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Introduction: Chapter I

Chapter I: The Myelinated Nerve

1.1 Historical Perspective of the Nerve Fiber

In the early 19t century, the first drawings of the nervous cell came to light
through the observations of the German anatomist Gabriel Gustav Valentin (1810-
1863). Before this time, microscope instrumentation and histological tools were too
crude to detail the fine structure of nervous system cells; however, it was through
the very development of the achromatic lens in compound microscopes coupled with
improvements in histological tools that the drawings of Valentin and those of his
contemporaries saw the light of day. Great improvement of Valentin’s work was
followed by beautifully detailed studies in the cerebellum from the Czech anatomist
Jan Evangelista Purkinje (1787-1869). In his observations, he described tear-like
shapes in rows with short processes emanating towards the outside grey matter
surface, which we now call the Purkinje cell.

Another pioneering anatomist during this time, Robert Remak (1815-1865),
first described, unintentionally, the axon. He observed, nearly at the same time by
the German physiologist Theodor Schwann (1810-1882), that there were fibers that
were myelinated and those that were unmyelinated, which he called “Remak bands”
and “Remak fibers”, respectively. However, it was not until 27 years later that
drawings by the young German neuroanatomist Otto Friedrich Karl Deiters (1834-
1863) would produce the clearest observations yet of the nervous cell. With the help
of better microscopes and better histological techniques, he was able to describe
branches radiating from the cellular soma and a long cylindrical process emanating
from the cell body. What Deiters referred to as “protoplasmic processes” and “axis
cylinder” were renamed in 1889 by Wilhelm His (1831-1904) to be “dendrites”, and
by Rudolph Albert von Kolliker (1817-1905) as the “axon”. Furthermore, he was

able to characterize a portion of the axon proximal to the cell body, which we now
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Introduction: Chapter I
describe as the axon initial segment (AIS). In between the time of renaming the
neurite processes, the German anatomist Heinrich Wilhelm von Waldeyer (1836-
1921) also put a name to the nerve cell itself, which he labeled as the “neuron”.

On the myelinating glia front, studies in the mid 1800’s by the German
pathologist Rudolf Virchow (1821-1902) advanced the original work of his
predecessors Remak and Schwann. At this time, he described a sheath around
axons and labeled it, although misnamed, “myelin” since it resembled bone marrow,
and “myelos” is Greek for “marrow”. It was not until 1871 with the work of Louis-
Antoine Ranvier (1835-1922) that we would redefine the Remak bands as a specific
myelinating cells in the peripheral nervous system as Schwann cells, and later on in
1878 the gaps in between the myelinating segments as nodes of Ranvier.

The next significant progress for neurons occurred with the development of a
new stain by the Italian physician Camillo Golgi (1843-1926). This stain, which
bears his name as the Golgi stain, was able to specifically impregnate neurons, and
further improved the ability of anatomists to follow the trajectories of the neurite
processes. Following this useful new technique, a convergence of ideas from some of
the greatest European scientists took place to conceptualize the cellular basis of the
nervous system. One school of thought called the reticular theory, led by Golgi,
suggested that nerve cells were so densely packed together there could not be a
possible way of transmission between nervous cells. Thusly, he argued, nervous
tissue must be continuous.

The other school, advanced by the prodigious Spanish histologist Santiago
Ramén y Cajal (1852-1934), stated that the neuron is the basic cellular and
functional unit of the nervous system. This concept, which we currently hold today,
would later take shape to be called the “Neuron Doctrine”. Ramén y Cajal came to
this conclusion based on an improved Golgi staining technique, which allowed him
to visualize more closely the fine structures of axonal projections and dendritic
arborizations. He observed that axon terminals were located in the regions of
dendritic arbors, and therefore this suggested to him that there was directionality

in the flow of information from the cell body, down the axon, and into the dendrite.
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Introduction: Chapter I
These key anatomical observations led to the law of dynamic polarization, and in
1906, together with Golgi, a Nobel Prize in Medicine and Physiology.

It was not until the work of Cajal’s Spanish colleague Pio del Rio Hortega
(1882-1945), along with the help of the Canadian neurosurgeon Wilder Penfield
(1891-1976), that the myelinating cells of the central nervous system would be
visualized. Utilizing a new staining method, Hortega was able to describe in 1921
cells called “oligodendrocytes”, which are derived from the Greek words “oligo”
meaning “few”, “dendro” meaning tree, and “cyte” meaning cell. Yet, Hortega was
unable to come up with a functional role for these cells.

Further developments, such as electron microscopy and electrophysiological
techniques, in the mid 20t century allowed us to understand the intimate
relationship between myelinating glia and the axon, and the functional proprieties
of the neuron. Electron microscopy work by Richard and Mary Bunge allowed for
visualization of the interaction between myelinating glia and the axon. Important
electrophysiological work detailed the presence of voltage-gated ion channels along
the neuronal membrane, and provided further information regarding the location of
axon potential initiation and direction of electrical conduction (further discussed in
chapter II).

Today, we now know that the myelinated fiber is indeed a highly specialized
structure comprised of several subspecialized domains with important functions.
The AIS is responsible for initiation of the electrical nervous signal called the action
potential (AP) (Palmer and Stuart, 2006; Khaliq and Raman, 2006; Meeks and
Mennerick, 2007; Shu et al., 2007; Hu et al., 2009; Popovic et al., 2011) and
maintenance of neuronal polarity (Hedstrom et al., 2008; Sobotzki et al., 2009;
Galiano et al., 2012), while nodes of Ranvier, together with the myelin sheath, are
important for rapidly and efficiently propagating that signal down the nervous fiber

(Poliak and Peles, 2003; Salzer, 2003; Sherman and Brophy, 2005).
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Introduction: Chapter I

1.2 Structure and molecular composition of myelinated nerve fibers

1.2.1 The myelin sheath

One of the last evolutionary steps of the vertebrate nervous system was
myelination of axons by glial cells nearly 420 million years before present in jawed
fish (Zalc et al., 2008). The myelin sheath is a lipid rich multilamellar structure that
wraps around axonal membranes. Originally described by Rudolf Virchow (1821-
1902) in 1854 as a substance produced by neurons, we now know that myelin is
produced in the central nervous system (CNS) and peripheral nervous system (PNS)
by oligodendrocytes and Schwann cells, respectively. Oligodendrocytes are able to
envelop several axons simultaneously, while Schwann cells wrap individually
around one axon (for review see Sherman and Brophy, 2005).

The myelin sheath provides numerous functional benefits to the neuron.
Firstly, one important specialized function of myelin is to provide vertebrates with a
means to greatly increase neural conduction along axons through electrical
insulation. The compacted myelin sheath allows vertebrate axons to conduct action
potentials in the order of 50 to 100 times in magnitude faster than that of the non-
myelinated invertebrate axon (Zalc and Colman, 2008). Indeed, this insulating
function of myelinating glia has major implications, and will be revisited in chapter
I1.

Another important function of myelinating glia is that they provide trophic
support to neurons. Since glial cells cover large portions of the axonal surface with
myelin, the axonal surface has a very limited area only in the breaks between
myelinating segments where it is able to interact with extracellular metabolites
(Nave et al., 2010). Recent reports have made strides in uncovering the trophic
support roles of myelinating glia (Funfschilling et al., 2012; Lee et al., 2012).
Funfschilling et al. (2012) reported that oligodendrocytes are able to provide
nutritional support to neurons via lactate transport, suggesting that myelinating

glia impart an important role in meeting the metabolic demands of the neuron.
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Introduction: Chapter I

Finally, myelin also provides a protective covering around axons. In
conditions where myelin destruction occurs, called demyelination, neurons are
vulnerable to axonal damage. This further damage to the axon could be the result of
lymphocytes or related cytokine-induced cytotoxicity or dysfunction of axonal ion

channel homeostasis, which in turn leads to neurodegeneration (Friese et al., 2014).

