and 2 µM gabazine (SR 95531). In both control conditions and in the
presence of 100 µM cuprizone bath application we did not observe any changes in
amplitude (control, 379 ± 36 pA; + cuprizone, 364 ± 73 pA, n = 7; paired Wilcoxon test, P
= 0.813; Figure 8D, E) or decay time constant (t orontrol, 34.5 ± 3.2 ms; + cuprizone, 37.9
± 3.0 ms, n = 7; paired Wilcoxon test, P = 0.297; Figure 8D) of the NMDA currents. These
results show that both long-term demyelination by cuprizone treatment and acute
application of cuprizone do not change synaptic transmission of L5 pyramidal neurons.
Studies in the visual cortex showed that spontaneous pacemaker-like activity in the
neocortex may be generated by the persistent Na+ current (Le Bon-Jego & Yuste 2007), and
persistent Na+ current has been implicated in axonal pathology in demyelination (Waxman
2008; Craner et al. 2004; Kapoor et al. 1997). Finally, to test whether up-state APs were
dependent on a subthreshold persistent Na+ current in the demyelinated axon we applied 20
nM of tetrodotoxin (TTX). TTX significantly reduced the rate of up-states but did not fully
block them, suggesting that intrinsic conductances, in part, may contribute to the
demyelination-induced increased up-state AP event rate (baseline, 2.8 mHz; + 20 nM TTX,
1.1 mHz; Figure 8F,G). Bath application of 20 nM TTX did not block nor modulate the
event frequency of up-state depolarizations (Baseline, 2.3 ± 0.21 mHz; + 20 nM TTX, 2.25
± 0.64 mHz, acute, n = 2, chronic, n = 5; paired Wilcoxon test, P = 0.8125). Thus,
persistent Na+ current may contribute to the amplification of the up-state depolarizations in
demyelinated axons.
Demyelination causes ectopic AP generation
In the course of the long-duration recordings (Figure 7 and 8) it was furthermore observed
that nearly ~15% of the demyelinated L5 neurons exhibited ectopic APs (acute, 16%;
chronic, 14%; Figure 9A–C). Consistent with the presumed ectopic origin, these APs had a
nearly instantaneous voltage deflection from the resting membrane potential, reflecting
axial current flow initiated distally in the axon and invading the AIS and somato-dendritic
(SD) region antidromically (Figure 9B). Furthermore, when the soma was 10 – 25 mV
hyperpolarized the AIS-SD component of the ectopic AP could be inactivated and isolated
from the spontaneous distal axonal AP, appearing as a small ~1 mV spikelet at the soma
(Figure 9A). Ectopic APs were never observed in control myelinated L5 neurons (0%; 0
out of 61 neurons; Figure 9C). The average ectopic AP event rate during a recording was
~7 – 10 mHz in both acute (7.1 ± 1.7 mHz, n = 13) and chronic demyelination (10.1 ± 3.6
mHz, n = 14; Mann-Whitney test, P > 0.999).
To further examine whether demyelinated L5 axons also have higher propensity of
pharmacologically induced ectopic AP generation, we applied 75 µM 4-aminopyridine (4AP, a blocker of Kv1 and Kv3 voltage-gated K+ channels), during current-clamp baseline
recordings (Figure 9D). Bath application of 4-AP induced ectopic APs in control neurons
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at rate of ~8 mHz. However, in acutely demyelinated L5 axons 4-AP induced nearly a ~7fold increase in the rate of ectopic AP (Figure 9E). In contrast, chronic demyelinated L5
axons, displayed comparable sensitivity to 4-AP induced ectopic APs generation to control.
Ectopic AP generation has previously been described in demyelinated axons from the
sciatic nerve (Felts et al. 1995; Baker & Bostock 1992) and thought to rely on activation of
persistent Na+ current at the site of demyelination (Kapoor et al. 1997). To test this we bath
applied 20 nM TTX, which depolarized the somatic AP voltage threshold by 17.2 ± 1.2 mV
(n = 2 acute and 6 chronic) and reduced the AP amplitude by 45.7 ± 6.4 mV (n = 8). At this
concentration, TTX blocked the initiation of ectopic APs (baseline, 8.13; + TTX, 0.0 mHz;
Figure 9F,G), suggesting that activation of axonal Na+ current is critically involved in the
generation of demyelination associated ectopic APs.
Together, these results indicate that demyelination leads to a decreased AP generation
evoked from somato-dendritic current inputs in the AIS while facilitating generation of
Na+-dependent ectopic APs in axonal regions distally from the AIS.
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Figure 9 – Ectopic AP generation in demyelinated L5 axons
(A) Top, Spontaneous generation of ectopic AP (ec-AP) at resting potential. Bottom, hyperpolarizing the
membrane potential blocks invasion of the ec-APs into the soma and AIS, revealing an axonal spikelet
(red arrowhead). (B) Left, Ec-AP waveform (red) has a distinctive abrupt voltage deflection from VM
compared to the normal AP (black), which is preceded by a slow depolarizing ramp before reaching
voltage threshold in the AIS (black arrowheads). Right, Phase plot of dVM/dt versus VM of the same APs
highlighting the longer interval between the AIS and somatic peaks of the ec-APs. (C) Left, Three
voltage traces of ectopic AP from demyelinated (acute and chronic) neurons overlaid and aligned at
onset. Right, Bar plot of the percentage of ec-AP generating neurons. Chi-square test, P = 0.0048.
Control, n = 0 out of 61; acute, n = 13 out of 79; chronic, n = 14 out of 99. (D, E) Current-clamp baseline
recording of 4-AP-induced ec-AP generation from an acute demyelinated L5 neuron. Note the ~7-fold
increase in ec-AP rate in acute demyelinated neurons (baseline, 4.2 ± 3.5 mHz; + 4-AP, 56.7 ± 16 mHz,
n = 8) compared to control (baseline, 0 mHz; + 4-AP, 8.1 ± 5.7 mHz, n = 10) and chronic group
(baseline, 0.3 ± 0.3 mHz; + 4-AP, 8.2 ± 4.4 mHz, n = 10). Kruskal-Wallis test followed by Dunn post hoc
+
test. (F, G) Blocking of Na persistent current with 20 nM TTX prevented ec-AP generation (baseline,
8.13 ± 1.2 mHz; + TTX, 0.0 mHz). Paired Wilcoxon test. Acute, n = 2; chronic, n = 2. Data are
presented as mean ± s.e.m.

Demyelination-induced ion channel distribution in nodes of Ranvier
The results above indicate that Nav channel-dependent distal axonal excitability is
increased. While the majority of demyelinated L5 neurons generating ectopic APs had
axons terminating in deep L6 or corpus callosum, 4 axons were cut between ~150 – 300
µm distance from the soma (237.5 ± 28.9 µm) indicating that the source of ectopic APs in
demyelinated L5 axons may be in the proximity of the first two nodes of Ranvier. To
examine whether axonal hyperexcitability is caused by a reorganization of nodal ion
channels we investigated the expression of Nav1.6 at nodes of Ranvier in L5 axons, which
were filled with Alexa 594 (Figure 10A). Control nodes, identified by the position of
branch points in the primary axon, were always positive for Nav1.6 (100%, n = 17 branch
points out of 17, 6 axons, range: 74 – 392 µm distance from the soma). In contrast, in
demyelinated L5 axons nearly 63% of the nodes lacked Nav1.6 expression (Nav1.6
positive branch points: n = 13 out of 35, 18 axons; Chi-square test, P < 0.0001; Figure
10B). Interestingly, 39% (n = 7) of the axons contained both Nav1.6 positive and negative
branch points indicating that the impact of demyelination leads to a large heterogeneity in
nodal expression of ion channels. When Nav1.6 was present in distal axons it was
expressed over a significantly longer region compared to the more focal expression of
control myelinated axons (Figure 10C).
We also examined the expression of βIV-spectrin and Kv7.3 (range: 87 – 327 µm distance
from the soma; Figure 10D–F). While βIV-spectrin was detected in all control branch
points, approximately 48% of demyelinated branch points showed no βIV-spectrin
clustering (βIV-spectrin positive branch points: control, n = 11 out of 11, 4 axons;
demyelination, n = 14 out of 27, 9 axons; Chi-square test, P = 0.0045). In accord with βIVspectrin and Nav1.6 labeling, in demyelinated axons Kv7.3 was not present in 46% of the
branch points (Kv7.3 positive branch points: control, n = 14 out of 14, 5 axons;
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demyelination, n = 14 out of 26, 8 axons; Chi-square test, P = 0.0024). In addition, βIVspectrin and Kv7.3 also displayed increased length of expression into the paranodal
domains (Figure 10D–F). Similar to Nav1.6 nodal heterogeneity, examination of βIVspectrin and Kv7.3 branch point expression revealed that a large percentage of axons
contained both negative and positive branch points (βIV-spectrin, n = 6 axons out of 9;
Kv7.3, n = 5 axons out of 8). Furthermore, in some demyelinated axons we observed that
both βIV-spectrin and Kv7.3 were also diffusely expressed along internodal regions but at
the same time lost from nodes of Ranvier (n = 2 axons; Figure 10G). In addition to the
observation in fluorescently identified L5 axons, other non-filled axons in L6 showed
similar continuous βIV-spectrin and Kv7.3 expression along internodal regions. However,
brain sections of cuprizone-treated mice immunolabeled for Ankyrin G (n = 9), Nav1.6 (n
= 20), Nav1.2 (n = 8), and α-PanNav (n = 9) did not reveal continuous internodal
expression.
Together, these data show that Nav1.6, βIV-spectrin and Kv7.3 can both be lost
and gained within nodal and paranodal regions but in contrast to Nav1.6, the Kv7.3
channels redistribute extensively into the demyelinated internodes.
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Figure 10 – Heterogeneous redistribution of ion channels in demyelinated L5 branch points and
internodes
(A) z-projected confocal images of double immunofluorescence labeling of a primary L5 axon (Alexa
Fluor 594 fill) and Nav1.6 (cyan) at branch points in control and demyelinated axons. Yellow
arrowheads indicate branch point location. (B) Bar graph showing the loss of Nav1.6 positive branch
points of L5 axons. Nav1.6 positive branch points: control, 17 out of 17, 6 axons; demyelination, n = 13
out of 35, 18 axons; Chi-square test, P < 0.0001. (C, D, E) Bar plots of increased nodal expression
length of Nav1.6, βIV-spectrin and Kv7.3 around nodes of demyelinated L5 axons. Nav1.6: control, n =
18 nodes, 6 axons; demyelination, n = 24 nodes, 12 axons. βIV-spectrin: control, n = 15 nodes, 5 axons;
demyelination, n = 26 nodes, 9 axons. Kv7.3: control, n = 19 nodes, 6 axons; demyelination, n = 25
nodes, 8 axons. Mann-Whitney test. Co, control; Dem, demyelination (acute and chronic). Data are
presented as mean ± s.e.m. (F) z-projected confocal images of nodes in control and demyelinated L5
axons filled with Alexa Fluor 594 and immunolabeled with βIV-spectrin (magenta) and Kv7.3 (green).
(G) Confocal z-projected images of a L5 axon double immunolabeled with βIV-spectrin and Kv7.3. Note
the loss of focal expression at axonal nodes but diffuse co-expression of βIV-spectrin and Kv7.3 in the
internodal regions (white arrowheads).