1.2.1.1 Myelinated Regions and Structure

Several experimental advances, particularly those in electron microscopy,
have advanced our knowledge of myelin structure. PNS Schwann cells and CNS
oligodendrocytes wrap extensive spirally myelinating sheaths around axons that
eventually become thinner through compaction (Fig. 1A). Compacted alternating
double membrane leaflets of membrane with a periodicity of 12 nm that are
electron-dense and electron-light are resolved through electron microscopy
(Aggarwal et al., 2011). The thicker electron-dense region resulting from the
apposition of two internal faces of the lipid bilayer is called the major dense line,
while the thinner electron-dense layer resulting from the apposition of two external
myelin wraps is the intraperiod line.

Specific regions along the internal myelinating segment, called the internode,
remain uncompacted. In the PNS, Schmidt-Lanterman incisures are small regions
of cytoplasm that remain during the Schwann cell myelination process. These
regions are important because they allow for communication and exchange of
metabolites between the superficial and deep layers of myelin with the Schwann
cell cytoplasm. Additionally, an uncompacted portion at the extremity of each
myelin lamellae, called a paranodal loop (Fig. 1B), in both CNS and PNS
myelinating segments organize to form the paranode (Fig. 1C; Aggarwal et al.,
2011).

Important to note is that the compacted myelin sheath and the internodal
region of the axon are separated by a periaxonal space—but by looking at a

longitudinal cross section near the edges of a myelinated segment, we observe that
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Internode Juxtapaanode Paranode Node Paranode Juxtaparanode Internode

—# - MM—AW,, e s —
// N

B

Figure 1: Ultrastructure and overview of myelinated domains. (A) Cross section of
a myelinated PNS axon (ax) in the top panel and a cross section of a myelinated
CNS axon in the lower panel. Adapted from Quarles et al., 2006. (B) Ultrastructure
of the paranodal junctions formed between the paranodal loops and the axon in both
panels with a higher magnification observed in the lower panel. Of note are the
septate-like junctions denoted by the black arrowheads. Adapted from Schaeren-
Wiemers et al. 2004. (C) Overview of the myelinated domains along a CNS axon.
The domains are similar in the PNS. Adapted from Poliak and Peles, 2003.
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Introduction: Chapter I
septate-like junctions form at paranodes between the cytoplasmic filled paranodal
loops of the myelinating glial cell membrane and axolemma (Fig. 1B). While the
paranodal junctions provide an efficient restriction barrier between the voltage-
gated sodium channels at nodes of Ranvier and the voltage-gated potassium
channels at the juxtaparanodes, these junctions are permeable to small metabolites
and ions (Mierzwa et al., 2010). As we will discuss later, there are a number of cell
adhesion molecules (CAMs) located at the paranodal junctions that are implicated
in both the formation and maintenance of the macromolecular complex at the nodes
of Ranvier.

The section separating the paranode and the internode is the juxtaparanode
(Fig. 1C). This region is well defined as a passively excitable region enriched in
voltage-gated potassium channels and various CAMs. Further description of these
protein classes will be reserved for the section on molecular composition of excitable

and axo-glial domains.

1.2.1.2 Myelin Composition

The composition of myelin is unique in that it is a poorly hydrated
structure (40% water) that is more enriched in lipids than proteins. Indeed, the dry
weight of myelin is between 70-85% lipid compared to 15-35% protein, while in most
other cellular membranes it is the reverse. This is not surprising though
considering the insulating functions of myelin that permit rapid action potential

propagation, which would favor a membrane low in water content and rich in lipids.

1.2.1.2.1 Lipid Composition

The major lipids of the myelin membrane are separated into three groups:
glycolipids, cholesterol, and phospholipids. The molar ratios between the three
groups of lipids range from 2:4:3 to 2:4:4 (Baumann and Pham-Dinh, 2001). Our
discussion, however, will only be limited to the most typical myelin lipids:

glycolipids.
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Introduction: Chapter I

Glycolipids

One group in particular, the galactolipids, dominates the glycolipid family
of myelin lipids. The galactolipids galactocerebroside (GalC) and its sulfated
derivative sulfatide make up nearly one-third of the total mature myelin lipid mass
(Dupree et al., 1998). Galactocerebroside is a lipid composed of galactose and
ceramide, enzymatically linked to the first position hydroxyl group by ceramide
galactosyltransferase (CGT), while sulfatide is formed from the sulfation of
galactocerebroside via the enzyme cerebroside sulfotransferase (CST; Morell and
Radin, 1969).

The galactolipids have been intensely studied due to their abundance and
early expression in oligodendroglia. Utilizing CGT-null mice (therefore lacking
galactocerebroside and sulfatide), several studies have shown that these mice have
abnormal myelin ultrastructure, breakdown of the paranodal junctions, and
reduction in axonal conduction velocity (Basio et al., 1996; Coetzee et al., 1996;
Dupree et al., 1998). Looking more closely at the roles of sulfatide, Pfeiffer and
colleagues reported through immunological perturbations that sulfatide has been
found to be a key molecule for oligodendrocyte development (Bansal et al., 1988,
1989; Bansal and Pfeiffer, 1989) and it is seen to play a role in the enhanced rate of
differentiation in cultured oligodendrocytes (Bansal et al. 1999). Since the studies
utilizing CGT mutants could not differentiate the functions between
galactocerebroside and sulfatide, a CST-deficient mouse was developed. Using this
mouse, Honke et al. (2002) and Marcus et al. (2006) reported that sulfatide was
necessary for proper paranodal junctions structure and maintenance. Together,
these results suggest that sulfatide is an important regulatory molecule in OL

development and in maintaining myelin structure.

1.2.1.2.2 Protein Composition
As stated earlier, proteins comprise a lower fraction of mature myelin dry

weight; however, they are important because they are specific for myelin and glial
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cells. In this context, the protein composition of oligodendrocyte myelin is mainly
comprised of myelin basic protein (MBP) and proteolipid protein (PLP), while
Schwann cell myelin is primarily composed of Po and peripheral myelin protein 22.

While there are large variety of myelin proteins, the following section will
be dedicated to four specific proteins: proteolipid protein (PLP), myelin basic protein
(MBP), 2’,3’-cyclic-nucleotide 3’phosphodiesterase (CNPase), and myelin-associated
glycoprotein (MAG). Other myelin protein components that are involved in axo-glial
junction formation will be described in the section on molecular composition of

excitable and axo-glial domains.

Proteolipid proteins (PLP and DM-20)

The largest proteinaceous component of CNS myelin is PLP. PLP is a low
molecular weight glycoprotein with four hydrophobic alpha helical transmembrane
segments, and both C- and N- termini localize at the intraperiodic lines of myelin
(Baumann and Pham-Dinh, 2001). The mRNA can go through alternative splicing
and gives rise to another isoform called DM-20. PLP is normally expressed in
mature oligodendrocytes, but the DM-20 isoform has been observed to be expressed
in a subpopulation of OPCs (Spassky et al., 2001). Through genetic ablation studies
of the PLP gene, PLP and DM-20 do not appear to be necessary for either
myelination or myelin compaction (Klugmann et al., 1997). However, these mutant
lines show reduction in the physical stability of myelin, suggesting that PLP/DM-20
play a role in stabilizing the myelin membrane (Boison et al., 1995). Further studies
also suggest that PLP/DM-20 play a role in neuronal integrity since in both mice
and patients that lack PLP, axonal swellings and ultimately axonal degeneration

occur (Griffiths et al., 1998; Garbern et al., 2002).

Myelin Basic Protein (MBP)
MBP, which constitutes 30% of protein, rounds out the second largest
component of CNS myelin proteins. MBP has several isoforms through alternative

transcription and can also go through alternative splicing, thus creating a large
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MBP protein family (Baumann and Pham-Dinh, 2001). MBP is located in the
cytoplasmic region of the major dense line of compact myelin, and its localization to
these regions is important since the MBP-deficient shiverer mouse display
hypomyelination and absence of the major dense line in CNS myelin (Privat et al.,

1979).

2’,3’-cyclic-nucleotide 3’phosphodiesterase (CNPase)

CNPase constitutes 4% of the myelin proteins in the CNS. In vitro, CNPase
has been observed to hydrolyze 2’, 3’-cyclic nucleotides, an artificial substrate that
does not exit in nature since in living species nucleotides are cyclized in 3’-5. The
expression of CNPase is notably absent from compact myelin, but it is expressed in
the cytoplasmic cell membrane of oligodendrocytes and in the paranodal regions of
the myelinated sheath. Functions of CNPase remain elusive; however,
oligodendrocytes overexpressing CNPase have aberrant myelin sheaths (Gravel et
al., 1996), and loss of CNPase has been shown to affect paranodal junctions
(Rasband et al., 2005) and axonal integrity without any obvious effect on

myelination (Lappe-Siefke et al., 2003).

Myelin-Associated Glycoprotein (MAG)

At around 1%, MAG represents a relatively small fraction of the protein
content found in CNS myelin. MAG is a transmembrane protein that contains a
large extracellular domain with five segments of internal homology that resemble
immunoglobulin domains (Salzer et al., 1987). In the CNS, MAG 1is enriched in the
periaxonal domains of myelinating oligodendrocytes. Myelin appears to be normal
in MAG-deficient mice; yet, MAG mutant mice have a slight delay in myelin
compaction (Montag et al., 1994).

1.2.1.3 Oligodendrocyte differentiation and myelination
The differentiation of migrating and proliferating oligodendrocyte

precursor cells (OPC) to myelinating oligodendrocytes (OL) can be defined
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morphologically and through expression of specific antigenic markers that are
either kept or lost throughout its lineage. Through the sequential expression of
these biochemical markers, the oligodendroglial differentiation process is
categorically subdivided into six defining stages: Oligodendrocyte progenitor,
oligodendrocyte  precursor cell (OPC), pre-oligodendrocyte, immature
oligodendrocyte, non-myelinating mature oligodendrocyte, and myelinating
oligodendrocyte (Fig. 2A).

Both in vitro and in vivo, early OPCs are morphologically defined by their
bipolar shape and are further defined by their surface expression of PDGFRa
(platelet derived growth factor receptor alpha; Pringle and Richardson, 1993), the
chondroitin sulfate proteoglycan NG2 (neural/glial antigen 2; Nishiyama et al.,
1999), and the ganglioside A2B5 (Raff et al., 1983). At this stage OPCs are highly
proliferative and migratory. OPCs then progress into the pre-OL stage where they
are morphologically defined by their multiple processes and surface expression of
04 (sulfatide; Bansal and Pfeiffer, 1989). The pre-OLs are less migratory, but
remain proliferative at this stage since they are receptive to the mitogenic
properties of PDGF (Barres et al., 1992, 1993). Once losing their proliferative
capacities, the pre-OLs transition into the highly branched immature OLs. The
immature OLs begin to express new markers such as O1 (GalC), CNP (Zalc et al.,
1981), and the tumor suppressor protein APC (adenomatous polyposis coli; Bhat et
al., 1996). The maturation process of the immature OL then continues over the next
days (3-5) where they become further arborized and begin to express specific myelin
proteins such as PLP, MAG, and MBP (Martini and Schachner, 1986). The stage of
the non-myelinating OL then begins, defined by their flat sheets of myelin
membrane and establishment of axonal contacts. The final step is transitioning into
myelinating OLs that wrap axonal processes and express the molecular marker
MOG (Solly et al., 1996).

Once oligodendrocytes reach a mature state, they begin to myelinate

several axons. Surprisingly, this process occurs very rapidly over a short period of
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Figure 2: Oligodendrocyte lineage and myelination. (A) Oligodendrocytes express
several markers that define their lineage from an oligodendrocyte precursor to a
myelinating oligodendrocyte. Adapted from Dr. Sarah Moyon. (B) Oligodedrocytes
have a finite window in which that must initiate the myelination process. This is
followed by retraction of some myelin sheaths and stabilization of the number of
myelinated segments. Adapted from Czopka et al., 2013.

25



Introduction: Chapter I
time (Fig. 2B, Watkins et al., 2008; Czopka et al., 2013). In fact, it is in the order of
several hours (Czopka et al., 2013). Utilizing the zebrafish (Danio rerio) model
system, Czopka et al. (2013) demonstrated that oligodendrocytes produce new
myelin sheaths in a time window of around five hours, and afterwards
oligodendrocytes change their behavior by stopping the production of new sheaths
(Fig. 2B). Changes following this window are retractions of very few myelinated
sheaths for about 1 to 2 days (Czopka et al., 2013). These results suggest that the

time window for myelin production is an intrinsic feature to the oligodendrocyte.

1.2.2 The Nodes of Ranvier (Nodes)

The first studies laying the foundation for nodes of Ranvier began with Louis-
Antoine Ranvier’s histological work in 1871. While working alongside Claude
Bernard at College de France, Ranvier embraced Bernard’s approach in cellular
nutrition. In Ranvier’s view, the impermeability of the myelin sheath prevented the
exchange of nutrient materials between the nerve fiber and oxygenated blood, and
therefore begged the question: How does nutritional exchange between the
myelinated nerve and the blood occur? To Ranvier, it was through the short non-
myelinated regions between myelinating sheaths called “étranglements annulaires”.

Meticulously detailed in one of his first pioneering histological manuals
entitled, “Lecons sur [’histologie du systéme nerveux” (Ranvier, 1878), Ranvier
showed that an aqueous solution of ammonium picrocarminate was able to first
enter through discrete regions along rabbit sciatic nerves, which he called
“étranglements annulaires” (or “annular constrictions”), and then diffused along the
nerve fiber. Additionally, by using rat thoracic nerves stained with reduced sodium
nitrate solution, Ranvier then further observed what he described as “small black
crosses” located at the same regions as the “annular constrictions” (Fig. 3B and C;
Ranvier, 1878). He postulated that these regions, which now bear his name as the
nodes of Ranvier, could therefore be important for nutrition of the nerve cell

(Ranvier, 1878).
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Figure 3: Louis-Antoine and his drawings of the “étranglements annulaires”. (A)
Portrait of Louis-Antoine Ranvier. (B) and (C) Original drawings of sciatic nerves
stained with silver nitrate by Ranvier’s talented artist, M. Karmanski. Adapted

from Ranvier, 1878.
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However, it was not until Ranvier’s later work on nerve degeneration where he
interpreted their true main role in nerve conduction. Utilizing a living rabbit with
both sciatic nerves denuded, he exposed one nerve to pure water at 56°C and the
other with 1 to 200 concentration of salt water at the same temperature (Ranvier,
1878). He observed that in the nerve exposed to pure water, the myelin sheath
swelled and the nodes of Ranvier disappeared, resulting in a loss of nerve function
by either mechanical or electrical stimulation after 20 minutes. While he still
observed similar histological changes to the nerve exposed salt water, the nerve was
still excitable through mechanical or electrical stimulation after five hours, thus
suggesting to Ranvier that the nodes of Ranvier may be implicated in nerve

conduction (Ranvier, 1878; Barbara, 2007).

1.2.2.1 Nodal Ultrastructure

As mentioned previously in the introductory portion of this section, Ranvier’s
description of the nodes of Ranvier was made through various chemical staining
procedures, but the continual development of electron microscopy and the freeze-
fracture technique have further allowed us to look more closely at both the
ultrastructure of the nodal axolemma and its external axoplasm. Because the PNS
and CNS nodes of Ranvier vary slightly in their overall ultrastructural
architectures, the first section will highlight the similarities shared between the two
nervous systems, and the second will discuss their dissimilarities, in particular at
the extranodal space, in order to provide further clarity on their ultrastructural

differences.

The Similarities in Nodal Ultrastructure

Typically, the size of the node of Ranvier itself ranges between 1.0-2.0 um
(Salzer, 2003). The axonal diameter at the nodes of Ranvier is reduced in size by
around one half compared to the internode, but the nodal axonal caliber is slightly
larger than that of the paranodal region (Landon and Williams, 1963). As the

quantity of neurofilament and axonal caliber are proportionally related (Friede and
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Samorajski, 1970), this size difference mainly demonstrates the reduction in the
mean number of neurofilaments found at the node of Ranvier, and also the reduced
post-translational phosphorylation of lysine-serine-proline repeats that occurs
extensively along the neurofilament chain (Pannese, 2015; Salzer, 2003). However,
even though there are fewer neurofilaments, their number per unit area of
axoplasm at both the nodes of Ranvier and internode are similar (Pannese, 2015),
suggesting a higher order packing arrangement of neurofilaments at the nodes
(Salzer, 2003). Interestingly, the number of microtubules increases at the node of
Ranvier, and it has been furthermore observed that there are a number of
fasciculated microtubules, which are notably observed at the AIS, at the proximal
ends of nodes of Ranvier in sensory and motor axons in the spinal root (Nakazawa
and Ishikawa, 1995). This latter result suggests that cross-linking proteins that are
necessary for microtubule fasciculation are also transported to proximal nodes.