Neurons with demyelinated axons are more susceptible to anomalous AP generation
The observed divergence of nodal and internodal voltage-gated channel expression (Figure
10) may lead to a highly heterogeneous excitability of the axon with longer diffuse
expression of Nav1.6 channels underlying ectopic AP generation (Figure 9).
Demyelination exposes primary axons to the extracellular environment and possibly to
local activity-driven potassium (K+) and glutamate accumulation (Kapoor et al. 1993). To
investigate this possibility, we applied high concentrations of K+ at fluorescently identified
branch points and internodes (10 ms-pulse, [K+] = 140 mM; Figure 11A). The high-K+
evoked AP, displayed ectopic characteristics with more hyperpolarized voltage threshold
reflected in the longer interval between AIS and somatic dVM/dt peaks (Figure 11B). Local
high-K+ application evoked ectopic APs in all control branch points (100%; Figure 11C).
In demyelinated axons, however, K+ frequently failed to initiate an ectopic AP (~56%;
Figure 11C). Four branch points of demyelinated axons completely failed to evoke ectopic
AP, even after a repeated puffing protocol (0%, n = 4 branch points, 3 axons). Furthermore,
while high-K+ puffing at control myelinated internodal regions did not evoke ectopic APs,
in demyelinated internodes high-K+ consistently evoked ectopic APs (Figure 11C).
Interestingly, similar to myelinated control internodes, high-K+ puffing at myelinated
regions of partially demyelinated axons failed to evoke ectopic AP (n = 3 myelinated
internodes, 2 axons).
These results are consistent with the highly heterogeneous distribution of ion
channel clustering at branch points of demyelinated axons (Figure 10) and indicate that
ectopic AP generation might be by a combination of increased nodal Nav channels and
myelin loss.
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Figure 11 – Enhanced susceptibility of demyelinated internodes to ectopic AP initiation
(A) Left, Confocal z-projected image of an acute demyelinated L5 pyramidal neuron co-immunolabeled
for biocytin and MBP, illustrating the experimental set-up of whole-cell (W-C) recording and local high+
[K ] application (10 ms-pulse, yellow areas) at fluorescently identified branch points and internodes.
+
Right, Examples of overlaid voltage traces (5 consecutive trials) of K -evoked APs at 2nd branch point
(a1), myelinated internode (a2), and demyelinated internode (a3). Inset, Overlaid voltage traces of high+
[K ] application failing to evoke ectopic AP (ec-AP) at distal branch point. (B) Left, Overlaid AP
+
waveforms of a somatic initiated AP (black) and K -evoked ec-APs (red, Aa1 and Aa3) from the same
+
neuron temporally aligned at voltage threshold. Note the antidromic waveform of the K -evoked ec-APs
with a voltage threshold (black arrowhead) at VM compared to the normal somatic initiated AP, which is
preceded by a slow depolarizing ramp before reaching voltage threshold in the AIS (black arrowhead).
Right, Phase plot of dVM/dt versus VM of the same APs, further highlighting the antidromic nature of the
+
K -evoked ec-APs by showing the longer interval between the AIS and somatic peaks (red), compared
+
to the control AIS initiated AP (black). (C) Bar plots quantifying the success rate of K -evoked ec-AP.
Ec-APs were evoked at all control axon branch points (n = 10 out of 10, 5 axons), but only at some
branch points of demyelinated axons (n = 9 out of 16, 9 axons). Chi-square test, P = 0.01. Ec-APs were
evoked at all demyelinated internodes (n = 6 internodes, 5 axons), but never at myelinated internodes (n
= 5 internodes, 4 axons). Chi-square test, P = 0.0009.
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Discussion
The present study shows that cuprizone-induced myelin loss affects voltage-gated ion
channel expression in the nodes of Ranvier and the AIS. To the best of our knowledge,
these results provide the first evidence for a functional impact of myelin loss on the AIS
and the occurrence of spontaneous intrinsic and network excitability of pyramidal neurons
in the demyelinated neocortex.
Loss of myelin causes highly heterogeneous changes in nodes of Ranvier
By taking advantage of fluorescently identifying single gray matter L5 axons, allowing a
longitudinal distribution profile analysis and identify nodal domains morphologically by
their branch points, we found that Nav1.6 and Kv7.3 channels are highly heterogeneously
affected. Even at neighboring branch points within one and the same demyelinated axon
βIV-spectrin, Nav1.6 and/or Kv7.3 could extend into the paranodes or disappear. The
heterogeneity of the molecular properties of demyelinated nodes was consistent with the
locally evoked nodal APs often failing at branch points. Surprisingly, in none of the L5
internodes did we find evidence for a Nav channel up-regulation, neither for ain nNav,
Nav1.6 nor Nav1.2. Dispersion of the nodal Nav channel expression into paranodes and
internodes is a hallmark of demyelinated axons, both in experimental models (Crawford et
al. 2009; Dupree et al. 2004) and in the spinal cord and optic nerve of multiple sclerosis
patients (Craner et al. 2004). While the immunosignals of Nav1.6 and ahile thewere always
detected in the AIS, these primary antibodies do not show signals in the somato-dendritic
region, known to contain low densities of Nav channels. Therefore, the Nav antibodies
used may not be able to detect expression of Nav channels at very low densities (≤ 20
channels/µm2) in demyelinated internodal regions. Even a modest Nav channel density
increase in the internodes (~4% of the nodal density) can be sufficient to restore conduction
of AP in demyelinated axonal regions (Shrager & Rubinstein 1990). Additionally, it is also
possible that up-regulation of Nav channels in demyelinated internodes may be axon
specific or occur at more chronic stages of demyelination.
In contrast to Nav channels, in the internodes of demyelinated L5 axons there was
substantial evidence for diffuse Kv7.3 expression. A role of Kv7 channels in demyelinated
axons has been computationally predicted and experimentally reported in axotomy-induced
demyelination in peripheral axons (Roza et al. 2011; Coggan et al. 2010). Furthermore, on
basis of in vivo axonal recordings in multiple sclerosis patients the IKs (or IM), mediated by
Kv7.2/7.3 channels, is predicted to be up-regulated (42). The functional role of Kv7 in
demyelinated axons remains to be further examined. Increased internodal Kv7, which is
active at resting potential may for example via a membrane potential hyperpolarization
increase the availability of the transient Nav channels (Battefeld et al. 2014), ensuing
continuation of axonal AP conduction.
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Compensatory ion channel expression in the AIS
One of our main findings was that despite the extensive myelin loss and dissolution of
nodes of Ranvier, the AIS in the same axon always remained strongly immunopositive for
Nav1.6 and Kv7.3 and AP generation from currents injected in the soma was only slightly
impaired. The AIS structure changed, however, its location and reduced in in length
following acute, but not chronic, myelin loss. Recent studies showed that altered network
activity, injury or disease change the geometrical position of the AIS, leading to a
homeostatic regulation of excitability (Buffington & Rasband 2011; Hinman et al. 2013;
Grubb & Burrone 2010; Kuba et al. 2006). These results are consistent with a
compensatory role of AIS relocation; in particular neurons with acutely demyelinated
axons produced more intrinsic burst firing, an increased sensitivity for generating ectopic
APs and were characterized by a more proximal AIS Nav channel onset and reduced
length. A more proximal onset of the AIS will suffer from an increased current loss into the
large somato-dendritic domain acting as an axial current sink during rapid activation of AIS
Nav channels, reducing the local AP rising-phase in the AIS. The extent of AIS relocation
in demyelination (~2 µm) was, however, insufficient to compensate for the increased
intrinsic and network activity; both ectopic and spontaneously driven APs occurred more
frequently in the L5 neurons in both experimental groups. Demyelination-induced AIS ion
channel expression changes thus have a marginal impact on the overall neuronal
excitability.
Ectopic action potential generation in demyelinated gray matter axons
The present findings suggest that hyperexcitability is common in demyelinated gray matter
axons. Ectopic APs have been previously reported during in vivo recordings within central
and peripheral demyelinated axons (Kapoor et al. 1997; Felts et al. 1995; Baker & Bostock
1992) but never before in the cell bodies in the neocortex of demyelinating lesions. The
physiological mechanisms underlying ectopic APs in demyelinated axons may include
increased activation of persistent Nav channels, K+ ion accumulation in the periaxonal/extracellular space or an ephaptic coupling between the bare internodes (Kapoor et
al. 1993). Interestingly, while ectopic APs were observed in both cuprizone-treated groups,
application of 4-AP induced significantly larger increase of ectopic AP generation in acute
demyelinated neurons, which were partially myelinated (Figure 9E). These findings are
consistent with the idea that ectopic APs are triggered during increased peri-axonal K+
accumulation in the vicinity of the MS lesion (Kapoor et al. 1993). In agreement with these
mechanisms, a low concentration of TTX or local K+ application to demyelinated gray
matter internodes was sufficient to eliminate and evoke ectopic APs, respectively.
While the occurrence of spontaneous ectopic APs in our neocortical slices was rare, on
average ~0.1 min–1, under in vivo conditions with increased activity, significantly higher
local extracellular K+ concentrations may accumulate and trigger ectopic APs and aberrant
increased network activity. Furthermore, given the integrated role of astrocytes and
oligodendrocytes in removing K+ around nodal domains during axonal conduction (Rash
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2010) the loss of oligodendrocytes may lead to an impaired glial-mediated K+ buffering in
the demyelinated cortex. In addition to ectopic APs, the L5 neurons from cuprizone treated
mice showed also increased spontaneous excitability reminiscent of paroxysmal
depolarizations reported at the soma from cortical pyramidal neurons in the connexin-32
knockout mouse which shows myelin defects (Sutor et al. 2000). The L5 axon provides
both a recurrent excitatory feedback signal into the supra-granular layers within the same
column and in neighboring columns via the horizontally organized collaterals
synchronizing activity and generating sensory-evoked network activity (Beltramo et al.
2013; Sanchez-Vives & McCormick 2000; Oberlaender et al. 2011). Spontaneous
hyperexcitability, conduction failure and/or ectopic APs in demyelinated axons may thus
have a widespread impact on the intra-cortical computational functions of neocortical
pyramidal neurons, the extent of which remains to be examined in vivo.
Implications for therapeutic ion channel treatment in MS
Cuprizone-induced lesions resemble some, but certainly not all, of the histopathological
presentations of gray matter lesions in MS patients (Kipp et al. 2009; Clarner et al. 2012).
The present evidence for axonal and neuronal hyperexcitability in the gray matter of
cuprizone treated mice is, however, noteworthy to relate to clinical observations.
Demyelinating lesions and axonal injury in the gray matter are typically observed in 50%
of MS patients (Geurts & Barkhof 2008). MS patients often suffer from cognitive
symptoms including memory impairments, attention deficits and slow sensory processing,
which correlates with the extent of lesion load in the gray matter (54, 55). The finding of
spontaneous APs generated outside of the AIS region may significantly debilitate the
capacity to spatio-temporally precise encode sensory stimuli. Identifying pharmacological
means to prevent spontaneous ectopic generation of APs in gray matter lesions may thus
benefit axonal function and/or injury and may alleviate some of the cognitive impairments.
Since clinical trials with sodium channel blockers failed to prevent neurodegeneration in
MS (Kapoor et al. 2010; Waxman 2008) the diffuse axonal Kv7.3 subunit channel
expression along demyelinated gray matter internodes may provide interesting new
directions for pharmacological intervention in demyelinating diseases. Kv7 channels are
abundantly expressed in axons, activated in the subthreshold voltage range and strongly
regulate AP frequencies, thereby a promising alternative approach to modify
demyelination-induced axonal excitability. Ezogabine (retigabine outside of the USA) is a
non-selective opener of Kv7.2-containing channels, which has been approved for clinical
use as an adjunctive treatment against partial epilepsy in adults (Stafstrom et al. 2011), and
been demonstrated to block ectopic APs in peripheral nerves and the neocortex (Roza &
Lopez-Garcia 2008; Straub et al. 2001). Conversely, XE-991 is clinically used as cognitive
enhancer and a highly selective Kv7.2/7.3 blocker (60). Examination of axonal excitability
in the cuprizone model may thus provide a powerful experimental paradigm for exploration
and development of rational therapies for gray matter axonal injury and the debilitating
neurological and cognitive symptoms associated with demyelinating CNS disorders.
125

Chapter 4

References
Baker, M. & Bostock, H., 1992. Ectopic activity in demyelinated spinal root axons of the rat. The
Journal of Physiology, 451, pp.539–552.
Battefeld, A. et al., 2014. Heteromeric Kv7.2/7.3 channels differentially regulate action potential
initiation and conduction in neocortical myelinated axons. Journal of Neuroscience, 34(10),
pp.3719–3732.
Beltramo, R. et al., 2013. Layer-specific excitatory circuits differentially control recurrent network
dynamics in the neocortex. Nature Publishing Group, 16(2), pp.227–234.
Bostock, H. & Sears, T.A., 1978. The internodal axon membrane: electrical excitability and
continuous conduction in segmental demyelination. The Journal of Physiology, 280, pp.273–
301.
Buffington, S.A. & Rasband, M.N., 2011. The axon initial segment in nervous system disease and
injury. European Journal of Neuroscience, 34(10), pp.1609–1619.
Clarner, T. et al., 2012. Myelin debris regulates inflammatory responses in an experimental
demyelination animal model and multiple sclerosis lesions. Glia, 60(10), pp.1468–1480.
Coggan, J.S. et al., 2010. Imbalance of ionic conductances contributes to diverse symptoms of
demyelination. Proceedings of the National Academy of Sciences, 107(48), pp.20602–20609.
Craner, M.J. et al., 2004. Molecular changes in neurons in multiple sclerosis: altered axonal
expression of Nav1. 2 and Nav1. 6 sodium channels and Na+/Ca2+ exchanger. Proceedings of
the National Academy of Sciences of the United States of America, 101(21), p.8168.
Crawford, D.K. et al., 2009. Functional recovery of callosal axons following demyelination: a critical
window. Neuroscience, 164(4), pp.1407–1421.
Dupree, J.L. et al., 2004. Oligodendrocytes assist in the maintenance of sodium channel clusters
independent of the myelin sheath. Neuron glia biology, 1(3), pp.179–192.
Dutta, R. et al., 2013. Hippocampal demyelination and memory dysfunction are associated with
increased levels of the neuronal microRNA miR-124 and reduced AMPA receptors. Annals of
neurology, 73(5), pp.637–645.
Dzhashiashvili, Y. et al., 2007. Nodes of Ranvier and axon initial segments are ankyrin G-dependent
domains that assemble by distinct mechanisms. The Journal of Cell Biology, 177(5), pp.857–
870.
Felts, P.A., Baker, T.A. & Smith, K.J., 1997. Conduction in segmentally demyelinated mammalian
central axons. The Journal of neuroscience, 17(19), pp.7267–7277.
Felts, P.A., Kapoor, R. & Smith, K.J., 1995. A mechanism for ectopic firing in central demyelinated
axons. Brain, 118 ( Pt 5), pp.1225–1231.
Foster, R.E., Whalen, C.C. & Waxman, S.G., 1980. Reorganization of the axon membrane in
demyelinated peripheral nerve fibers: morphological evidence. Science, 210(4470), p.661.
Galiano, M.R. et al., 2012. A Distal Axonal Cytoskeleton Forms an Intra-Axonal Boundary that
Controls Axon Initial Segment Assembly. Cell, 149(5), pp.1125–1139.
Geurts, J.J. & Barkhof, F., 2008. Grey matter pathology in multiple sclerosis. 7(9), pp.841–851.
Grubb, M.S. & Burrone, J., 2010. Activity-dependent relocation of the axon initial segment fine-tunes
neuronal excitability. Nature, 465(7301), pp.1070–1074.
126

Hyperexcitability in demyelinated layer 5 pyramidal neurons
Hallermann, S. et al., 2012. State and location dependence of action potential metabolic cost in
cortical pyramidal neurons. Nature Neuroscience, 15(7), pp.1007–1014.
Hattox, A.M. & Nelson, S.B., 2007. Layer V Neurons in Mouse Cortex Projecting to Different
Targets Have Distinct Physiological Properties. Journal of Neurophysiology, 98(6), pp.3330–
3340.
Hines, M.L. & Carnevale, N.T., 2001. Neuron: A Tool for Neuroscientists. The Neuroscientist, 7(2),
pp.123–135.
Hinman, J.D., Rasband, M.N. & Carmichael, S.T., 2013. Remodeling of the axon initial segment after
focal cortical and white matter stroke. Stroke, 44(1), pp.182–189.
Kapoor, R. et al., 1993. Internodal potassium currents can generate ectopic impulses in mammalian
myelinated axons. Brain Research, 611(1), pp.165–169.
Kapoor, R. et al., 2010. Lamotrigine for neuroprotection in secondary progressive multiple sclerosis:
a randomised, double-blind, placebo-controlled, parallel-group trial. The Lancet …, 9(7),
pp.681–688.
Kapoor, R., Li, Y.G. & Smith, K.J., 1997. Slow sodium-dependent potential oscillations contribute to
ectopic firing in mammalian demyelinated axons. Brain, 120 ( Pt 4), pp.647–652.
Kipp, M. et al., 2009. The cuprizone animal model: new insights into an old story. Acta
Neuropathologica, 118(6), pp.723–736.
Kole, M.H.P., 2011. First node of Ranvier facilitates high-frequency burst encoding. Neuron, 71(4),
pp.671–682.
Kole, M.H.P. & Stuart, G.J., 2012. Signal processing in the axon initial segment. Neuron, 73(2),
pp.235–247.
Kole, M.H.P. et al., 2008. Action potential generation requires a high sodium channel density in the
axon initial segment. Nature Neuroscience, 11(2), pp.178–186.
Kole, M.H.P., Hallermann, S. & Stuart, G.J., 2006. Single Ih channels in pyramidal neuron dendrites:
properties, distribution, and impact on action potential output. Journal of Neuroscience, 26(6),
pp.1677–1687.
Kuba, H., Ishii, T.M. & Ohmori, H., 2006. Axonal site of spike initiation enhances auditory
coincidence detection. Nature, 444(7122), pp.1069–1072.
Kuba, H., Oichi, Y. & Ohmori, H., 2010. Presynaptic activity regulates Na+ channel distribution at
the axon initial segment. Nature, 465(7301), pp.1075–1078.
Le Bon-Jego, M. & Yuste, R., 2007. Persistently active, pacemaker-like neurons in neocortex.
Frontiers in Neuroscience, 1(1), pp.123–129.
Lindner, M. et al., 2007. Sequential myelin protein expression during remyelination reveals fast and
efficient repair after central nervous system demyelination. Neuropathology and applied
neurobiology, 0(0), pp.071026235340007
Mathis, C. et al., 2001. Essential role of oligodendrocytes in the formation and maintenance of central
nervous system nodal regions. Development (Cambridge, England), 128(23), pp.4881–4890.
Oberlaender, M. et al., 2011. Three-dimensional axon morphologies of individual layer 5 neurons
indicate cell type-specific intracortical pathways for whisker motion and touch. Proceedings of
the National Academy of Sciences, 108(10), pp.4188–4193.