Along with the microtubule densities, there are a number of membranous
organelles that are associated to the microtubule tracks, and elements of smooth
endoplasmic reticulum (Pannese, 2015). Lysosomal vesicles have been observed
near the nodal axolemma, where they are suggested to play a role in nodal protein
turnover (Zagoren, 1984). Inversely to lysosomal vesicles, exocytotic vesicles are
also observed at the node of Ranvier, and most likely play an important role for
docking nodal proteins to the developing node of Ranvier (Wiley-Livingston and
Ellisman, 1980). Furthermore, studies on the rhesus monkey occulomotor nucleus
have also shown that there are synaptic vesicles present where nodes of Ranvier
make synaptic contact with dendrites (Waxman, 1974).

Beneath and slightly separated from the nodal axolemma is an electron-
dense granular cytoplasmic undercoating of around 25-35 nm that ends at the
paranodal junction (Salzer, 2003). This osmiophilic layer, which is also present at
the AIS, is thought to be specific to regions with excitable domains and speculated
to play a role in neuronal excitability (Waxman and Quick, 1977). Additionally, as

these regions are enriched in scaffolding proteins that anchor voltage-gated
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channels to the actin cytoskeleton, this layer most likely corresponds to a dense
cytoskeletal network of ankyrins and spectrins (Rosenbluth, 1983).

The development of the freeze fracture technique has furthered our
understanding of the node of Ranvier axolemmal ultrastructure. Notably,
Rosenbluth (1976) showed that a high density (in the order of 1200/um2) of 20 nm
sized intramembraneous particles were accumulated on the E-face of the nodal
axolemma in frog brain (Fig. 4A). As voltage-gated ion channels and ATPases are
highly enriched at the nodal axolemma in both the PNS and the CNS, it was
speculated that these particles corresponded to either voltage-gated sodium
channels or Na*/K*-ATPases (Rosenbluth, 1976). However, in support of the former
conclusion, the concentration of these large particles is significantly higher at the
nodes compared to the paranodal and internodal regions (which have a relatively
low concentration in Nay channels; Rosenbluth, 1976), and that ATPases are mainly
found at the P-face of the nodal axolemma. This was partially confirmed through
raising antibodies against the voltage-gated sodium channel and using either
binding assays or immunocytochemistry to show that Nay is indeed enriched at the
nodes (Richie and Rogart, 1977; Ellisman and Levinson, 1982; Haimovich et al.,
1984), and the diffuse pattern of immunolabeling of all Na*/K*-ATPase subunits
along myelinated axons in the PNS and CNS (McGrail et al., 1991; Gerbi et al.,
1999).

Differences in PNS and CNS Nodal Ultrastructure

Several defining ultrastructure features of the extranodal space differentiate
the PNS and the CNS. In the PNS, the Schwann cell wraps around an axon in a one
to one relationship and then forms a tight collar where they eventually meet at the
nodes of Ranvier. As these two domains converge, it is easy to see through
longitudinal sections that invaginated finger-like projections abutting from the ends
of each Schwann cell protrude into the nodal axoplasm (Fig. 4B). These cytoplasm

filled projections, called Schwann cell microvilli, vary in size between 50 and 80 nm
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Figure 4: Ultrastructure of the nodes of Ranvier. (A) Freeze-fracture of frog brain
axon. Nodes of Ranvier contain large densities of intramembraneous particles (nR).
Glial loops are denoted by (G). Adapted from Rosenbluth, 1976. (B) PNS nodal
ultrastructure of a mouse sciatic nerve. Connective tissue and basement membrane
(BM) covers the surface of a Schwann cell (SC). Microvilli (Pr) invade the nodal
region. Myelin (My) covers the axon and SC form junctions (X) with the axon. The
axoplasm contains neurofilaments (Nf), mitochondria (M), and endoplasmic
reticulum (ER). Adapted from Porter and Bonneville, 1973. (C) CNS nodal
ultrastructure of rat basal ganglion. Dense coating (D) is observed at the nodes of
Raniver, which are flanked by paranodal loops (P) of the myelinating
oligodendrocyte. The axoplasm contains neurofilaments (nf), mitochondria (m) and
smooth endoplasmic reticulum (SR). Adapted from Peters et al., 1976.
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in diameter (depending on species) and contain longitudinal filaments of around 10
nm (Landon and Williams, 1963). Typically, these Schwann cell microvilli are
densely packed at the extranodal space, and are separated 3-5 nm away from the
nodal axolemma (Zagoren, 1984). The functional significance of Schwann cell
microvilli has only until recently been elucidated, and will be further discussed in
chapter III. Another ultrastructural feature of the PNS node is a basal lamina
consisting of proteoglycans that extends continuously along the axonal fiber
(Landon and Hall, 1976). Importantly, this basal lamina does not impede the
movement of 1ons across the nodal axolemma (Landon and Hall, 1976).
Furthermore, between the basal lamina and the nodal axolemma 1s a filamentous
matrix. Both this material and the basal lamina have been thought to play a role in
buffering ions and acting as a cation reservoir (Landon and Langley, 1971). Indeed,
there is an abundance of aggregated heparin sulfate proteoglycans (HSPGs) at the
PNS nodes of Ranvier, and their identification and respective roles will be discussed
later in the molecular composition of the AIS, nodes of Ranvier and outerlying
domains.

Clearly differentiating CNS nodes from PNS nodes are the evident lack of
Schwann cell microvilli and a basal lamina (Fig. 4C). The perinodal junctions
between the axon oligodendroglial myelin wraps do not give rise to microvilli.
Instead, occasionally replacing the microvillar processes are perinodal astrocytes (or
otherwise called synantocytes; Butt et al., 2002), which have been shown through
immunogold labeling to contact the nodes of Ranvier in rat optic nerve (Ffrench-
Constant et al., 1986) and by confocal microscopy in the anterior medullary velum
(Butt et al., 2002). Furthermore, the lack of basal lamina exposes CNS nodes to the
extracellular space that is also occupied by a filamentous extracellular-matrix
(ECM).

In further discussing the ultrastructural differences between the PNS and
CNS nodes, it is worth revisiting the subject of organelles. A more debated subject
regarding organelles is the presence and enrichment of mitochondria between the

two nervous system nodes of Ranvier. Early studies have demonstrated that there
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are mitochondria located at PNS nodes (Berthold, 1978; Fabricius et al., 1993), and
more recently it has been shown that the density of mitochondria at PNS nodes and
paranodes is greater than the internodal region (Perkins and Ellisman, 2011). On
the other hand, in the CNS, it has been described that there are either similar
densities of mitochondria in the nodal, paranodal and internodal area (Edgar et al.,
2008), or there is a notable absence of mitochondria at the nodes altogether (Edgar
et al., 2008; Kidd et al., 2011; Ohno et al., 2011). These differences may point to two
different possibilities: 1.) The motility of these organelles—large mitochondria
remain stationary at points of high-energy consumption such as paranodal regions
enriched in Ky channels and Na*/K* ATPases, while small motile mitochondria
freely move through the axon to regions where they may needed. 2.) An interesting
hypothesis outlined in Zhang et al. (2010), and in relation to the aforementioned
possibility, suggests that the differences in mitochondrial localization in the PNS
and CNS is related to differential Ca%* signaling along axons. CNS axons display
spatially uniform Ca2?* signaling, while in the PNS it is localized to the nodes of
Ranvier, and in turn, recruits mitochondria to the nodal region (Zhang et al., 2010).
Nevertheless, as most of  these studies @ were  done  through
immunofluorescence/electron microscopy or short time-lapse imaging, the
conclusions inferred from these studies may therefore only represent a “snap-shot”
of the true distribution of these mobile organelles. This question may be partially
resolved by looking at the distribution of mitochondria during developmental

formation of PNS and CNS nodes through long time-lapse imaging.