127

Chapter 4
Ogawa, Y. & Rasband, M.N., 2008. The functional organization and assembly of the axon initial
segment. Current Opinion in Neurobiology, 18(3), pp.307–313.
Palmer, L.M. et al., 2010. Initiation of simple and complex spikes in cerebellar Purkinje cells. The
Journal of Physiology, 588(Pt 10), pp.1709–1717.
Pan, Z. et al., 2006. A Common Ankyrin-G-Based Mechanism Retains KCNQ and NaV Channels at
Electrically Active Domains of the Axon. Journal of Neuroscience, 26(10), pp.2599–2613.
Rasband, M.N., 2010. The axon initial segment and the maintenance of neuronal polarity. Nature
Reviews Neuroscience, 11(8), pp.552–562.
Rash, J.E., 2010. Molecular disruptions of the panglial syncytium block potassium siphoning and
axonal saltatory conduction: pertinence to neuromyelitis optica and other demyelinating
diseases of the central nervous system. Neuroscience, 168(4), pp.982–1008.
Roza, C. & Lopez-Garcia, J.A., 2008. Retigabine, the specific KCNQ channel opener, blocks ectopic
discharges in axotomized sensory fibres. Pain, 138(3), pp.537–545.
Roza, C., Castillejo, S. & Lopez-García, J.A., 2011. 1744-8069-7-58. Molecular Pain, 7(1), p.58.
Sanchez-Vives, M.V. & McCormick, D.A., 2000. Cellular and network mechanisms of rhythmic
recurrent activity in neocortex. Nature Neuroscience, 3(10), pp.1027–1034.
Schmidt-Hieber, C. & Bischofberger, J., 2010. Fast sodium channel gating supports localized and
efficient axonal action potential initiation. Journal of Neuroscience, 30(30), pp.10233–10242.
Shrager, P. & Rubinstein, C.T., 1990. Optical measurement of conduction in single demyelinated
axons. The Journal of General Physiology, 95(5), pp.867–889.
Stafstrom, C.E., Grippon, S. & Kirkpatrick, P., 2011. Ezogabine (retigabine). Nature reviews. Drug
discovery, 10(10), pp.729–730.
Straub, H. et al., 2001. Effects of retigabine on rhythmic synchronous activity of human neocortical
slices. Epilepsy Research, 44(2-3), pp.155–165.
Stys, P.K., You, H. & Zamponi, G.W., 2012. Copper-dependent regulation of NMDA receptors by
cellular prion protein: implications for neurodegenerative disorders. The Journal of Physiology,
590(Pt 6), pp.1357–1368.
Susuki, K. et al., 2013. Three Mechanisms Assemble Central Nervous System Nodes of Ranvier.
Neuron, 78(3), pp.469–482.
Sutor, B. et al., 2000. Myelination defects and neuronal hyperexcitability in the neocortex of
connexin 32-deficient mice. Cerebral cortex, 10(7), pp.684–697.
Tian, C. et al., 2014. Molecular identity of axonal sodium channels in human cortical pyramidal cells.
Frontiers in Cellular Neuroscience, 8(e222), p.297.
Tomassy, G.S. et al., 2014. Distinct Profiles of Myelin Distribution Along Single Axons of Pyramidal
Neurons in the Neocortex. Science, 344(6181), pp.319–324.
Waxman, S.G., 2008. Mechanisms of disease: sodium channels and neuroprotection in multiple
sclerosis-current status., 4(3), pp.159–169.
Waxman, S.G., Craner, M.J. & Black, J.A., 2004. Na+ channel expression along axons in multiple
sclerosis and its models. Trends in Pharmacological Sciences, 25(11), pp.584–591.

128

Hyperexcitability in demyelinated layer 5 pyramidal neurons

Materials and Methods
Animals. Male C57BL/6 mice (Harlan Ltd., Bicester, UK) at 6 weeks of age (~20 g) were
fed ad libitum 0.2% or 0.3% (w/w) cuprizone (biscyclohexane oxaldihydrazone, SigmaAldrich Chemie B.V., the Netherlands) milled into mouse chow for 5 or 9 weeks to induce
acute and chronic demyelination, respectively. The body weight loss of cuprizone treated
mice was 20 ± 2.3% (n = 89) and 25 ± 2.0% (n = 39) with 0.2% and 0.3% cuprizone,
respectively. Control mice received either powder or normal chow food. All experiments
were done in compliance with the European Communities Council Directive of 24
November 1986 (86/609/EEC) and the Royal Netherlands Academy of Arts and Sciences
animal welfare and ethical guidelines and protocols (DEC NIN 11.70).
Electrophysiological recording. At the end of the cuprizone feeding, mice were
decapitated under deep isoflurane anesthesia (3%), the brain quickly removed from the
skull and placed into ice-cold slicing artificial cerebrospinal fluid (aCSF) of the following
composition (in mM): 125 NaCl, 3 KCl, 25 glucose, 25 NaHCO3, 1.25 Na2H2PO4, 1 CaCl2,
6 MgCl2, 1 kynurenic acid, saturated with 95% O2 and 5% CO2 (pH 7.4). Once both
hemispheres were in aCSF, the bottom 1/3 of the beaker was placed for a few seconds in
liquid nitrogen accelerating the cooling process. Parasagittal sections (300 µm) containing
the primary somatosensory cortex were cut with a Vibratome (1200S, Leica Microsystems
B.V.) and brain slices allowed a recovery period at 35 °C for 35 min, thereafter stored at
room temperature.
Slices were transferred to an upright microscope (BX51WI, Olympus Nederland B.V.)
equipped with oblique illumination optics (WI-OBCD, NA0.8). Neurons were visualized
using either 40× (0.80W) or 60× (1.00W) water immersion objectives (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 Na2H2PO4, 2 CaCl2, and 1 MgCl2.
Whole-cell current-clamp and extracellular recordings were made using identical Dagan
BVC-700A amplifiers (Dagan Corporation, MN, USA) and patch pipettes pulled from
borosilicate glass (Harvard, Edenbridge, Kent, UK) pulled to an open tip resistance of 5 – 6
MΩ (whole-cell) and 10 MΩ (extracellular recording). Patch pipettes were filled with (in
mM): 130 K-Gluconate, 10 KCl, 4 Mg-ATP, 0.3 Na2-GTP, 10 HEPES and 10 Na2phosphocreatine (pH 7.4 adjusted with KOH, 280 mOsmol kg−1), to which 5 mg ml−1
biocytin and/or 100 µM Alexa Fluor salts (488 or 594) were added.
For voltage-clamp recordings of NMDA currents patch pipettes were filled with (in mM): 5
QX-314 chloride, 115 cesium methanesulfonate, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4
Na2ATP, 0.4 Na3GTP, 10 sodium phosphocreatine, and 0.6 mM EGTA (pH 7.22, 293
mOsmol kg−1). Whole-cell voltage-clamp recordings were made using Axopatch 200B
(Molecular Devices LLC, CA, USA). NMDA currents were evoked by lateral extracellular
stimulation using ISO-Flex stimulus isolator (A.M.P.I., IL) at a distance of 200 – 250 µm
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from the soma. Stimulation pipettes had open tip resistance of 5 MΩ and filled with normal
aCSF. All recordings were made at 34 °C.
Voltage was analogue low-pass filtered at 10 kHz (Bessel) and digitally sampled at 50 –
100 kHz using 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).
Access resistance was typically below 20 MΩ (15.1 ± 0.45 MΩ, n = 99) and fully
compensated for bridge balance and capacitance. Extracellular recordings from visually
identified axons were made in current-clamp mode with 0 pA holding current and the
output voltage externally amplified 50-fold. Comparisons between extracellular and
intracellular recordings were corrected for the additional time lag (60 µs). To visualize the
L5 single axons for extracellular recordings, the epifluorescence signals were obtained with
an excitation band-pass filter of 460 – 490 nm (Alexa 488; emission, 520 nm long-pass
filter) or 510 – 550 nm (Alexa 594; emission, 590 nm long-pass filter), and collected
concurrently with the brightfield image. Images were acquired and automatically overlaid
with a CCD camera (CoolSNAP EZ, Photometrics, Tucson, AZ) controlled by an Arduino
board (http://www.arduino.cc/) and µManager software (http://www.micro-manager.org).
Approximately 100 – 150 sweeps were off-line aligned at the somatic AP threshold and
averaged. Average spike-triggered voltage transients were aligned to the peak dVM/dt of the
somatic action potential and axosomatic delays calculated at 20% of the peak of each
averaged axonal extracellular AP, relative to that of the peak in the somatic dVM /dt. A 20%
rise point was chosen because it is dominated by the onset of local sodium current in the
AIS and nodes and not contaminated by other ionic currents, enabling reliable detection of
the site of spike initiation (Palmer et al. 2010).
For analysis of spontaneous post-synaptic potentials (PSPs), individual recordings were
first filtered with a fast high-pass filter (0.2 Hz), smoothed (10 points averaged with a
moving average algorithm, Axograph X) and inspected for an ideal PSP template. The
template was subsequently fitted with the function f (t) = (1 – exp(−t/trise)) × exp(−t/tdecay),
where trise and tdecay are the rise and decay time constants. By setting a high amplitude
detection threshold the template was re-iteratively applied to detect large events, which
were then aligned and averaged to create the final template. The final template was then
used to sweep and extract all events using a threshold-crossing protocol (~ 5 – 6 × s noise) to
automatically detect events.
Immunohistochemistry. L5 pyramidal neurons were filled with Alexa 488 or 594 and 5 mg
ml−1 biocytin during whole-cell configuration and fixed in −20 °C methanol for 10 min (for
Nav1.6, βIV-spectrin and Kv7.3 immunolabeling) or 4% paraformaldehyde (PFA) for 12 h
at 4 °C (for myelin basic protein, MBP) and 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. The following
primary antibodies were used: rabbit anti-Nav1.6 and rabbit anti-βIV-spectrin (1:200, gift
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from M. N. Rasband, Baylor College of Medicine, TX), guinea pig anti-Kv7.3 (1:250, gift
from E.C. Cooper, Baylor College of Medicine, TX) and mouse anti-MBP (1:250, Covance
Inc.). For triple immunolabeling of rabbit anti-Ankyrin G (1:100, kind gift from M. N.
Rasband, Baylor College of Medicine, TX), mouse anti-a-PanNav (1:100, Sigma-Aldrich
Chemie) and guinea pig anti- NeuN (1:1000, EMD Millipore), 300 µm-thick brain slices
were fixed with 1% PFA for 30 min, then blocked with 10% NGS + 0.2% Triton X-100
diluted in 0.1 M PBS for 2 hours followed by 24 h incubation of primary antibodies, 10%
NGS and 0.2% Triton X-100 diluted in 0.1 M PBS.
For immunolabeling of Nav1.2 (1:100, Alomone Labs, Cat. ASC-002; 1:100, NeuroMab,
Cat. 73-024) antibodies, mice were perfused with 0.5% PFA and 0.5% sucrose (wt/vol) in
0.1 M PBS (Tian et al. 2014). After perfusion the brain was post-fixed and subsequently
immersed in 30% sucrose in 0.1 M PBS overnight. Parasagittal sections (40 µm-thick)
were obtained using freezing microtome. In some experiments acute brain slices prepared
for electrophysiological recordings (300 µm-thick) were fixed with similar PFA/sucrose
concentrations followed by antigen retrieval step with 0.2 mg/ml pepsin in 0.2 HCl at 37°C
for 15 min before washing steps in 0.1 M PBS and primary antibody incubation.
Furthermore, in addition to PFA fixation, for Nav1.2 immunolabeling additional acute
brain slices were fixed with sub-zero (–20°C) methanol for 10 min and processed as above
described for Nav1.6, βIV-spectrin and Kv7.3.
For both methanol and PFA fixation methods, slices were washed in 0.1 M PBS and
incubated in the following secondary antibodies to visualize the immunoreactions: Alexa
488 conjugated goat anti-rabbit (1:500, Invitrogen B.V), Alexa 555 goat anti-mouse (1:500,
Invitrogen B.V.), Alexa 633 goat anti-guinea pig (1:500, Invitrogen B.V.) and streptavidin
Alexa 594 (1:500, Invitrogen B.V.). Sections were then mounted on glass slides and
coverslip in Vectashield (Vector Laboratories).
Images (bit depth = 8) were collected with a Leica TCS SP5 II (DMI6000 CFS; acquisition
software, Leica Application Suite AF v2.6.3.8173) or SP8 X (DM6000 CFS; acquisition
software, Leica Application Suite AF v3.2.1.9702) confocal laser-scanning microscopes
(Leica Microsystems GmbH, Germany). Confocal images were acquired using either 40×
(NA1.3) or 63× (NA1.4) oil-immersion objectives. To avoid bleed-through between
emission wavelengths, automated sequential acquisition of multiple channels was used.
Low-magnification (objective: 40×; digital zoom: 1×) images were collected: 10 – 25
images at 1 µm z-step, and high-magnification (objective: 60×; digital zoom: 2 – 4×)
images were collected with 0.5 – 1.0 µm z-step. Background noise was subtracted from
each optical section before the analysis of individual AISs. The onset of the AIS marker
was defined as the distance between the marker onset and to the edge of either the soma or
a basal dendritic branch (somatic AIS, n = 74; (basal) dendritic AIS, n = 16). The length of
the AIS fluorescence profile was measured by drawing a line from the AIS onset to the
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distal position. All image analysis was performed using FIJI (ImageJ) graphic software
(v1.47p, NIH, USA).
Compartmental modeling. For conductance-based multi-compartmental simulations we
used a biocytin filled thick-tufted mouse L5 pyramidal neuron from the control group (cell
number 20140421_c1, 24 weeks of age), scanned at 2048 × 2048 resolution with confocal
microscopy using 1 µm z-step (Leica SP8), three-dimensionally reconstructed with
Neurolucida (v.10, MicroBrightField Europe E.K., Magdeburg, Germany) and imported
into the NEURON simulation environment (v. 7.3) (Hines & Carnevale 2001). Both the
AIS and nodal domains were carefully incorporated into the model as distinct sections with
the width and length values based on the precise location of βIV-spectrin (Figure 3A–C).
Cytoplasmic resistance (Ri) was set to 140 Ω cm throughout all compartments. The resting
membrane potential was adjusted with e_pas to –78 mV and temperature was set nominally
at 33 °C. Throughout the somato-dendritic and nodal compartments the membrane
resistance (Rm) was set to 25 kΩ cm2 and capacitance (Cm) 1.0 µF cm–2. Myelination of
internodal sections was represented by increasing internodal Rm to 100 kΩ cm2 and
decreasing Cm to 0.25 µF cm–2, leading to a conduction velocity in the primary axons of 1.2
m s–1 in accordance to the experimental value in control (~1.1 m s–1; Figure 6E).
‘Demyelination’ was simulated by setting Rm to 25 kΩ cm2 and Cm to 1.0 µF cm–2 in the
internodal sections, leading to a continuous axonal conduction velocity of 0.32 m s–1,
consistent with experimental observations (~0.35 m s–1; Figure 6E). Nav conductance was
implemented by two separate 8-state allosteric models developed for the soma and the axon
(Schmidt-Hieber & Bischofberger 2010) and distributed linearly decreasing in density
along the somato-dendritic axis and locally increasing in peak densities in the AIS as
described previously (Hallermann et al. 2012; Battefeld et al. 2014). Nav peak conductance
values used were 500 pS µm–2 in the soma, 45 pS µm–2 in dendrites, 25 pS µm–2 in the
internodal membrane, 8,000 pS µm–2 in the nodes and 9,000 pS µm–2 at the peak density in
the AIS. K+ and calcium-dependent K+ conductances were distributed as described recently
(Battefeld
et
al.
2014).
See
also
(http://senselab.med.yale.edu/modeldb/ShowModel.asp?model=144526).
Kv7
peak
conductance was set at 150 pS µm–2 in nodes of Ranvier and at the end of the AIS, 15 pS
µm–2 in axon collaterals and in the internodes and 12 pS µm–2 in dendrites. The K+ and Na+
equilibrium potentials were set to –85 and +55 mV, respectively. The HCN channel model
was exponentially increasing in the apical dendrites (Kole et al. 2006) but uniform in the
axon (4 pS µm–2). The final input resistance of the model neuron was 25.4 MΩ (c.f. 26.9
MΩ, experimentally). Since we were primarily interested in the rising phase of the action
potential, simulations were performed with a short time step of 5 µs. When overlaying and
comparing with experimental recordings we applied a 10 kHz Gaussian filter. In the
experiments, action potentials were evoked with a 6 ms, 0.99 nA current injection (0.94 nA
in the simulations).
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Statistics. Statistical significance between multiple groups was tested with GraphPad Prism
(v6.0d, GraphPad Software Inc., CA) and MATLAB R2012b (v8.0.0.783, MathWorks Inc.,
MA). Non-parametric statistical tests used: Mann-Whitney, Wilcoxon, Kruskal-Wallis and
Friedman tests for pharmacological experiments and immunofluorescence analysis. All
other data were analyzed using parametric statistical methods. Correlation analysis was
performed using IBM SPSS (v22, IBM Co., NY). The cut-off significance level (P) was
0.05.
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Abstract
In cortical pyramidal neurons the presynaptic terminals controlling transmitter release are
located along unmyelinated axon collaterals, far from the original action potential (AP)
initiation site, the axon initial segment (AIS). Once initiated, APs will need to propagate
over long distances and regions of geometrical inhomogeneity like branch points (BPs) to
rapidly depolarize the presynaptic terminals and confer temporally precise synaptic
transmission. While axon pathologies such as demyelinating diseases are well established
to impede the fidelity of AP propagation along internodes, to which extent myelin loss
affects propagation along branch points and axon collaterals is not well understood. Here,
using the cuprizone demyelination model, we performed optical voltage-sensitive dye
imaging from control and demyelinated layer 5 pyramidal neuron axons. In the main axon,
we find that myelin loss switches the modality of AP propagation from rapid saltation
towards a slow continuous wave. The duration of single AP waveforms at branch points or
nodes was, however, only slightly briefer. In contrast, by using two-photon microscopyguided loose-seal patch recordings from axon collaterals we revealed reduced velocity,
presynaptic AP broadening in combination with a frequency-dependent failure. Finally,
internode myelin loss was also associated with de novo sprouting of axon collaterals
starting from the primary (demyelinated) axon. Thus, the loss of oligodendrocytes and
myelin sheaths bears functional consequences beyond the main axon, impeding the
temporal fidelity of presynaptic APs and affecting the functional and structural
organization of synaptic connectivity within the neocortex.