1.3 Molecular Composition of Excitable and Axo-Glial Domains

Through the use of various biochemical tools, our understanding of the
molecular composition of the excitable domains has expanded from just that of the
voltage-gated ion channel. There exists a large repertoire of cell-adhesion molecules,
cytoskeletal scaffolding proteins, and extracellular matrix proteins at the AIS, the
nodes, and their surrounding regions (see Fig. 5 for a general overview). As these

varying protein classes are located at multiple regions along the axon, this section
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Figure 5: Overview of the molecular architecture of the CNS and PNS excitable
domains and perinodal domains. (A) Detailed schematic of PNS and CNS nodes of
Ranvier. From Stathopoulos et al., 2015. (B) Detailed schematic of the axon initial
segment (AIS). Adapted from Chang and Rasband, 2013.
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will take an in depth look at each of these protein classes and detail their
distribution at the AIS, and PNS and CNS nodes of Ranvier, paranodes and
juxtaparanodes. Furthermore, where permitted, the roles of certain molecules with
respect to the AIS, juxtaparanodal, and paranodal assembly or maintenance will be
described. The main roles of paranodal, ECM, and nodal components in the

assembly of PNS and CNS nodes of Ranvier will be reserved for chapter III.

1.3.1 Voltage-Gated Ion Channels

The first experimental studies detailing the presence of voltage-gated ion
channels came in the 1930s by John Z. Young (1907-1997) on the squid axon. Later
seminal work by Hodgkin (1914-1998), Huxley (1917-2012) and Katz (1911-2003) in
the 1950s and Hille in the 1960s detailed a movement of sodium and potassium ions
through axonal pores, affirming the presence of voltage-gated ion channels in
nervous cells. Since then, a tremendous amount of effort has gone into elucidating
the different voltage-gated ion channels, their subtypes, and their temporal and
spatial distributions in the nervous system. At both the AIS and at nodes of
Ranvier, the expression of both voltage-gated sodium (Nay) and potassium (Ky)
channels has been observed. At these regions, Naychannels play an essential role in
action potential initiation and propagation, while Ky channels function to modulate
action potential initiation and alter axonal conduction. Interestingly, a subset of Ky
channels is restricted to the juxtaparanodal region where they regulate the
internodal resting membrane potential. This section will outline the different ion
channel subtypes, their subunits, and their temporal and spatial distribution at the

AIS, CNS and PNS nodes of Ranvier, and juxtaparanodes.

1.3.1.1 Voltage-Gated Sodium Channels (Nav)
Alpha subunits
The SCNA family encodes for ten different sodium channel a-subunit
isoforms (Fig. 6B). Structurally, the a-subunit forms a pore containing four
homologous domains (I-IV), each consisting of six transmembrane a-helical
segments (S1-S6), that are connected through inner pore loops from S6 to S1 (Fig.
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Table 1. Mammalian sodium channel « subunits

Gene Chromosomal

Type symbol location Primary tissues

Na,2l  SCNIA Mouse 2 Human  CNS neurons
2q24

Na,12  SCN2A Mouse 2 Human  CNS neurons
2q23-24

Nayj13  SCN3A Mouse 2 Human  CNS neurons
2924

Na,214  SCN4A Mouse 11 Human ~ SkM
17q23-25

Na,15  SCN5A Mouse 9 Human  Uninnervated SkM,
3p21 heart

Na,16  SCNBA Mouse 15 Human  CNS neurons
12q13

Nay17  SCN9A Mouse 2 Human  PNS neurons
2q24

Na,18 SCN10A  Mouse9 Human  DRG neurons
3p22-24

Na,19 SCN71A  Mouse 9 Human  DRG neurons
3p21-24

Nax SCN7A Mouse 2 Human  uterus, astrocytes,

SCN6A 2q21-23 hypothalamus

: Chapter I

Figure 6: Structure and distribution of mammalian voltage-gated sodium channel
a-subunits. (A) General structure of the voltage-gated sodium channel. Adapted
from Lai and Jan, 2006. (B) Table of the mammalian voltage-gated sodium channel
a-subunits and their distribution in various tissues. Adapted from Catterall, 2012.
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6A; Catterall, 2012). The S4 segment of each homologous domain permits the
activation of the a-subunit, while the intracellular loop connecting the III and IV
homologous domain is responsible for inactivation of the a-subunit during sustained
depolarization (Catterall, Goldin, and Waxman, 2005).

Six neurotoxin receptor sites have been found on the sodium channel a-
subunit, and thereby make them sensitive to pharmacological inactivation or
activation with drugs such as tetrodotoxin, a- and f-scorpiotoxin, and saxotoxin.
These agents act upon various regions of the a-subunit, and some in particular act
in a stoichiometric 1:1 ratio (i.e. saxotoxin). Using these drugs has not only given us
better understanding of sodium channel function, but has also been cleverly
exploited in order to isolate and uncover the expression patterns of a-subunits. By
using 125]-labelled scorpion toxin, Beneski and Catterall (1980) isolated 260-kDa
and 30-40 kDa fragments from neuroblastoma cells. The larger fragment was later
found to correspond to the a-subunit of the sodium channel, while the smaller
fragment would be the f-subunit (Hartshorne and Catterall, 1984; Messner and
Catterall, 1985). Together, the voltage-gated sodium channels forms a
heterotrimeric complex of a- and f-subunits, wherein one a- subunit is linked to two
different f-subunits (Messner and Catterall, 1985; O’Malley and Isom, 2015). A
summary of the expression of the 10 different sodium channels can be found in the
table in Figure 6B. Discussion will be limited to the three main sodium channel a-
subunits shared between the CNS and PNS nodes of Ranvier: Nay1.1, Nay1.2 and
Nay1.6

Navl.1

Nay1.1 has seen to be highly enriched at the AIS in the mammalian CNS, and
at nodes of Ranvier in the rodent CNS and PNS (Fig. 7A and C; Ogiwara et al.,
2007; Van Wart et al., 2007; Duflocq et al., 2008; Lorincz and Nusser, 2008;
O’Malley et al., 2009; Luo et al., 2014; Tian et al., 2014). Primarily, enrichment of
Nay1.1 in the mouse spinal cord appears at P7 at the AIS and at P14 in CNS nodes

of Ranvier, and gradually increases to a plateau of enrichment at both
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compartments in adulthood (Duflocq et al., 2008). In mouse PNS nodes of Ranvier,
Nay1.1 is observed to be present at P2, peaks at P5, decreases rapidly at P7, and
then is absent at P21 (Luo et al., 2014). In rodent adult spinal cord and retinal
ganglion cells, Nay1.1 is primarily enriched at the proximal region of the AIS (Fig.
7B; Van Wart et al., 2007; Duflocq et al., 2008; Lorincz and Nusser et al., 2008);
however, Na,1.1 distribution is homogenous at the AISs of short axon cells of the
olfactory bulb (Lorincz and Nusser et al., 2008). Interestingly, Nay1.1 is enriched
exclusively in GABAergic interneurons at the AIS in both rodent and human cortex
and at nodes in the rodent hippocampus (Ogiwara et al., 2007; Lorincz and Nusser
et al., 2008; Tian et al., 2014). Nevertheless, Nay1.1 AIS and nodal enrichment has
also been observed in adult mouse retinal ganglion cells and optic nerve,
respectively (Van Wart et al., 2007; O’'Malley et al., 2009).

Additionally, Nay1.1 is functionally involved in action potential initiation,
conduction and repetitive neuronal firing (Catterall et al., 2005). Mutations or
deletions of the SCNIA gene have furthermore been observed to play a
pathophysiological role in causing generalized epilepsy with febrile seizures plus
and severe myoclonic epilepsy in infants (Catterall et al., 2005), in which the latter
may be related to a reduction in sodium current or spike firing in GABAergic

interneurons (Kalume et al., 2007; Ogiwara et al., 2007).

Nav1.2

Nay1.2 is expressed early at the immature AIS (Fig. 7A) and is preferentially
accumulated in a proximal-distal gradient in mammalian AISs (Hu et al., 2009,
Tian et al., 2014). Due to its high-threshold and preferential enrichment at the
proximal AIS, Nay1.2 is believed to play a functional role in action potential
backpropagation towards the soma (Hu et al., 2009).