136

Presynaptic failure in demyelinated axons

Introduction
Action potentials (APs) are the primary signals by which neural information is electrically
encoded and distributed throughout the nervous system and provide temporally precise
neurotransmitter release at the presynaptic terminals. In most neurons, the presynaptic
terminals are anatomically dispersed along the branches of axon collaterals, far away from
the original AP initiation site in the axon initial segment (AIS, (M. H. P. Kole & Stuart
2012)). Such anatomical organization requires the AP voltage transient to reliably
propagate when covering long distances from AIS until the transmitter release sites. Such
reliability is particular important considering that neural coding strategies in the neocortex
are often relying on a sparse coding scheme, in which low mean firing rates of individual
neurons represent features of sensory modalities (Harris & Mrsic-Flogel 2013; Brecht et al.
2004), the temporal fidelity of how APs propagate from their initiation site into complex
branched axonal trees and the presynaptic terminal limits the capacity for neural
information encoding.
AP propagation is well known to fail at low-safety conduction points including BPs,
regions of inhomogeneity or abrupt diameter changes in an activity-dependent manner
(Parnas & Segev 2005; Manor et al. 1991; Goldstein & Rall 1974; Debanne et al. 1997;
Deschênes & Landry 1980; Ducreux et al. 1993). These observations led to the general
notion that the temporal features of neuronal firing in highly branched axon terminals may
differ from their main axon (Deschênes & Landry 1980). AP propagation fidelity is
furthermore strongly compromised in axon pathologies such as demyelinating diseases. In
the spinal cord, optic nerve, corpus callosum and neocortex myelin loss causes a substantial
slowing in conduction velocity (Bostock & Sears 1978; McDonald & Sears 1970; Felts et
al. 1997; Crawford et al. 2009; Hamada & M. H. P. Kole 2015). However, whether AP
propagation into the higher-order small-diameter collaterals, where all synaptic terminals
reside, is equally impaired remains poorly understood. Axon collaterals are typically
unmyelinated but given their complex branched geometries we hypothesized that they may
be particularly sensitive to demyelination-induced failures in high-frequency firing (Kim et
al. 2013; Bostock & Sears 1978). In addition, demyelination produces a large variability in
both nodal anchoring proteins (Ankyrin G and βIV-spectrin) and their voltage-gated ion
channel expression (Nav and Kv7) along individual axons (Hamada & M. H. P. Kole
2015), possibly impairing invasion of collaterals. Transmission failures at branch points
could also arise from local Nav channel inactivation causing frequency-dependent failure
during high-frequency firing in axons (Monsivais et al. 2005; Khaliq 2006).
In order to determine the impact of myelin loss on AP fidelity in the main axon
and collateral branches we performed optical voltage-sensitive dye imaging and twophoton microscopy-guided patch-clamp recordings from en passant presynaptic boutons in
layer 5 axon collaterals. We find that myelin loss causes a frequency-dependent failure of
APs at the presynaptic terminals. In addition, axon collaterals in demyelinated axons
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showed de novo sprouting. Taken together, demyelination affects intra-cortical synaptic
transmission beyond a slowing of AP signaling in the originally myelinated main axon.

Results
Non-saltatory reliable propagation of APs in the demyelinated main axon
In order to study the forward propagation of the AP in single layer 5 axons we made
targeted recordings from visually identified layer 5 neurons in the primary somatosensory
hindlimb region (S1HL) of demyelinated brain slices (Figure 1A, B). Widefield imaging of
parasagittal slices including neocortex and hippocampus revealed that 5 weeks with 0.2%
cuprizone causes widespread loss of myelin basic protein (MBP) throughout the neocortex
and in particular in lamina 2/3 and 5 of the neocortex, as well as in the hippocampus
(Clarner et al. 2012; Dutta et al. 2013; Hamada & M. H. P. Kole 2015). Confocal zprojected images of electrophysiologically recorded and biocytin-filled thick-tufted layer 5
neurons shows the extent of myelin loss at internodes of cuprizone-treated animals (Figure
1C). At the single axon resolution the first three to five internodes were rarely covered by
myelin, consistent to previous work (Hamada & M. H. P. Kole 2015). Therefore, the
proximal region of the main layer 5 pyramidal neuron axon provides a reliable and
reproducible domain to explore mechanisms and consequences of myelin loss in internodes
and the associated axon collaterals (Figure 1D).
Although direct whole-cell patch-clamp recordings from axon blebs (M. Kole & Popovic
2016; M. H. P. Kole et al. 2007) provides the best possible temporal resolution to examine
axonal APs, mouse axons are small in diameter (<1.0 µm) making this approach
technically challenging. In addition, demyelination is accompanied by significant
diminution of axon diameter (Mason et al. 2001), as well as aberrant axon neurofilament
(de-) phosphorylation (de Waegh et al. 1992; Smith et al. 2013), which may explain lack of
swellings at the cut ends of axons. As an alternative, we here used the approach of optical
voltage-sensitive dye (VSD) imaging (Popovic et al. 2011). We obtained reliable optical
signals of Vm in the main axon and correlated signals with the expression of anti-βIVspectrin (Figure 2A). Optical signals of Vm were observed in internodes and nodes of
Ranvier from control axons (n = 5 cells; Figure 2B, C – top), in βIV-spectrin-negative BPs
in demyelinated axons (n = 3 cells; Figure 2B, C – middle) as well as in βIV-spectrinenriched BPs (n = 2 cells; Figure 2B, C – bottom). To improve the S/N ratio, up to 100
trials were averaged for individual recordings. In all control axons saltatory AP conduction
could be observed as Vm in the node always temporally preceded the previous internodal
AP signal (Figure 2C – top). These findings confirm previous observations of saltation in
adult myelinated layer 5 axons in mice (Popovic et al. 2011). In contrast, spatiotemporal
analysis of the AP waveforms in axons from cuprizone-treated animals revealed a
continuously propagating wave compared to the preceding and succeeding internodes
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(Figure 2C – middle and bottom). Continuous propagation occurred independent of the
presence or absence of βIV-spectrin expression suggesting that only the myelin sheath is
essential for temporal saltation. Interestingly, post-hoc immunolabeling of one axon, which
did show saltatory conduction, revealed partial internodal (re-) myelination (data not
shown). Taken together, these results suggest that the presence of myelin is crucial for
saltatory conduction.
In addition to probing the spatial properties of the AP propagation, optical Vm
recording with the voltage probe JPW3028 also enables reliable assessment of the
intracellular AP shape at ~20 µs resolution (Popovic et al. 2011). As every branch point in
demyelinated axons showed APs we compared the half-widths of the optical Vm signals
from putative nodal BPs (Figure 2D, E). Interestingly, the AP half width was ~100 µs
narrower in the branch points from demyelinated axons (control, 0.43 ± 0.03 ms;
cuprizone, 0.31 ± 0.05 ms; P = 0.0087; Figure 2F). Taken together, these results indicate
reliable, albeit slow, propagation of APs in demyelinated main axons, which are slightly
shorter in half-width duration.

Figure 1 – Demyelination of the main axon of thick-tufted layer 5 pyramidal neurons
(A, B) Overview fluorescent image of a myelinated (A) demyelinated (B) parasagittal brain section
immunolabeled for myelin basic protein (MBP). Red asterisks, indicate the locations of the recorded
thick-tufted layer 5 neuron shown in (C). Note that cuprizone-induced gray matter demyelination (yellow
arrowheads) occurs across the entire cerebral cortex. S1HL, primary somatosensory hindlimb cortex;
V2, secondary visual cortex; M1, primary motor cortex; M2, secondary motor cortex; CC, corpus
collosum; Hip, hippocampus. Scale bar, 700 μm,(C) z-projected confocal images of layer 5 axons colabeled for biocytin (red) and MBP expression (cyan). Yellow arrowheads, indicate branch points (BPs)
along the main axon. Scale bar, 20 μm. (D) Magnified z-projected confocal images of BPs of the
demyelinated primary axon shown in (C). Yellow arrowheads, BPs. Red arrowheads, trajectory of the
primary and secondary axon collaterals. Scale bar, 5 μm.
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Figure 2 – Loss of saltatory propagation and narrowing of nodal APs in demyelinated axons
(A) Z-projected confocal images of primary layer 5 axons immuno-labeled for (biocytin, red) and βIVspectrin (cyan). Nodes of Ranvier (noR) in myelinated (left) and BPs in demyelinated (right) axons are
highlighted. Scale bar, 20 μm. (B) Zoomed in regions of interest indicated by white squares in (A).
Examples of normal noR pattern in control mice (top) and BPs from cuprizone treated mice: lacking βIVspectrin (middle) and βIV-spectrin enriched (bottom). Scale bar, 5 μm. (C) Top: normalized voltagesensitive dye (VSD) traces from noR (solid line), preceding internode (dotted line) and following
internode (dashed line). Middle and bottom: normalized VSD traces from BP (solid line), more proximal
area (dotted line) and more distal area (dashed line). Scale bar, 0.5 ms. (D) Align and overlay of nine
example (out of 100) somatic APs and their corresponding BP spikes (VSD recorded at 20 kHz, gray)
and the average of all 100 recorded traces (black). Somatic single APs (top) were elicited through
brief(3 ms; middle) square current pulse. BP, branch point. Scale bar, 0.5 ms; 10 mV. (E) Normalized
VSD traces from control (5 noR; n = 5 cells) and cuprizone-treated mice (6 BPs; n = 5 cells). Scale bar,
0.5 ms. (F) Comparison of BP AP half-widths in control and cuprizone treated mice obtained from VSD
data. APs in cuprizone treated mice are significantly narrower (control, n = 5 noR; cuprizone, n = 6 BPs;
Mann-Whitney (M-W) test, **P = 0.0087). Individual cells plotted as open circles.

Single APs successfully invade the axon collaterals of demyelinated axons
If APs are detectable in all nodes of demyelinated axons, independent of spectrin
expression, this suggests they will reliable invade collaterals. As JPW3028 diffusion into
the thin axon collaterals is limited (but see (Rowan et al. 2016)) we made simultaneous
somatic and two-photon (2P)-targeted loose-seal patch recordings from en passant
presynaptic boutons (Figure 3A). After approximately 30 min of somatic whole-cell
recording with a fluorescent dye (200 µM Alexa 568), BPs of layer 5 axons, which
commonly arise at nodes of Ranvier (Sloper & Powell 1979; J P Fraher 1984), could be
imaged with 2P laser scanning microscopy and collaterals with visually detectable boutons
targeted for loose-seal voltage-clamp recordings under continuous 2P imaging at distances
between 90 – 580 µm from the AP initiation site (26 µm from the soma (Hamada & M. H.
P. Kole 2015); n = 31 neurons, n = 30 boutons). Somatically elicited APs were visible in
the boutons as rapid capacitive currents corresponding to the depolarizing and repolarizing
phase of the underlying AP. An overlay of all somatic and bouton APs shows that each
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event in the collateral was associated with an AP triggered at the soma, confirming a near
100% reliability in propagation (30 out of 30 boutons; Figure 3A, B). While the local APs
waveforms at boutons from control and demyelinated axons were not different in amplitude
(Inward current amplitude: cuprizone, –18.8 ± 4.0 pA, n = 16; control, –12.1 ± 1.4 pA, n =
15; P = 0.1160; outward current amplitude: cuprizone, 10.7 ± 1.0 pA; control, 8.0 ± 1.3 pA;
P = 0.3726) they showed a significantly longer half-width duration in both the inward and
outward component compared to control (Figure 3C, D; P = 0.010 and P = 0.0002,
respectively). These data suggest that presynaptic APs in the unmyelinated collaterals are
broader and thereby oppositely affected when compared to the nodal APs in the main axon.
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Figure 3 – Presynaptic bouton recordings reveal AP broadening in axon collaterals
(A) 2P fluorescence overview image of a demyelinated layer 5 pyramidal neuron loaded with Alexa 568
(200 μM), Yellow arrows, BP locations. Image has been modified for clarity by subtracting the
background noise extensively to highlight the collateral tree. A loose-seal recording is indicated
schematically. Scale bar, 20 μm. (B) Temporally aligned overlay of eight somatic APs and their
corresponding bouton axonal spikes. Bouton loose-seal patch APs (bottom) were recorded by
repetitively eliciting somatic single APs (top) through brief (3 ms; middle) square current pulse. Scale
bar, 0.5 ms; 10 mV; 5 pA. (C) Example traces of aligned APs recorded in control (black) and
demyelinated (blue) axon collaterals (∼149 μm from the AP initiation). Scale bar, 1 ms; 5 pA. (D) Plots of
the average half-widths of the inward and outward current components of the recorded bouton APs.
Cuprizone, blue circles, n = 16 boutons from 14 cells. Control, gray circles, n = 15 boutons from 14 cells.
Individual recordings plotted as open circles. M-W test, *P = 0.0010, **P = 0.0002, respectively. Data
are presented as mean ± SEM.

We next investigated the AP conduction velocity in axon collaterals. Average spiketriggered current transients recorded near each en passant bouton were aligned to the peak
dV dt –1 of the somatic AP. Axo-somatic conduction delays were calculated relative to the
20% rise point of each averaged bouton spike (Hamada & M. H. P. Kole 2015) and plotted
versus the distance from the AP initiation site in micrometers measured in 3D image stacks
(Figure 4A, B). The AP latencies were fitted with a linear function yielding an estimate of
axon-collateral conduction velocity of 0.56 m s–1 in demyelinated axons, a 2-fold velocity
reduction compared with the control velocity of 1.2 m s–1 (Figure 4C).

Figure 4 – Reduced conduction velocity in axon collaterals of demyelinated layer 5 axons
(A) Magnified 2P scan overlaid with the brightfield image from a demyelinated layer 5 axon a distance of
∼165 μm from the soma. Scale bar, 2 μm. (B) Top, somatically evoked single APs from control and
demyelinated layer5 neurons. Middle, time derivative of the somatic APs aligned at peak amplitude.
Bottom, loose-seal patch recording of bouton APs recorded at ∼300 μm from the soma of respective
neurons. Note the delay of the AP in demyelinated axon due to reduced conduction velocity as a
consequence of myelin loss. Closed circles indicate the 20% onset of the local spike maxima. Scale bar,
–1
0.5 ms; 10 mV; 1 kV s ; 5 pA. (C) Axosomatic latency plotted vs. total measured bouton distance
(measured from the AP initiation site, 26 μm). Control (n = 13 boutons from 13 cells; open circles) and
cuprizone data sets (n = 17 boutons from 15 cells; blue open circles) are fitted with a linear function.
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Increased AP failure in demyelinated axon collaterals during high-frequency stimulation
As shown in Figure 3B, single APs propagate into the axon collateral with 100% fidelity.
However, at higher frequencies we noticed that spikes within a train started to show
failures (Figure 5A). To probe this relationship between frequency and failures
quantitatively, we elicited APs by injecting 10 square current steps in the soma (amplitude
range: 4 – 6 nA; duration: 1 ms), with increasing frequencies (50, 100 to 600 Hz, steps of
100 Hz) and repeated these ~40 times to average the traces and increase the S/N ratio. To
quantify the frequency at which failures occur, we examined whether the somatic
compartment can faithfully track APs during high-frequency current injection (Figure 5B).
By comparing the amplitude of the last AP (10th) to the first initiated AP (1st), we found a
sharp drop in the somatic AP amplitude at 300 Hz, and at higher frequencies the soma
failed completely to initiate APs in both groups. However, control neurons displayed less
amplitude attenuation at 200 Hz at the soma when compared to demyelinated neurons
(Figure 5B).
Recordings at the axon showed that AP amplitude attenuation was less prominent
at higher input frequencies (400 – 600 Hz) when compared to the soma consistent with the
possibility of axonal Nav channels to recover more quickly from Nav channel inactivation
and the depolarized voltage threshold for activation of the somatodendritic spike
component (Popovic et al. 2011; M. H. P. Kole & Stuart 2008) (Figure 5A, C). However,
in this frequency range, presynaptic AP recordings from demyelinated axons showed
significantly larger amplitude attenuation when compared to control axons (Figure 5C).
Finally, we examined the inward amplitude component of the axonal signals, converted the
analogue axonal signals into binary data and plotted AP probability against the input
frequency (Figure 5D; see Experimental Procedures). The results showed that presynaptic
AP recordings from demyelinated axons the axonal AP failures occurred in the same range
of input frequencies but for significantly more APs in the train (at 600 Hz, cuprizone ~70%
failure vs. control 30%; P = 0.0063; Figure 5E). Furthermore, axonal AP failures at any
given input frequency did not correlate with recording distance from the soma (Pearson
correlation; control: r = –0.1669, P = 0.6449 (500 Hz); cuprizone, r = –0.2585, P = 0.5365
(500 Hz)).
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Figure 5 – Frequency-dependent AP failures in presynaptic boutons of demyelinated axons
(A) Simultaneous somatic whole-cell and axonal loose-seal recording from control (black) and
demyelinated neurons (blue) during somatic current injections (1 ms pulses) at increasing frequencies.
Note the increased failure rate in demyelinated axons. Asterisks, spike failure. Scale bar, 5 ms; 10 mV;
10 pA. Somatic capacitive transients are blanked for clarity reasons. (B) Normalized somatic AP
amplitude vs. injected current frequency. t-test, *P = 0.0432. (C) Collateral AP amplitude vs. evoked
injected current frequency. M-W test, *P = 0.0446 (500 Hz); *P = 0.0426 (600 Hz). (D) Relationship
between AP probability vs. somatic step frequency in control (n = 16 boutons from 16 cells; black open
circles) and demyelinated axons (n = 14 boutons from 14 cells; black open circles). Data presented as
average ± SEM. M-W test, P = 0.0185 (400 Hz); P = 0.0098 (500 Hz); P = 0.0063 (600 Hz).
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Structural plasticity of axon collaterals
Based on the axon morphologies acquired during 2P imaging we noticed that BPs in
demyelinated axons appeared denser. To test the hypothesis that myelin loss affects the
anatomical organization of the main (de-)myelinated axon arbor we examined the branch
point locations within the first 300 µm from the soma using high-resolution two-photon
imaging (Figure 6A). Similar to a previous anatomical study of thick-tufted layer 5 axons
in the adult rat (Romand et al. 2011) we found that the main axon has approximately 3
branch points from which horizontal collaterals emerge. On average, the total number of
BPs were not different between control and demyelinated axons (M-W test, P = 0.3715;
control, 3.2 ± 0.2 BPs, n = 11 axons; cuprizone, 3.6 ± 0.3 BPs, n = 14 axons; Figure 6A,
yellow arrowheads). Interestingly, a few demyelinated axons showed a large number of
BPs and were characterized by protrusions indicative of axonal sprouting (n = 2 sprouting
axons, Figure 6B; red arrowhead). When plotting the branch point locations as a function
of distance from the soma demyelinated axons showed a significant shift towards a more
proximal onset for both the second and third BP (P = 0.0079, P = 0.030, respectively;
Figure 6C). Furthermore, while the average inter-BP distance was not different between
the two groups (control, 48.1 ± 6.0 µm; cuprizone, 36.0 ± 4.6 µm; P = 0.1670; Figure 6D),
the first inter-BP distance was on average ~30 µm shorter in demyelinated axons (control,
57.0 ± 9.0 µm; cuprizone, 29.0 ± 4.8 µm; t-test, P = 0.0095). This was not different
anymore for the second inter-BP length (control, 40.8 ± 7.9 µm; cuprizone, 31.8 ± 7.3 µm;
t-test, P = 0.4112). These data indicate that collaterals and internodes around the first
branch points from the soma undergo structural plasticity in demyelinated axons.
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Figure 6 – Sprouting of new axon collaterals in demyelinated axons
(A) Fluorescent 2P images of the proximal BPs in control and demyelinated layer5 axons. Note the
larger number of BPs in demyelinated axon compared to control. Yellow arrowheads, BPs. Red
arrowhead, putative de novo axon outgrowth. Scale bar, 10 μm. (B) Magnified 2P images of the same
images shown in (A). Yellow arrowheads, BPs; Red arrowhead, putative de novo axon outgrowth. Scale
bar, 5 μm. (C) Plot of the BP locations within the first 350 μm of primary axon (measured from the
soma). M-W test, *P = 0.0301 (control, n = 11 BPs; cuprizone,n = 13 BPs; 2nd branch point); *P =
0.0079 (control, n = 10 BPs; cuprizone, n = 11 BPs; 3rd branch point). Data presented as mean ± SEM.
(D) Plot of the average inter-BP distance. Control, black open circles, n = 24 inter-BP distances from 11
cells. Cuprizone, blue open circles, n = 28 inter-BP distances from 12 cells. M-W test P = 0.1670.
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Discussion
In this study we addressed how APs are propagating in the face of demyelinated internodes,
reorganized nodal domains to reach the presynaptic terminals. Axon-glia interactions at the
contact sites between the axon and myelin sheath are critical for the proper assembly and
maintenance of the microdomains of the node of Ranvier (Poliak & Peles 2003; Chang et
al. 2014). As a consequence of the loss of the myelin sheath in experimental demyelination
models or in MS, nodal regions are characterized by a large redistribution or de novo
expression of anchoring proteins and voltage-gated ion channels (Hamada & M. H. P. Kole
2015; Arroyo et al. 2002; Rasband et al. 1997; Black 2006; Craner et al. 2004).
Interestingly, along the successive branch points of a single axon a large diversity in the
expression of ion channel proteins can be found from node to node (Hamada & M. H. P.
Kole 2015). Here, we found that molecular variation in nodes did, however, not greatly
impact on conduction along the main axon; independent of βIV-spectrin myelin loss was
found to switch the optically recorded AP from rapid saltation into a continuous nonsaltatory wave (Figure 2). Continuation of AP propagation in demyelinated main axons is
consistent with the observation that even low Nav channel densities at the denuded
internode axolemma suffice to ensure propagation of axonal APs (Shrager 1993).
The biophysical basis underlying the ~120 µs narrower half-width at demyelinated
branch points most likely relies on redistribution of juxtaparanodal Kv channels (Rasband
et al. 1997; Arroyo et al. 2002; Black 2006; Bagchi et al. 2014). However, technical errors
in measuring voltage accurately at these small domains may also play a confounding factor.
First, the local amplitude of optically recorded APs is unknown because the fractional
fluorescence change depends on the surface to volume ratio of imaged compartments.
Secondly, the pixel size encompassing a region of 3.2 µm2, is slightly larger compared to
the ~2 µm2 size of the nodes of Ranvier in control axons (Hamada & M. H. P. Kole 2015)
and thus may contain fluorescence emitted from the internode either under the myelin
sheath or, in the case of cuprizone, the exposed internodal axolemma. Decreasing the pixel
size would, however, either reduce the temporal resolution, causing undersampling and
aggravate the averaging jitter, or require further zooming which would reduce the field of
view to <50 µm, decrease the fluorescence light intensity and, hence, the S/N ratio. To
compensate for such light loss, tissue-damaging levels of excitation light would be
required. Taken together, the current approach was the best available compromise between
pixel size, temporal resolution and S/N ratio.
The most likely explanation for the optically recorded narrower AP is the increased
expression and redistribution of fast-activating Kv1.1/Kv1.2 channels in demyelinated
axons (Rasband et al. 1997; Arroyo et al. 2002; Black 2006; Bagchi et al. 2014). This
hypothesis remains to be tested by comparing optical recordings with and without Kv1
channel blockers. Kv1 channels are typically clustered at the juxta-paranodal domains, but
with myelin loss disperse into the paranodes and nodal axolemma or in opposite direction
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into the internode (Rasband et al. 1999; Rasband & Shrager 2000). (Rasband & Shrager
2000; Rasband et al. 1999). Furthermore, in the demyelinated optic nerve in cuprizone
mouse model, Kv1.1 homo-tetramers undergo de novo expression in denuded axons
(Bagchi et al. 2014). Additionally, the same study also showed that Kv1.1 subunit homotetramers confer a decrease in the activation voltage threshold and accelerate the activation
kinetics. Since axonal Kv1 voltage-gated potassium channels play a key role in repolarizing
the axonal AP (M. H. P. Kole et al. 2007; Foust et al. 2011) their expression in the nodal
axolemma may significantly shorten the AP half-width duration and rapid repolarization
would act to increase the Nav channel availability during repetitive firing.
In striking contrast to the AP waveform in the main axon recordings from the presynaptic
boutons revealed a broadening of the presynaptic AP current components (Figure 3). The
molecular changes underlying presynaptic AP broadening are not clear but, as like in the
main axon, may depend on expression changes in Kv1- or Kv3-subtype potassium
channels. Staining and/or recording Kv1/3 channels in presynaptic terminals is challenging
and there is no information about their expression in demyelination models. Recently, it
was shown that bouton-specific expression of fast-activating Kv3 channels causes large
heterogeneity of presynaptic AP durations along successive boutons of axon collaterals
(Rowan et al. 2014; Rowan et al. 2016). In addition to the broadening of presynaptic APs at
boutons from demyelinated axons the conduction velocity was also significantly lower,
indicating that myelin loss at the main axon affects arrival times into the axon collaterals
impeding on the temporal precision of glutamatergic excitation of the target cells (Figure
4).
While at frequencies near 300 Hz AP failure at the soma rapidly increases with successive
spikes, neocortical axons can generate higher firing rates (Figure 5, (Popovic et al. 2011).
Interestingly, in comparison to control neurons demyelinated axons showed substantially
lower fidelity for input frequencies ≥ 400 Hz. The results raise the question where APs in
demyelinated axons fail? The underlying mechanisms and location of propagation failures
may be complex. Increased failures in collaterals from demyelinated axons may be an
integrated result of slower propagation and AP waveform changes. Indeed, the measured
broad presynaptic AP predicts a longer duration to recover from Nav channel inactivation
and delay the availability of inward current for the next spike. In addition, loss of voltagegated Nav channels in demyelinated nodes preceding the presynaptic AP also will
deteriorate AP regeneration at the branch point and as a consequence limit invasion during
high frequency spiking. In neocortical pyramidal neurons every AP during a highfrequency burst of ~250 Hz is initiated within the AIS (M. H. P. Kole 2011). However, our
results are not excluding the possibility that very high-frequency APs ≥ 400 Hz are actually
initiated downstream the AIS, within the nodes of Ranvier. Strong depolarization evoked at
the soma electrotonicallly spreads down the axon and may increase the time to recover
from Nav channel inactivation in the most proximal regions of the axon. A better
detectability of high-frequency spikes has been described in distal axons of CA1 neurons
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during the complex spike (Apostolides et al. 2016). In this view, the failure of highfrequency presynaptic APs in demyelinated axons may be an initiation- rather then
propagation failure. To identify the specific location where failure (or re-initiation) of the
AP occurs during presynaptically recorded failures is technically challenging. Testing this
hypothesis would require multiple loose-seal recordings from the axon proper, branch
points and collaterals. These approaches are in particular difficult due to the extremely
narrow stretch of exposed membrane accessible to the patch pipette tip. The highest S/N
ratios, enabling spike detection at high frequencies, were obtained from the swellings of
presynaptic boutons.
The observation of both structural and functional changes within the collaterals of
demyelinated axons raises the question what the long-lasting functional consequences are
for synaptic transmission. Dynamic reorganization of the presynaptic terminals is likely to
impact on synaptic transmission and analysis of these sites may increase our understanding
of the computational capacity of demyelinated neural circuits. Indeed, cuprizone-induced
demyelination reduces the AMPA receptors in the hippocampus (Dutta et al. 2013).
Furthermore, axon sprouting is consistent with the observed structural plasticity of axons
within the cortico-spinal tract in the experimental autoimmune encephalomyelitis (EAE)
model (Kerschensteiner et al. 2004). In the adult mammalian central nervous system
myelin exerts an inhibitory influence on axon elongation and regeneration (Schwab &
Bartholdi 1996; Horner & Gage 2000) mediated, among other players, by oligodendrocyte
myelin-associated glycoprotein (MAG) (McKerracher et al. 1994; Mukhopadhyay et al.
1994), and Nogo-A (Chen et al. 2000; GrandPré et al. 2000). These proteins are thought to
limit axon growth and confine plasticity within restricted regions, preventing the formation
of aberrant connections. Unlike EAE the cuprizone model is a toxicological model, which
induces demyelination by selectively killing mature oligodendrocytes with minimal
inflammatory responses (Kipp et al. 2009). It is possible that in both demyelination models
the axons are no longer exposed to the growth inhibition mediated by myelin-associated
proteins, possibly permitting structural plasticity along the previously myelinated
internodes. Consistent with this idea previous studies have reported a significant decrease
of Nogo-A levels in cuprizone-treated animals (Kuhlmann et al. 2007; Skripuletz et al.
2010).
Taken together, the present results show that oligodendrocyte loss in the grey matter causes
a wide range of site-specific structural and functional changes throughout the axon
arborization including its presynaptic boutons and APs. While demyelinated axons show a
loss of rapid impulse saltation they are also characterized by geometrical de novo branch
outgrowth and reduced ability to propagate APs at high frequencies. Structural
reorganization of the glutamatergic axonal collateral network may explain the aberrant
intra-cortical excitation and hyperexcitability of demyelinated cortical neural circuits
(Hamada & M. H. P. Kole 2015).
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Materials and Methods
Electrophysiological recordings and two-photon imaging. Male C57BL/6 mice were kept
on a 12:12 h light-dark cycle and brain slices prepared at ~3 hours after onset of the light
period. A total of twenty mice were used (control, n = 9, 11 weeks; cuprizone, n = 11, 11
weeks). Mice in the cuprizone experimental group were fed with 0.2% cuprizone for 5
weeks supplemented in the diet and acute slice preparation and recording from layer 5
pyramidal neurons in somatosensory cortex were performed in cortical slices (300 µm) as
previously described (Hamada & M. H. P. Kole 2015). All experiments and protocols were
in compliance with the European Communities Council Directive of 24 November 1986
(86/609/EEC) and were reviewed and approved by the animal welfare and ethics committee
(DEC) of the Royal Netherlands Academy of Arts and Sciences (KNAW) under the
protocol number NIN 11.70.
Two-photon (2P) visualization and electrophysiological recordings were performed using
galvanometer-based laser-scanning microscope (Femto3D-RC, Femtonics Inc.). A
Ti:Sapphire pulsed laser (Chameleon Ultra II, Coherent Inc.) tuned to 800 nm was used for
two-photon excitation. Three photomultipliers (PMTs, Hamamatsu Photonics Co.) were
used for signal detection, two were used to collect the fluorescence signals and one to scan
the transmitted IR-light (800 nm). The two signals were overlaid for fluorescence-assisted
patching from axons. Whole-cell somatic patch-clamp pipettes were filled with intracellular
solution containing 200 µM Alexa Fluor 568 hydrazide (Sigma-Aldrich) to visualize
cellular morphology. Layer 5 pyramidal neurons in the primary somato-sensory cortex
were filled for at least 25 min in whole-cell configuration before commencing with dual
soma-axon recording approaches. For axonal loose-seal patch-clamp recordings the signals
were filtered at 2 kHz using a Multiclamp 700B (Molecular Devices Co.). Loose-seal
recordings from visually identified branch points and en passant boutons were
accomplished by gently pressing the pipette tip (~10 MΩ open tip resistance) against the
membrane and applying negative pressure to form a seal resistance between ~30 and 50
MΩ. All recordings were made at 32 ± 1 °C. Electrophysiological data were digitized
(ITC-18 InstruTECH, HEKA Elektronik GmbH) at 100 kHz and acquired using AxoGraph
X (v. 1.5.4, Molecular Devices Co.). Action potentials were analyzed using custom-written
routines in MatLab (The MathWorks Inc.). High frequency somatic action potentials were
evoked by brief (1 ms) square currents pulses with decreasing inter-pulse intervals. To
convert loose-seal recorded APs into binary probability value, the failure of propagation
was determined using a semi-automatic routine with a threshold set at ~25% of the
maximal amplitude of the first evoked bouton AP, confirmed by visual inspection of each
individual spike. Unless indicated otherwise, all data are reported as mean ± SEM.
Statistical significance between groups was tested using Student’s t-test with probability
values of 0.05 as cut-off for rejection of the null hypothesis (IGOR Pro 6, WaveMetrics
Inc.).
154