Beyond the AIS, axonal expression of Nay1.2 has been shown to be diffuse
along rat unmyelinated hippocampal mossy fiber and Schaffer collateral tracks, and

along unmyelinated zones of rat retinal ganglion cell axons (Westenbroek et al.,
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Figure 7: Immunolocalization of Nay subunits at the AIS and nodes of Ranvier. (A)
Expression of Nay1.1, Nay1.2, and Nay1.6 at the AIS of cortical neurons in human
tissue. Adapted from Tian et al., 2014. (B) Nay1.1 (red) is restricted to the proximal
portion of the AIS, while Nay1.6 1s present at the distal AIS. Adapted from Duflocq
et al., 2008. (C) Colocalization of Nayl.1 (red) and Pan Na, (green) at nodes of
Ranvier in adult spinal cord (yellow arrows). Of note, some nodes of Ranvier are
Nayl.1-negative (green arrows). Adapted from Duflocq et al., 2008. (D) Nay1.2
immunolabeling (red) at the developing sciatic nerve. Arrowheads represent two
heminodal clusters converging to form a node and the full arrow denotes a
heminodal cluster flanked by Caspr (green). Adapted from Rasband and Trimmer
2001. (E) Immunolabeling of nodal Nay1.6 (red) flanked by Caspr (green) in the
optic nerve. Adapted from Caldwell et al., 2001.
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1992, Gong et al., 1999, Boiko et al., 2001). However, enrichment of Nay1.2 has been
observed in node-like clusters along rat retinal ganglion cell axons in vitro (Kaplan
et al., 2001). In the rodent PNS, Na,1.2 is first detected at nodes at P1 (Fig. 7D),
progressively disappears between P2.5-5, and then is rarely detected between P7-28
(Boiko et al., 2001; Luo et al., 2014). During rat optic nerve development, it has been
observed that Nay1.2 is localized to immature nodes and then declines rapidly after
the second postnatal week (Boiko et al., 2001). This nodal Nay1.2 regulation
corresponds to the myelination time course in the rat optic nerve, suggesting that
Nay1.2 is replaced at the nodes as CNS myelination proceeds (see chapter III; Boiko
et al., 2001). Conversely, in adult human tissue, Nay1.2 has been observed to be
enriched in a subpopulation of nodes of Ranvier in the cortex (Tian et al., 2014).
Similar to Nayl.1, Na,1.2 is functionally involved in action potential
Initiation, conduction and repetitive firing (Catterall et al., 2005). Knocking out the
SCNZ2A gene in mice results in hypoxic perinatal death and a sharp attenuation of
sodium channel currents in mouse hippocampal cultures (Catterall, Goldin, and
Waxman, 2005; Planells-Cases et al., 2000). Point mutations of SCN2A have also
been observed in a Japanese patient, which resulted in febrile and afebrile seizures

(Sugawara et al., 2001)

Nav1.6
Axonal expression of Nay1.6 at the AIS appears to be late compared to its
Nay1.2 counterpart in the rodent (Boiko et al., 2003). Juxtaposing Na,1.2, Nay1.6 is
preferentially enriched at the distal end of the AIS in rodent and human AISs (Fig.
7B; Van Wart et al., 2007; Hu et al., 2009, Tian et al., 2014); however, Na,1.6 AIS
expression is uniform in rat layer 5 pyramidal neurons (Lorincz and Nusser, 2008).
Electrophysiological experiments have reported that distal enrichment of low-
threshold Nay1.6 is important for electrogenesis since its spatially enriched location
at the AIS determines action potential initiation (Hu et al., 2009).
Further along the axon, Nay1.6 is expressed along non-myelinated PNS fibers
(Black et al., 2002), but also clusters at developing and adult PNS and CNS nodes
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(Fig. 7E; Caldwell et al., 2000; Krzemien et al., 2000; Tzoumaka et al., 2000; Black
et al., 2002; Luo et al., 2014). The time course of rodent CNS nodal Nay1.6 clustering
appears to coincide with myelination (Kaplan et al., 2001; Boiko et al., 2001).
Indeed, Nay1.2 is localized to immature nodes of Ranvier in rat optic nerve, which
progressively gets replaced by Nayl1.6 as myelination proceeds (see chapter III,
Boiko et al., 2001).

Functionally, Nay1.6 plays a central role in axon potential generation and
conduction, resurgent and persistent current in Purkinje cells, and tunes the spike
timing of cerebellar granule cells (Catterall et al., 2005; Raman et al., 1997; Osorio
et al., 2010). Mutations to the gene encoding for Nay1.6 in mice result in disrupted
firing patterns of Purkinje cells, development of motor endplate disease, and causes

cerebellar ataxia (Catterall et al., 2005).

Beta Subunits

Mammalian sodium channel B-subunits form a family of five proteins ($1Nay,
p1BNay, pf2Na,, p3Nay, and p4Na,) that are encoded by four SCNB genes. Each
isoform contains an N-terminal extracellular Ig-like fold similar to proteins of the Ig
superfamily of CAMs, a single transmembrane-spanning segment, and a short
intracellular C-terminus (O’Malley and Isom, 2015). Of note, Na, f-subunits
interact with a-subunits through two different types of interactions: f1Na, and
p3Nay noncovalently interact with a-subunits through their N- and C-terminal
domains, while f2Nay, and f4Nay interact with a-subunits through disulfide linkage
of Cys-26 ($2) and Cys-28 or 58 (#4) in the N-terminal Ig-like fold (Chen et al., 2012,
Gilchrist et al., 2013; Buffington and Rasband, 2013; O’Malley and Isom, 2015).

Na, f-subunits are described as “auxillary” subunits, but they play critical
roles in regulating the rate of a-subunit activation and inactivation (Patton et al.,
1994; Kazen-Gillespie et al., 2000), regulating the amount of resurgent sodium
current and sodium current density (Isom et al., 1995; McEwen et al., 2004; Aman et
al., 2009), and trafficking a-subunits and regulating their plasma membrane
insertion (Chen et al., 2002; Schmidt and Catterall, 2002). Furthermore, Na, f-
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subunits have been shown to interact with voltage-gated potassium channels and
modulate their activation (Nguyen et al., 2012; Marionneau et al., 2012). Therefore,
Na, f-subunits are key players in ion channel functioning and sodium channel
recruitment to regions of excitability. So far, three Nay f-subunit isoforms have been
reported to cluster at the nodes of Ranvier (O’Malley and Isom, 2015): f1Nay, 2Nay,

and f4Na,. This section will discuss these isoforms in detail below.

p1Nav

P1Nay has been reported to be enriched in the mouse at the AIS and nodes of
Ranvier. At the AIS, f1Nay is highly enriched in both glutamatergic neurons and
GABAergic interneurons (primarily somatostatin and parvalbumin* interneurons),
and associates with Nay1.1, Nay1.2, Nay1.6 in the mouse somatosensory cortex
(Brackenbury et al., 2010; Wimmer et al., 2015). At CNS nodes of Ranvier, f1Nay
has so far been observed in the mouse adult corpus callosum and ventral funiculi of
the cervical spinal cord (Wimmer et al., 2015; Desmazieres et al., 2014), while in the
PNS it has been reported in mouse sciatic nerve nodes starting at P3 and continues
into the adult (Ratcliff et al., 2000; Chen et al., 2004; Desmaziéres et al., 2014).

Like all Nay -subunits, f1Nay contains an extracellular Ig-like fold domain
that allows it to act as a CAM, thereby permitting f1Na, to interact in trans
homophilic and cis/trans heterophilic interactions. Trans homophilic interactions of
p1Na, permit neurite outgrowth through fyn kinase (Davis et al., 2004,
Brackenbury et al.,, 2008). Heterophilically, p1Na, can interact with the
extracellular domains of various other nodal and paranodal CAMs such as
neurofascinl186 and 155 (Ratcliff et al., 2001; McEwen and Isom, 2004), contactin
(Kazarinova-Noyes et al., 2001) and NrCAM (McEwen and Isom, 2004). As well,
S1Na, can interact with extracellular matrix proteins such as Tenascin-R (Xiao et
al., 1999), and with other Nay f-subunits such as f2Nay, (McEwen and Isom, 2004).