Presynaptic failure in demyelinated axons
Immunohistochemistry and confocal microscopy. Live imaging of primary axons of layer
5 pyramidal neurons was done using 2P laser-scanning microscope (Femto3D-RC,
Femtonics Inc.). Neurons were loaded with dye (200 µM Alexa 568) for at least 30 min to
allow sufficient diffusion into the primary axon and collaterals. For morphological analysis,
a z-stack with a 300 x 300 µm field of view was scanned at a resolution of 1000 x 1000
pixels (1 µm z-step) using a 60x (NA1.0) water-immersion objective. Images were saved as
TIFF files and later processed using Fiji (ImageJ) graphics software (v1.47p, NIH).
Immediately after recording and imaging slices were transferred to a fixative containing
4% paraformaldehyde (20 min). Brain slices were then blocked with 10% bovine serum
albumin (BSA), 5% normal goat serum (NGS) and 2% Triton X-100 for 2 h at room
temperature (RT) before incubation with mouse anti-MBP (myelin basic protein; 1:250;
Covance Inc), rabbit anti-βIV-spectrin (1:250, gift from M. N. Rasband, Baylor College of
Medicine, TX, USA), fluorophore-conjugated streptavidin (1:500; Invitrogen B.V.) for 24
h, followed by second antibody incubation for 2 h (488 goat anti-rabbit, streptavidinconjugated 568, and 633 goat anti-mouse, Invitrogen B.V.). Confocal images of labeled
neurons were collected with a Leica TCS SP8 X confocal laser-scanning microscope (Leica
Microsystems GmbH) at 2048 x 2048 pixels (0.5 µm z-step) using a 40x (1.3 N.A., 0.75 –
1.0 digital zoom) oil-immersion objective. To avoid bleed-through between emission
wavelengths, automated sequential acquisition of multiple channels was used.
Optical voltage-sensitive dye recordings. Individual layer 5 pyramidal neurons from
somatosensory cortex were selectively labeled with a membrane impermeable voltagesensitive dye (VSD) by allowing free diffusion of the probe from a somatic patch pipette in
the whole-cell configuration. We used the most successful voltage probe for intracellular
application, JPW3028, which is a doubly positively charged analogue of the ANEP series
of lipophilic styryl dyes that is still sufficiently water soluble to be used for microinjection.
Its close analogue JPW1114 characterized by the same voltage sensitivity is commercially
available (Catalog number D6923, Invitrogen, ThermoFisher Scientific Inc.). Glass pipettes
were first filled with the dye-free solution to about three quarters of the pipette taper and
then filled with the solution containing the indicator dye (0.8 mM). Intracellular filling was
accomplished in 30 – 60 min. To stimulate and obtain electrical recordings from the soma,
the cell body was re-patched using an electrode filled with dye-free intracellular solution
before making optical measurements. We used a stationary upright microscope (Olympus
BX51WI, Olympus, Japan) equipped with two camera ports. One camera port had a high
spatial resolution CCD camera for oblique contrast video-microscopy (CoolSNAP EZ,
Photometrics). The second camera port had a fast data acquisition camera with relatively
low spatial resolution (80 × 80 pixels) but outstanding dynamic range (14 bits) and
exceptionally low read noise (NeuroCCD-SM, RedShirtImaging LLC).
The brain slice was placed on the stage of the microscope and the fluorescent image of the
stained neuron projected by a water immersion objective (100x /1.1 NA, Nikon, Japan)
onto the fast data acquisition CCD positioned in the primary image plane. This objective
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was selected as a compromise between imaging area, spatial resolution, and signal-to-noise
ratio (S/N). Optical recording of voltage-sensitive dye signals from the axonal arbor was
carried out in the wide-field epifluorescence microscopy mode. A frequency-doubled 500
mW diode-pumped Nd:YVO4 continuous wave laser emitting at 532 nm (MLL532,
Changchun New Industries Optoelectronics Tech. Co., Ltd.) was the source of excitation
light. The laser beam was directed to a light guide coupled to the microscope via a singleport epifluorescence condenser designed to provide approximately uniform illumination of
the object plane (assembly adapted from X-Cite® 120Q lamp, Excelitas Technologies Co.).
The fractional noise of low-noise solid-state lasers (RMS < 0.5%) is below typical
fractional shot-noise in fluorescence voltage-sensitive dye recordings. The laser was used
as a light source in place of a conventional Xenon arc-lamp to maximize the sensitivity of
optical VM imaging by: 1) using a monochromatic excitation light at the red wing of the
absorption spectrum to maximize VM sensitivity of the dye and 2) increasing the intensity of
the excitation light beyond the level that can be achieved by an arc-lamp. The excitation
light was reflected to the preparation by a dichroic mirror with the central wavelength of
560 nm, and the fluorescence light was passed through a 610 nm barrier filter (parts of
Olympus U-MWG filter assembly cube). The image of a stained neuron was projected onto
a CCD chip via a 2x intermediate zoom (U-ECA, Olympus) and 0.1x de-magnifier
(RedShirtImaging LLC). The CCD frame (26 × 4 pixels) corresponded to approximately an
82.5 × 12.7 µm area in the object plane with each individual pixel receiving light from an
area of ∼3.2 × 3.2 µm. To measure the AP shape in the nodes of Ranvier changes in the
light intensity were recorded while an AP was evoked by brief (3 ms) transmembrane
current pulse with the intensity tuned to trigger an AP in the cell delivered via a recording
electrode attached to the soma in whole-cell current-clamp configuration. Signal averaging
(~80 – 100 trials) was used to improve the S/N further.
Statistical analysis. Data are given as mean ± s.e.m, and were statistically analysed with
MatLab 2014a (The MathWorks) or IGOR Pro 6, WaveMetrics). When n ≥ 6, data were
test for normal distribution with a Shapiro-Wilk test and when positive, we applied an
unpaired t-test subsequently. Not normally distributed experimentes with n < 6 were tested
with non-parametric unpaired Mann-Whitney (M-W) test. Cut-off significance level (P)
was set to 0.05. Pearson correlation coefficients were determined using IBM SPSS (v.23;
IBM Co.).

156

CHAPTER 6

GENERAL DISCUSSION

Chapter 6

Tuning axonal coupling and neuron excitability
The AIS represents the final stage of synaptic integration and the central locus for AP
initiation. Several studies describe the morphological changes in AIS distance and length as
a putative mechanism for homeostatic regulation of intrinsic neuron excitability (Grubb &
Burrone 2010; Kuba et al. 2010; Chand et al. 2015).
Chapter 2 addresses the variability in electrotonic distance (AIS distance)
between soma and AIS in thick-tufted neocortical layer 5 pyramidal neurons. AIS distance
variability was in part due to the differences in dendritic coupling of the axonal
compartment to an adjacent primary basal dendrite, where neurons with dendritically
coupled axon constituted nearly one-third of the identified population. The finding of
dendrite-axon coupling is consistent with earlier work in the neocortex (Cajal 1911; Palay
et al. 1968; Peters et al. 1968), and hippocampus (Amaral 1978; Thome et al. 2014), thus
supporting the notion that variation in axon location is a common principle in the cellular
architecture of pyramidal cells and other neuronal classes (Hausser et al. 1995; Martina et
al. 2000; Herde et al. 2013). Based on detailed morphological analysis we show that
somatodendritic morphology is linked with the AIS location and has an impact on the
backpropagating AP. Thus, the main determinants of the somatic AP waveform of layer 5
neurons are the local dendritic geometry and intracellular axial resistivity, which co-vary to
normalise the backpropagating AP voltage. These findings, are in support of the theoretical
model of resistive coupling (Brette 2013).
Neurons use numerous intrinsic and extrinsic mechanisms to keep excitability
under robust control. This is particularly important for pyramidal and Purkinje neurons
with large elaborate dendritic trees where the AIS is closely coupled to the soma (Khaliq &
Raman 2005; Palmer et al. 2010; Galiano et al. 2012; Harty et al. 2013; Gutzmann et al.
2014; Thome et al. 2014), which serves to limit rather than enhance excitability. It is likely
that our scaling rule is in particular important for neurons with large dendrites, since
increased axonal compartmentalisation through distal coupling with invariable dendritic
morphology will inadvertently impede the backpropagating AP from invading the
somatodendritic compartment. Very distal locations of the AIS may be maladaptive in layer
5 pyramidal neurons that depend on backpropagating APs for normal synaptic integration
or plasticity (Larkum et al. 1999; Waters et al. 2004). Therefore, scaling down the dendritic
morphology and thereby the capacitive load would normalise AP voltage waveform by
counteracting the current loss from the AIS during initiation. Interestingly, modelling
simulations showed that while shifting the AIS distally increased excitability, modification
of AIS length was far more effective in generating increased neuron excitability (Gulledge
& Bravo 2016). Consistent with the ability of length changes to regulate excitability, such
changes are in particular prevalent during development (Kaphzan et al. 2011; Kaphzan et
al. 2013; Gutzmann et al. 2014; Kuba et al. 2014), but less so in adult animals (Gutzmann
et al. 2014). Length changes are also observed during pathological conditions (Baalman et
al. 2013; Harty et al. 2013; Götz 2017), consistent with our findings in demyelinated layer
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5 pyramidal neurons (Chapter 4; (Hamada & Kole 2015)). Given the AIS length impact on
neuron excitability (Gulledge & Bravo 2016), and the findings outlining that dendritic
morphology influences AIS performance in the frequency domain (Hay et al. 2013; Eyal et
al. 2014), it is tempting to speculate that neurons may adjust their AIS location to stabilise
frequency response characteristics. This type of plasticity has been shown in the avian
nucleus laminaris, where distal position AIS enhanced the fidelity of AP generation in
response to simulated high-frequency synaptic input (Kuba et al. 2006).
It is unknown whether the structural tuning of the AIS location and dendritic
morphology is intrinsically determined during development or whether it is an active
process in response to neural activity. An identified mechanism for activity-dependent
changes in AIS location in dissociated cultures of the hippocampus involved calcineurindependent intracellular signalling (Evans et al. 2013). While this mechanism might be able
to explain the shift in AIS location, it does not necessarily underlie the other types of
structural modification of AIS, including dynamic changes in length, and ion channel
expression modifications (Kuba et al. 2010; Grubb & Burrone 2010; Kaphzan et al. 2011;
Baalman et al. 2013). However, such molecular mechanism may also be suitable to link
local somatodendritic Ca2+ elevations with cytoskeletal organization along the axon.