P1Nay can increase the cell surface expression and gating of Nay and K, a-

subunits (thereby modifying electrical properties), but these data vary substantially
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depending on the genetic background, cell type, and ion channel a-subunit being

studied (reviewed in Calhoun and Isom, 2014).

p2Nav

In cultured rat retinal ganglion cells (RGCs) and hippocampal neurons,
p2Nay has been observed to be enriched at the level of the AIS (Kaplan et al., 2001,
Chen et al., 2012). Their localization has also been observed at node-clusters in rat
hippocampal neurons associated to Nay1.2 (Kaplan et al., 2001), at nodes of Ranvier
In mouse sciatic nerve, and mouse white matter tracts of the cerebellum (Chen et
al., 2002).

p2Nay can be further processed through posttranslational modifications by y-
secretase cleavage, thereby permitting the intracellular domain to enter the nucleus
and increase transcription of Scnla (Kim et al., 2007). Additionally, f2Na, increases
functional expression of sodium channels, modifies their gating, and increases
plasma membrane surface area in Xenopus oocytes (Isom et al., 1995). Along with
these reports, f2Na,” mice display increased seizure susceptibility, a reduction in
the amount of plasma membrane associated sodium channels and reduced optic
nerve conduction, Extracellularly, f2Na, can interact with Tenascin-C (Srinivasan
et al., 1998).
p4Nav

p4Nay, the most recently discovered and least described Nay f-subunit, is
expressed in multiple regions in the adult rat brain and spinal cord (Yu et al., 2003).
Subcellular enrichment of f4Na, has also been reported at the AlSs of fast-spiking
GABAergic interneurons, and in a subset of rat PNS and CNS nodes of Ranvier
(Buffington and Rasband, 2013). These immunohistological observations correlate
with functional electrophysiological studies since f4Na, has been shown to be
associated with resurgent sodium current, which aids in high-frequency repetitive
firing (Khaliq et al., 2003; Grieco et al., 2005).

Similar to f2Nay, p4Na, requires a disulfide bond at Cys-28 in order to
localize to the AIS and nodes of Ranvier (Buffington and Rasband, 2013). AnkyrinG
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Figure 8: Structure, expression, and localization of voltage-gated potassium
channels. (A) Structure of the voltage gated potassium channels. Adapted from
Vacher et al., 2008. (B) Overview of the voltage-gated potassium channels at the
axon initial segment alongwith their interacting partners. Adapted from Trimmer,
2015. (C) Ki1 and K,7 localize to the AIS of various regions in the brain. Adapted
from Lorincz and Nusser 2008 and Pan et al., 2006. (D) Overview of the voltage-
gated potassium channels at the nodes and juxtaparanodes. Adapted from Trimmer,
2015. (E) Ky1.1 (green) and Ky1.2 (red) are localized to paranodes in the optic nerve
(top panel). K;7.2 (red, top middle panel) and K;7.3 (green, middle right panel)
localize to the nodes of Raniver. K3.1b (red, bottom pannel) is also a component of
the nodes of Ranvier and colocalize (arrowheads) with Nay (green). Adapted from
Rasband, 2004 (E top panel), Pan et al., 2006 (middle panels), and Devaux et al.,
2003 (bottom panels).
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and sodium channel a-subunits are also necessary for f4Nay to localize to the AIS

(Buffington and Rasband, 2013).

1.3.1.2 Voltage-Gated Potassium Channel Alpha Subunits (Kv)

K* channels comprise the largest and most diverse group of ion channels in
mammals (Trimmer, 2015). Indeed, ~90 genes code for K* a- and B-subunits, and
the heteromeric channel pore is often comprised of a combination of different o-
subunits and various splice isoforms, thus leading to a wide diversity and
complexity in the K* channel family. Almost half of these 90 genes encode for
voltage dependent potassium channels, which allow for passage of K* ions via
changes in membrane potential. In vertebrates, 41 genes encode for Ky1 through
Ky12, and each subfamily can be broken down further into a number of different Ky
1soforms (Trimmer, 2015).

The quaternary structure of the Ky channel ion pore is a tetrameric complex
of a-subunits, wherein each a-subunit is comprised of six transmembrane segments
(S1-S6) (Fig. 8A; Vacher et al., 2008). K, channels are also composed of auxiliary B3-
subunits such as K B, KChIP, and DPP-like (Vacher et al., 2008). Of the large
family of K, channels, only two subfamilies have been observed to be
compartmentalized at the nodes: K,7 (KCNQ) and K,3 (Fig. 8D and E).
Interestingly, other K, channels have been observed (notably Ky1, and more
recently BK/Slol channels) at the AIS, paranode, and juxtaparanode (Fig. 8B-E).
Our discussion will therefore focus on three families (Kv1, K3, and K,7) in detailing

their subcellular distribution and roles at excitable axonal domains.

Kv1

Ky1 is the Shaker-type family (name originated from Drosophila) of voltage-
gated potassium channels that is comprised of eight isoforms (Ky1.1-Ky1.8). Only
Kv1.1, Ki1.2, Ki1.4, and Ky1.5 have been reported to be enriched near or at

subcellular excitable domains. Notwithstanding, expression and functional roles of
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Ky1.1 and K,1.2 have been extensively studied, and therefore this section will only
detail these two Ky1 subtypes.

Ky1.1 and Ky1.2 are highly enriched in the distal compartment of the AIS in
human neocortical pyramidal cells, and in both excitatory and inhibitory neurons of
multiple rat brain regions (Fig. 8C; Inda et al., 2006; Van Wart et al., 2007; Lorincz
and Nusser, 2008). Together, Ky1.1 and K,1.2 are observed to be extensively co-
labeled at the AIS, suggesting that these channels most likely form heteromeric
channels (Lorincz and Nusser, 2008). Localization of Ky1.1 and Ky1.2 to the AIS
depends on the interaction with the PDZ (PSD-95/disc large/zonula occludens-1)
domain of the MAGUK (membrane associated guaylate kinase) PSD-93/Chapsyn-
110 (Horresh et al., 2008; Ogawa et al., 2008).

Ky1.1 and Ky1.2 are both also clustered together as heteromultimers at the
juxtaparanodal regions of the mammalian CNS and PNS myelinated axon (Fig. 8E;
Wang et al., 1994; Rasband et al., 1999; Howell et al., 2006). Clustered underneath
the myelin sheath and spatially separated from the node by paranodal junctions,
these channels most likely regulate the internodal resting potential and diminish
repetitive firing (see chapter II; Arancibia-Carcamo and Attwell, 2014). Ky1.1 and
Ky1.2 appear first at the nodes and paranodes during the first postnatal week in
rat, but then subsequently become restricted to the juxtaparanodes between P14
and P28 (Vabnick et al., 1998).

Kv3

K3 are a family of four K* channels isoforms: K3.1-K3.4. In the rat CNS,
K3.1b, one of the two splice variant isoforms of K.3.1, clusters at nodes of Ranvier
(Fig. 8D and E) but is not enriched at the AIS (Devaux et al., 2003). K3.1b first
appears at a few nodes starting at P8 in the ventral column of the spinal cord, and
then increases rapidly in expression to a point where it then reaches its adult levels
by P12 (Devaux et al., 2003). Furthermore, K,3.1b clusters at nodes of Ranvier prior
to Ky1.2 clustering at juxtaparanodes, and K;3.1b appears to be mostly associated

with mature nodes (Devaux et al., 2003). As for the PNS, K,3.1b is observed in only
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a few sciatic nerve nodes of Ranvier, of both large and small diameter, starting at
P12 and increasing in number between P15 and P21 (Devaux et al., 2003).

The functional role of K,3.1b at nodes has yet to be fully uncovered.
Experiments using 4-AP, a pharmacological blocker of K* channels, and performing
CAP recordings on optic nerve did not yield any changes to AP repolarization
(Devaux et al., 2003). Yet, genetic ablation of K,3.1 resulted in a reduction in AP
frequency (Espinosa et al., 2001). Interestingly, K3.1b has been observed to be
enriched in hippocampal parvalbumin*t interneurons (Weiser et al., 1995), and is
corroborated by the fact that Ky3 conductance has been observed to play an
important role in permitting high-frequency firing in fast-spiking interneurons

(Lien and Jonas, 2003).