Axonal compartmentalization in human pyramidal neurons
Our understanding of the neuronal structure and function is based primarily on experiments
with small laboratory mammals and primarily by the use of rodents. More recently, the in
vitro slice preparations from human cortical biopsies obtained during surgery to treat
pharmacologically-resistant epilepsy has been shown to provide an excellent opportunity to
record intracellularly from human neurons and carry out comparative analysis of structural
and electrophysiological properties of human neurons (Testa Silva et al. 2009; Verhoog et
al. 2013; Testa Silva et al. 2014; Mohan et al. 2015; Verhoog et al. 2016).
In this thesis, we found that human AIS ion channel and scaffolding proteins are similar to
that of rodent (Chapter 3), consistent with previous reports in human and non-human
primates (King et al. 2014; Inda et al. 2006). Interestingly, however, the AIS was located
much more distally compared to the rodent AIS location and scaled positively with the
dendritic diameter, contrary to our findings in rodent layer 5 pyramidal neurons where AIS
location and dendritic morphology negatively correlated with dendritic tree (Hamada et al.
2016). The distal AIS location was reflected in the stagnant rate-of-rise of somatically
recorded AP, consistent with increased axonal compartmentalization in concert with large
somatodendritic capacitance load (Brette 2013). Similar slower AP kinetics were found in
human layer 2/3 pyramidal neurons (Testa Silva et al. 2014), and hippocampal dentate
granule cells of rhesus monkey in comparison to rat (St John et al. 1997). Perhaps the AIS
compartmentalization is not a unique to human cortex, but common among neurons of
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higher-order primates. Understanding the evolution of the AIS clearly would require
including more species and comparative studies of AIS proteins to delineate the speciesspecific AIS features.
What is the functional impact of distal AIS locations and large dendritic
morphology? Theoretical studies have shown that distal axonal coupling is advantageous
for initiation and sharper onset of APs in neurons with large somatodendritic capacitive
load such as pyramidal neurons (Gulledge & Bravo 2016; Brette 2013). Indeed, in
cerebellar Purkinje cells, physically manipulating the size of the dendritic tree by excision,
thereby decoupling the dendritic capacitive and ionic contribution from the axosomatic
compartment, had a direct impact on the shape of the AP and axon output (Bekkers &
Häusser 2007). Furthermore, dendritic morphology and its passive electrical properties
have been shown to influence the AIS performance in the frequency domain (Eyal et al.
2014), where the size of the dendritic arbours (its impedance load) strongly modulates the
shape of the AP onset at the AIS; it is accelerated in neurons with larger dendritic surface
area. AP onset rapidness critically determines the encoding capabilities of neurons
(Fourcaud-Trocmé et al. 2003; Ilin et al. 2013). Therefore, this cross talk between the
dendritic tree and AIS determines the capabilities of the axonal spikes to encode rapid
changes in synaptic inputs (Eyal et al. 2014). This prediction was tested recently in human
tissue were layer 2/3 pyramidal neurons with large dendritic trees were able to phase-lock
to fine temporal features, conveyed in received synaptic inputs, at a wider bandwidth than
for rodents, thus enabling a higher synaptic information transfer rate between human
pyramidal neurons compared to mouse (Testa Silva et al. 2014). Therefore, given the effect
of dendritic cable properties on neuron excitability and encoding capabilities (FourcaudTrocmé et al. 2003; Ilin et al. 2013), it is therefore interesting to investigate whether human
layer 5 pyramidal neurons with larger dendritic arbours than layer 2/3 are able to encode
information at an even higher bandwidth, and whether the ability to encode information
scales linearly with dendritic size.

Hyperexcitability in gray matter demyelination
At the distal end of the AIS the anchoring proteins and actin cytoskeleton are closely
associated with a scaffolding to tightly maintain the myelin sheaths. Whether these axo-glia
binding mechanisms play a role in developing or maintaining the AIS domain is not well
understood. Demyelinating neuropathies are characterized by the breakdown of the myelin
sheath and impacts both central and peripheral nervous system, as in case of multiple
sclerosis (MS) and Guillain-Barré syndrome, respectively. Regardless of the precise
etiology of demyelination, clinical presentations include a myriad of negative (loss-offunction) and positive (gain-of-function) symptoms, and certainly which sensory modalities
are affected depends on where in the nervous system the demyelinating lesion develops
(Geurts & Barkhof 2008). Remyelination in the central nervous system is minimal and any
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recovery or continued function despite demyelination suggests compensatory plasticity in
the demyelinated axon membrane (Rasminsky 1981; Waxman 1982). Indeed, partially
demyelinated axons can recover the ability to conduct through a centimetre or more of
demyelination in the optic nerve (Ulrich 1983). The diverse clinical symptoms could be a
result of axonal excitability changes causing conduction slowing, failure or spontaneous
spiking (Twomey & Espir 1980; Rasminsky 1981; Waxman 1982).
To our surprise nodes of Ranvier underwent complete loss or lateral diffusion of
nodal proteins following myelin loss, whereas the AIS remained largely intact (Chapter 4).
These results are consistent with recent findings in the cuprizone model from the Dupree
group (Clark et al. 2016). Despite the presence of the cytoskeleton, large changes were
observed when staining for ion channels (Chapter 4; Figure 1 and 2). While, the
anchoring protein ankyrin G remained largely intact the scaffolding protein bIV-spectrin
displayed a proximal shift towards the cell body. Similarly, expression of key ion channels
(Nav1.6 and Kv7.3 channels) in the AIS displayed significant differences in expression
changes in response to demyelination. Given the close molecular coupling of anchoring
proteins and ion channels within the AIS (Rasband 2011), a heterogeneous structural
response of AIS constituents to myelin loss indicates that there may be a molecular
dissociation taking place. The expression of Nav1.6 and Kv7.3 channels displayed opposite
plasticity: Nav1.6 channels shifted proximally and shortened in length, whereas Kv7.3
channels extended distally into the demyelinated first internode (Chapter 4). Our findings
suggest that AIS structural proteins and ion channels undergo differential plasticity as a
consequence of myelin loss. We did not investigate the molecular mechanism that facilitate
the AIS structural shift, however, L-type calcium channel-dependent calcineurin signalling
pathway has been shown to underlie activity-dependent shift in AIS location (Evans et al.
2013). Whether the same mechanism is responsible for the differential reorganization of
AIS proteins in demyelinated axons, remains to be investigated.
In addition, we show that the AIS and nodes of Ranvier are not equally dependent
on the presence of myelin. Myelin contact has been shown to be critical for the
maintenance of nodes of Ranvier (Dupree et al. 1999; Dupree et al. 2004; Bhat et al. 2001;
Ishibashi et al. 2002; Pillai 2009; Rasband et al. 1999). Disintegration and/or complete loss
of nodal and paranodal clustered proteins have been shown previously in cuprizoneinduced demyelination (Dupree et al. 2004; Zoupi et al. 2013). While the nodes of Ranvier
and AIS maintain clusters of similar proteins (Buffington & Rasband 2011), the
mechanisms responsible for domain maintenance are distinct. Interestingly, Ankyrin G
completely disappears in mice that develop experimental autoimmune encephalomyelitis
(EAE) (Clark et al. 2016), indicating that AIS disintegration can occur through a
demyelination-independent mechanism, and that microglial reactivity and increased
microglia-AIS contact underlies AIS pathology in the EAE model, The AIS thus represents
a potential primary axonal target during inflammation. As mentioned previously, activitydependent AIS relocation relies on calcium-driven signalling mechanisms (Evans et al.
2013). A similar mechanism might underlie the AIS integrity failure in the EAE model. In
the EAE model, reactive microglia release pro-inflammatory factors including reactive
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oxygen species (Guemez-Gamboa et al. 2011), and tumour necrosis factor (Haji et al.
2012) both to increase intracellular calcium levels through L-type calcium channels
(Guemez-Gamboa et al. 2011; Sama & Norris 2013), thus making pro-inflammatory factors
a candidate for AIS structural modulation and loss in EAE demyelination model.
Interestingly, primary oligodendrocyte apoptosis and extensive activation of microglia are
two major histopathological hallmarks of the cuprizone intoxication particularly during
acute demyelination stages (Pasquini et al. 2007; Kipp et al. 2009). The discrepancy in AIS
pathology between the two conditions is likely to be due to differences in mode of
microglial activation and the induction of demyelination (Procaccini et al. 2015). A direct
consequence of axons losing their AIS domain is that they will likely acquire a dendritic
profile, and since dendrites are not myelinated, it is likely that failure of remyelination in
conditions involving loss of AIS is likely to depend on the preceding loss of neuronal
polarity (Sobotzik et al. 2009; Rasband 2010). Similar AIS pathology has been described in
other disease and injury models (review (Buffington & Rasband 2011)).
In summary, our results together with those of others lead to the conclusion that
the excitable axonal domains of myelinated neocortical axons show differential
dependencies on the presence of myelin sheaths. Furthermore, the AIS is imbued with a
range of other structural proteins and voltage-gated ion channels subtypes, and it would be
interesting to examine how the structural plasticity of these AIS constituents is orchestrated
in demyelinated layer 5 axons.
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Figure 1 – Structural reorganization of excitable domains in demyelinated axons
Schematic summary of the observed nodes of Ranvier (noR) and axon initial segment (AIS) differential
structural reorganization during myelin loss (Chapter 4 and 5). In the case of noR, we see a highly
heterogeneous response to demyelination. Myelin flanking the noRs constitutes a physical barrier to
help sequester and prevent lateral diffusion of nodal proteins, the loss of which as in the case of
demyelination causes lateral diffusion scaffold (bIV-spectrin; black arrow) and ion channel proteins
(Nav1.6 and Kv7.3) and in some cases complete loss of nodal domains within the same denuded axon.
In contrast, the AIS does not display complete structural disintegration but a differential spatial shift of its
molecular constituents in particular the voltage-gated ion channels. PN, paranodal domains; JXP,
juxtaparanode; AnkG, ankyrin G; AIS, axon initial segment; noR, node of Ranvier.

The aforementioned AIS ion channel plasticity is in line with homeostatic regulation of
neuronal excitability as a consequence of altered network drive or pathological conditions
(Kuba et al. 2006; Grubb & Burrone 2010; Buffington & Rasband 2011; Hinman et al.
2013; Chand et al. 2015). The proximal shift of Nav1.6 and length reduction can be
attributed to a homeostatic mechanism, in the sense that proximal relocation of Nav1.6 ion
channel would result in significant current loss during local AP initiation due to large
somatodendritic capacitive load (see Chapter 2 & 3), and reduced Na+ current as a result
of reduced ion channel expression. However, this putative homeostatic mechanism
ultimately fails to stem the intrinsic hyperexcitability of demyelinated neurons. In contrast
to our results, distal AIS location in neurodegenerative mouse model of Alzheimer’s
disease correlated with reduction in neuron excitability (Götz 2017). However, these
conflicting findings further contribute to the notion that the AIS location and structure do
not operate in isolation with regard to regulating neuron excitability, but rather function in
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concert with the dendritic morphology and associated ionic conductances to tune
excitability. In addition to intrinsic excitability, we found increased spontaneous up-state
network-driven glutamatergic depolarizations envelopes generating high frequency spiking
in nearly ~50% of demyelinated layer 5 pyramidal neurons. The increase in intrinsically
burst firing phenotype in acute demyelination is likely a result of loss of satellite
oligodendrocytes and their role in regulation of extracellular K+. In addition to extracellular
K+ regulation, other factors may include neuronal inhibition, and aberrant connectivity
contributing to hyperexcitability, each of these are discussed below.
First, while spiking phenotype of layer 5 neurons may be influenced by several
factors including composition of intrinsic conductances, dendritic morphology, as well as
axonal projection targets (Hattox & Nelson 2007; Kole 2011), satellite oligodendrocytes
have been shown to limit neuronal excitability by siphoning K+ ions in the perisomatic
syncytium around pyramidal neuron during spiking (Battefeld et al. 2016). K+ siphoning is
not only important within the perisomatic vicinity, but also along the axon proper. Of
particular interest in Chapter 4 is the finding that anomalous APs are frequently generated
distal to the AIS locus may significantly debilitate the capacity to spatiotemporally encode
sensory stimuli accurately and tilt the balance of intracortical computational functions of
neocortical pyramidal neurons; hence the pathological implications of ectopic AP are
profound. Given that en ectopic AP occurs at distal axonal segments, this type of AP can
trigger synaptic transmission to all upstream and downstream post-synaptic targets. Even
when ectopic APs fail to invade the somato-dendritic compartment, they successfully
invade the collateral tree and successfully propagate to axonal terminals (unpublished
observation). Thus, the impact of an ectopic AP is equivalent to that of AIS initiated AP.
The increased intrinsic excitability, spontaneous depolarization and ectopic spikes are
further exacerbated by the increased in the broadening of presynaptic AP in demyelinated
axons (Chapter 5), which is likely to result in strong enhancement of excitatory
glutamatergic pyramidal-pyramidal and pyramidal-interneuron synaptic transmission.
Given the ubiquitous oligodendrocyte cell death as a result of cuprizone-treatment, an
extensive disruption of cortical extracellular K+ ion regulation (Kofuji & Newman 2004) is
likely to contribute to the heightened single-cell and network hyperexcitability.
Second, the number of APs riding the spontaneous depolarization varied
considerably between neurons, however, the voltage waveform is reminiscent of
paroxysmal depolarizations reported in neocortical neurons with defect myelin (Sutor et al.
2000), and epileptic neocortex induced by application of GABAA receptor antagonists
(Gutnick et al. 1982; Lee & Hablitz 1991). We hypothesize that these depolarizing events
are the result of insufficient inhibition. While in Chapter 4 we did not provide a detailed
experimental approach to address inhibitory transmission in demyelinated neocortex, it has
been recently reported a disruption of parvalbumin-positive interneuron connectivity in the
primary somatosensory cortex (S1) in EAE animal model (Potter et al. 2016). Additionally,
Potter et al. (2016) reported a concomitant increased vesicular glutamate transporter
(VGLUT1) expression in the same neocortical region, further lending support to altered
excitation-inhibition balance in demyelinated gray matter cortex.
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Figure 2 – A plethora of functional and morphological impact of myelin loss
Schematic of myelin loss as shown by our functional analysis work, has a widespread impact on layer 5
pyramidal neurons that extends beyond the primary axon. Demyelination induces heterogeneous
structural reorganizations of the nodes of Ranvier (noR; double-head red arrow) and axon initial
segment (AIS; single-head red arrow) with concomitant sprouting of new axon collaterals (green
asterisk). Additionally, neuron excitability is increased in nearly ~50% of neurons characterized by high
frequency spiking phenotype. While action potential (AP) propagation is slowed but maintained in
demyelinated axons, the loss of myelin induces aberrant ectopic APs (ec-AP) generation and also
frequency-dependent failure of pre-synaptic APs (black asterisk). In brief, our work highlights the
findings that myelin loss does not only impact AP propagation in main axons, but induces a cascade of
functional changes that impact the intrinsic and the local circuitry of layer 5 pyramidal neurons of the
somato-sensory cortex.

Third, we observed in Chapter 5 putative sprouting of newly nascent collaterals
from demyelinated internodes indicating that loss of myelin- and oligodendrocyteassociated inhibitory substrates for axonal growth, induce local restructuring of collateral
arborization. Such axonal remodelling has been shown previously demonstrated in
experimental demyelination mouse model (Kerschensteiner et al. 2004), and spinal cord
lesion models (Salgado-Ceballos et al. 1998; Blight 2004; Bareyre et al. 2004). The ability
of gray matter axons to undergo structural plasticity raises the possibility that prolonged
demyelination might induce long-lasting rewiring of cortical connectivity. Network
organization fundamentally influences brain disease, and understanding the connectivity
structure of brain networks is integral to understanding neuropathology. Demyelination as a
consequence of an insult targeted at oligodendrocytes, triggers perturbations generating
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cascades of pathological events that might induce aberrant cortical connectivity setting the
stage for widespread excitation. Indeed neuroimaging of demyelinated brain of cuprizonefed mice, showed that loss of myelin induces major reorganization of functional
connectivity paralleled by widespread damage of the structural scaffold, with the
hippocampus being the most impacted region (Hübner et al. 2017). This finding does not
necessarily implicate newly sprouting axon collaterals we observed in underlying this
widespread rewiring of cortical connectivity, and most likely involve primary axon
remodelling.
In summary, in our toxicological model of demyelination, the disrupted gray
matter extracellular K+ regulation in concert with reduced neuronal inhibition and aberrant
cortical rewiring are likely contributors to the observed abnormal hyperexcitability in layer
5 pyramidal neurons. However, more work is needed to unravel the specific cellular
mechanisms and contributing factors to demyelinated gray matter hyperexcitability.

Potential relevance of anomalous gray matter hyperexcitation to
clinical disease
There is extensive resemblance between some human MS patterns (particularly, type I-IV
lesions) and cuprizone-induced histopathology spanning the white and gray matter
structures (Kipp et al. 2009; Clarner et al. 2012). In Chapter 4 we show that the
demyelination-induced neuronal and axonal hyperexcitability in the gray matter tract may
have relevance for understanding clinical observations, given that nearly 50% of MS
patients have demyelinating lesions and axonal injury in the gray matter (Geurts & Barkhof
2008).
The well-documented mechanism for ectopic excitation highlighted in Chapter 4
regarding K+ accumulation and activation of persistent Nav channels at demyelinated
internodes is speculative, but nonetheless, it may help draw parallels between our
observations and clinical phenomena. Paroxysmal symptoms in MS patients suggests that
ectopic excitation can spread between adjacent dense white matter tracts (Matthews 1975;
Ostermann & Westerberg 1975; Tüzün et al. 2001). While this excitatory contagion may
occur as a result of denuded axons closely apposed, thus setting the stage for ephaptic
interactions and cross-talk (Rasminsky 1978; Rasminsky 1980; Compston & Coles 2008),
abnormal high levels of extracellular K+ accumulation could also account for this
phenomenon. Such an accumulation could result from activity propagating through an area
of demyelination, thereby providing a mechanism by which excitation in one area could
lead to nearby areas becoming more excitable. Such an ionic contribution to
hyperexcitability may explain the time course (seconds to minutes) of positive symptoms
after cessation of the triggering event (Felts et al. 1995). The aforementioned physiological
mechanism may also account for triggering of ectopic excitation by volley of APs
traversing adjacent axons. Such potentials have shown to initiate negative potential shifts
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and ectopic firing in K+-loaded internodes (David et al. 1993; Kapoor et al. 1993). This is
likely to be exacerbated by the network-driven torrent of spontaneous high-frequency
paroxysmal APs of demyelinated layer 5 pyramidal neurons. In support of the proposed
underlying mechanism of runaway excitation in demyelinated axons, there is an extensive
loss of cortical glial-mediated (internodal) K+ siphoning (Rash 2010), as a result of
cuprizone-induced apoptosis of mature oligodendrocytes (Kipp et al. 2009).
Uncontrolled ectopic excitation is detrimental for the neuronal circuits to encode
sensory information with high temporal precision. Based on these findings it may
speculated that therapeutic approaches curtailing hyperexcitability in gray matter lesions
may support in alleviating some of the cognitive deficiencies observed in MS patients.
Positive symptoms in MS patients are considered to be mediated by ectopic impulses
generated at the site of demyelination (Sakurai & Kanazawa 1999). While it is rational to
use sodium blockers to curb hyperexcitability, clinical trials with such blockers have failed
to prevent neurodegeneration in MS (Waxman 2008). Furthermore, the use of sodium
blockers may reduce positive symptoms, they concomitantly can presumably unmask silent
negative symptoms caused by conduction block (Sakurai & Kanazawa 1999). Interestingly,
our findings in Chapter 4 of diffuse Kv7 ion channel expression in demyelinated gray
matter axons may offer a new alternative for pharmacological intervention in
demyelinating diseases using anticonvulsive drugs such as retigabine. Kv7 channels are
abundantly expressed in axons and strongly regulate AP frequencies (Battefeld et al. 2014).
Retigabine mediates its action by acting as a non-selective opener of Kv7.2/7.3 ion
channels (Main et al. 2000; Rundfeldt & Netzer 2000; Wickenden et al. 2000), and has
been clinically used clinically to alleviate partial epilepsy in adults (Stafstrom et al. 2011).
Moreover, retigabine has been demonstrated to block ectopic excitation in peripheral
nerves and the neocortex (Straub et al. 2001; Roza & Lopez-Garcia 2008). What makes
retigabine an interesting candidate for curbing neuronal hyperexcitability in demyelinating
diseases is its reported involvement in potentially increasing GABA synthesis in the
hippocampus (Kapetanovic et al. 1995). Therefore, retigabine represents a promising
candidate that not only acts to reduce excitability in demyelinated internodes by opening
Kv7 channels, but also possibly function as an enhancer of inhibitory transmission in the
demyelinated gray matter.
Examining axonal and neuronal excitability in the cuprizone mouse model may
thus provide a powerful experimental paradigm for exploration and development of new
therapies to combat gray matter hyperexcitability. Furthermore, the presence of axonal
injury is a hallmark of MS (Dutta & Trapp 2007), and has also been demonstrated in the
cuprizone model (Lindner et al. 2009; Xie et al. 2010), thus making it a particularly useful
model in which to study neuroprotection and neuroprotective drugs.
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Summary
The mammalian brain contains billions of cells, which are highly specialized and
electrically active. Nerve cells, also called ‘neurons’, consist of functionally and
morphologically distinct branched structures. Information is received and integrated in
dendrites and rapidly transmitted to thousands of other neurons via the small-diameter
output branches called ‘axons’. The axonal membrane is highly enriched in anchoring
proteins, which cluster voltage-gated ion channels to specialized membrane regions
involved in the generation of electrical impulses, in the axon initial segment (AIS), and the
conduction of these spikes via the nodes of Ranvier. The axolemma between nodes is
ensheathed by myelin membranes, produced by other cell types. Myelination accelerates
impulse conduction velocity by a process called saltatory conduction, which is important
for precise timing of information processing over long distance in neuronal microcircuits,
enabling them to establish and tune their responses to external sensory stimuli. Here, we
asked the question how sensitive spike generation is to changes in the cellular architecture
and axonal domains? Recent studies have shown that the AIS and nodal domains are
affected by disease and subjected to activity-dependent plasticity. But is spike generation
dependent on the AIS location and what occurs when myelin is lost from axons? In order to
disentangle the role of excitable domains in relation to dendritic morphology and
myelination we used in this thesis correlated high-resolution recording and imaging of
large pyramidal neurons in the rodent and human neocortex.
Chapter 2 provides an experimental and theoretical analysis of the structure-function
relationship of AIS location in neocortical layer 5 pyramidal neurons in the rat. We
discovered a scaling principle between the size of the dendritic tree and AIS location
supported by mathematical analysis, computational simulations and electrical recordings.
The data revealed that AIS location is not random but co-varies with proximal dendrites to
obtain an optimal spike shape at the neuronal cell body. Chapter 3 investigates spike
generation in human layer 5 pyramidal neurons in acute slices obtained from temporal lobe
epilepsy surgeries. The access to this unique tissue allowed us to examine AIS location in
human neurons and test whether their large dendritic affects spike generation. Electrical
recordings and morphological analyses revealed that also in human pyramidal neurons AIS
location is correlated with the dendritic tree. The scaling was, however, surprisingly
opposite to findings in the rodent. The increased compartmentalization of the human AIS
produces slower spike rise times which were offset by increased dendritic electrogenesis.
These data suggest that human layer 5 neurons operate fundamentally different from rodent
neurons. We hypothesize that human neurons are more optimized for distributed
computational processing at the single cell level. Chapter 4 subsequently examines in
mouse layer 5 axons the consequences of myelin loss on the AIS and cellular excitability.
Using a mouse model for demyelination we found changes in the location and stability of
ion channel clustering both in the AIS as well as the nodes of Ranvier. Furthermore, single
pyramidal neurons and the neocortical circuit became hyperexcitable and action potentials
177

were in some cases initiated from ectopic locations downstream from the AIS. These
findings are very relevant to our understanding of neurological symptoms in multiple
sclerosis patients. Building further on this demyelination model we extended in Chapter 5
the analysis beyond the main axon and measured how action potentials invade and
distribute into the unmyelinated axon collaterals, using electrical and optical voltage
recordings from demyelinated main axons and en passant pre-synaptic boutons. Loss of
myelin abolished saltatory conduction independent of the voltage-gated ion channels.
Furthermore, also action potential propagation in higher-order branches of non-myelinated
axonal collaterals was significantly and frequency-dependent hampered by myelin loss.
Taken together, this thesis sheds light on the fundamental role of the cellular architecture of
axons showing that AIS location is species-specific and with micrometer precision tuned to
the dendritic morphology. Furthermore, axonal demyelination has not only a widespread
impact on spike reliability but also makes the neocortical circuit hyperexcitable.
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Samenvatting
Hersenen bestaan uit miljarden gespecialiseerde hersencellen waarvan een groot deel
elektrisch actief is. De zenuwcellen, ook wel neuronen genoemd, zijn uitermate complex
opgebouwd uit morfologische en functionele verschillende onderdelen. Informatie komt de
cel binnen via de dendrieten en wordt in axonen omgezet tot elektrische impulsen die
vervolgens worden doorgestuurd naar duizenden andere neuronen. Om deze elektrische
signalen te genereren en te geleiden is het membraan van axonen verrijkt met eiwitten die
ion kanalen clusteren in specifieke gebieden, in het zogenaamde axon initieel segment
(AIS) en de knopen van Ranvier. Ten slotte zijn gebieden tussen de knopen van Ranvier
elektrisch geïsoleerd met myeline membranen, aangemaakt door ander type hersencellen.
Myeline versnelt de impuls geleiding om nauwkeurige en snelle informatie verwerking
mogelijk te maken over lange afstanden en daarmee kunnen de neuronale berekening van
binnenkomende prikkels op een juiste manier worden verwerkt. Maar hoe verandert impuls
generatie als deze actieve axon domeinen veranderen? Recent onderzoek laat zien dat het
AIS en de knopen van Ranvier activiteits-afhankelijk zijn en ook tijdens neurologische
aandoeningen veranderen. Hebben zulke veranderingen gevolg voor de impuls generatie en
wat gebeurt er precies na myeline verlies? Om de rol van de functionele domeinen in
axonen en hun invloed op de prikkelbaarheid te bepalen wordt in dit proefschrift gebruik
gemaakt van gecorreleerde hoge resolutie elektrische metingen, ion kanaal lokalisatie en
geometrische metingen in piramide cellen knaagdieren en de mens.
Hoofdstuk 2 beschrijft een experimentele en theoretische bewijsvoering met betrekking tot
de rol van de AIS locatie in laag 5 piramidaal cel in de rat. We vinden een sterk verband
tussen de grootte van dendrieten en de locatie van het AIS; hoe groter de dendrietenboom,
hoe dichterbij het AIS is gelokaliseerd. Het AIS is dus niet toevallig ergens gepositioneerd
binnen het axon maar heeft een directe samenhang met de dendrieten waardoor nauwkeurig
de vorm van het actie potentiaal wordt gereguleerd. In hoofdstuk 3 werden dezelfde
technieken toegepast om het actiepotentiaal in menselijke piramidaal cellen te
onderzoeken. Het levende hersenweefsel werd verkregen vanuit hersenoperaties voor
temporale kwab epilepsie. Elektrofysiologische en morfologische metingen laten zien dat
ook in menselijke piramide cellen de locatie van het AIS is gecorreleerd met de grootte van
dendrieten. Verrassenderwijze is de relatie compleet omgekeerd ten opzichte van wat we
vonden in knaagdieren. Als gevolg van de grotere mate van compartimentalisatie van het
AIS is het actiepotentiaal in menselijke neuronen langzamer, wat echter wordt
gecompenseerd door meer actieve dendrieten. Menselijke piramide cellen werken dus
fundamenteel anders. We vermoeden dat deze cellulair opbouw de neuronale
informatieverwerking meer efficiënt verdeelt over de grote cellen. In hoofdstuk 4 van dit
proefschrift onderzochten we hoe het verlies van myeline de excitatie domeinen van het
axon beïnvloed. Door gebruik te maken van een muizenmodel voor demyelinisatie vonden
we dat zowel het AIS alsook de knopen van Ranvier veranderen in positie en lengte. Het
gevolg van de complexe reorganisatie van deze axon gebieden leidde tot meer hyperactieve
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neuronen en een actiever netwerk. Deze resultaten kunnen verklaren waarom myeline
verlies in sommige multiple sclerosis patiënten tot epileptische en neurologische
veranderingen in hersenen veroorzaakt. Verdere analyse met hetzelfde diermodel in
hoofdstuk 5 werd gedaan door gebruik te maken van meer geavanceerde metingen middels
lichtgevoelige moleculen voor membraanspanning en directe metingen aan de dunne
uiteinden van axonen. Hiermee vonden we dat actiepotentialen zich langzamer verspreiden,
frequentie-afhankelijk falen en in sommige gevallen de presynaptische uiteinden niet meer
bereiken.
Samengevat laten de onderzoeksresultaten in dit proefschrift zien dat de positie van het AIS
in axonen op micrometer niveau gekoppeld is aan de dendrieten. Hiermee wordt het
actiepotentiaal nauwkeurig geregeld. Myeline verlies heeft niet alleen een gevolg voor de
impuls verspreiding binnen axonen maar maakt de piramide cellen ook hyperactief.
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