Kv7 (KCNQ)

The K,7 family, or otherwise called KCNQ, are a form of delayed rectifier K+
channels comprised of five isoforms: K;7.1 to K;7.5. So far, only K,7.2 and K,7.3
have been described to be enriched in mammalian AISs and nodes of Ranvier (Fig.
8B-E; Trimmer, 2015). AIS expression of K,7.2 and K;7.3 appear in multiple
nervous system regions including the brainstem, striatum, hippocampus, cerebellar
cortex, and neocortex (Devaux et al., 2004; Pan et al., 2006; Klinger et al., 2011).

Ky7.2 and K;7.3 are restricted to rodent adult PNS and CNS nodes, but
K,7.3 exhibits heterogenous nodal expression in both systems (Fig. 8E; Devaux et
al., 2004; Pan et al., 2006; Schwarz et al., 2006; Battefeld et al., 2014). Indeed,
enrichment of K,7.2, together with K,7.3, is observed in rat sciatic nerve fibers and
rat neocortical axons whose diameters are >6 pm and between 1 and 3 pum,
respectively (Schwarz et al., 2006; Battefeld et al., 2014). K,7.3 is absent from nodes
in sciatic nerve fibers above >10 pm, while K,7.2 is always present (Schwarz et al.,

2006; Pan et al., 2006).
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1.3.2 Cellular Adhesion Molecules of the Immunoglobulin Superfamily
(IgCAMs)

Cellular adhesion molecules (CAMs) are important proteins that mediate
cell-cell interactions during the development of nervous and non-nervous tissues.
CAMs comprise a wide variety of glycoprotein families such as integrins, selectins,
netrins, cadherins, and immunoglobulins (Igs). Importantly, members of the Ig-
domain superfamily have been highly implicated in nervous tissue development.
Looking at the subcellular level of myelinated axons, three different subgroups of
the Ig-domain superfamily of CAMs have been described to be enriched at excitable
axonal domains: L1-CAMs, glycosylphosphatidylinositol (GPI)-anchored CAMs, and
neurexin related proteins. This section on CAMs will outline the different protein
classes with respect to their distribution to excitable domains, and will explore their

molecular intracellular and extracellular interactions.

1.3.2.1 L1-CAMs

L1-CAM family members are expressed in nervous tissue of invertebrate and
vertebrate species. Their role in the nervous system ranges from myelination,
maintenance and organization of excitable domains, to axon growth and guidance
(Barbin et al., 2004; Panicker et al., 2003; Zonta et al., 2011; Desmazieres et al.,
2014; Thaxton et al., 2011; Zonta et al., 2008; Zhang et al., 2015; Pillai et al., 2009;
Sherman et al., 2005; Buttermore et al., 2012; Sakurai, 2012). The structure of
mostly all L1-CAM family members include six Ig domains on the aminoterminal
side, three to five fibronectin type III (FNIII) domains, and a single transmembrane
segment (Fig. 9; Hortsch et al., 2000). The Ig domains allow for these molecules to
engage in homophilic and heterophilic interactions with other CAMs, sodium
channel subunits, and the extracellular matrix. Intracellularly, L1-CAMs contain a
conserved ankyrin-binding domain (ABD) motif that permits interaction with
scaffolding protein ankyrinG (Fig. 9; Davis and Bennett, 1994; Hortsch et al., 2009).
Vertebrate members of the L1-CAM family include L1, CHL1 (Close Homolog of
L1), NgCAM (Neuron-glia CAM), NrCAM/Bravo (Neuron-glia CAM related), and
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Figure 9: General Structure of L1-CAMs. The black circles represent the Ig
domains on the extracellular regions of the protein. The lined boxes represent the
fibronetin III (FNIII) domains, and the lined circle represents the mucin or PAT
domain of neurofascins. Arrowheads indicate the different splice isoforms present
through alternative splicing, while full arrows represent either the ankyrinG

binding site in the intracellular region of the L1-CAMs or the cleavage site for
NrCAM. Adapted from Horsch, 2000.
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Figure 10: The four different neurofascin isoforms expressed in the nervous
system. Blue circles represent the Ig domains, the green squres represent the FNIII
domains, and the red ovals represent the mucin domain. Adapted from Zhang et al.,
2015.
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neurofascin (Fig. 9; Hortsch et al., 2000). So far, only NrCAM and neurofascin have
been reported to be enriched at excitable domains. Therefore, discussion of nodal

L1-CAM family members will only detail these two molecules.

Neurofascin

Neurofascin (Nfasc), first described in the chick brain, is an important
member of the Ig superfamily that has been observed to be involved in axonal
fasciculation, neurite extension or inhibition, action potential initiation,
myelination, maintenance and organization of excitable domains (for review see
Kriebel et al., 2012).

Processing of the Nfasc precursor mRNA results in a large variety of splice
isoforms that are expressed in neurons and glial cells. The main neuronal Nfasc
polypeptides are Nfasc186, Nfasc180 and Nfasc140, while Nfasc155 is the main glial
Nfasc isoform (Fig. 10). The wvariability of Nfasc splice variants is mainly
determined by the incorporation of the mucin-like [otherwise called PAT (proline,
alanine, threonine)] domain, or the inclusion of the third or fifth FNIII-type domain
(for a detailed review on Nfasc splice variants see Kriebel et al., 2012).

Neurofascins are also further processed beyond their splice isoforms as they
can go through multiple posttranslational modifications. The extracellular region of
neurofascins can be modified through N-linked or O-linked glycosylation, which
permits further interactions with extracellular partners (Volkmer et al., 1996;
Pomicter et al., 2010; Kriebel et al., 2012). The transmembrane domain can be
palmitoylated and thereby allows neurofascins to be localized to specialized
membrane domains (Ren and Bennett, 1998). Lastly, the FIGQY motif in the
cytoplasmic region of neurofascins can be tyrosine phosphorylated (this motif is also
conserved in other L1-CAM family members). In the phosphorylated state,
neurofascins are able to bind to doublecortin, while the dephosphorylated state
permits binding to ankyrinG (Garver et al., 1997; Tuvia et al., 1997; Kizhatil et al.,
2002).
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The various Nfasc isoforms are spatially and temporally separated. For
example, Nfasc180and Nfasc140 are typically associated with the early brain
development and play important functional roles in the immature neuron (Kriebel
et al., 2012). Nfasc186, however, is temporally expressed later than these other

isoforms and is generally associated with the mature neuron (Kriebel et al., 2012).

Neurofascins at the levels of the AIS and Nodes of Ranvier

The two Nfasc isoforms that have been described to be enriched at excitable
domains are Nfasc140 and Nfasc186. Nfasc140 lacks the mucin-like domain and the
third and fifth of the five FNIII domain, whereas Nfasc186 contains the mucin-like
domain and contains all five FNIII except the third (Fig. 10). Western blot analyses
of mouse hindbrain have show that the expression of Nfasc140 appears to be at its
strongest during mid-embryonic stages (E13) and steadily declines thereafter at the
onset of myelination (Zhang et al., 2015).

Unlike Nfasc140, Nfascl86 is expressed early in rodent PNS and CNS
embryonic stages and is continually expressed into the adult (Davis et al., 1993,
Tait et al., 2000; Basak et al., 2007; Zhang et al., 2015). Nfasc186 has been observed
to be enriched at the AIS of neurons in multiple brain regions (Davis et al., 1996;
Tait et al., 2000; Xu and Shrager, 2005; Hedstrom et al., 2007), while more recent
studies through transgenic mice have found that Nfasc140 is also enriched at the
AIS of P8 mouse Purkinje neurons (Zhang et al., 2015).

Importantly, Nfasc186 has been observed to play various critically functional
roles in context to the AIS. In the cerebellum, innervation of Purkinje cell AISs by
pinceau synapses from basket interneurons depends on a gradient of Nfasc186 at
the AIS. Loss of Nfasc186 results in mislocalization of basket cell axon innervation
and reduction in pinceau synapses (Ango et al., 2004; Zonta et al., 2011; Buttermore
et al., 2012). Lentiviral shRNA knockdown of Nfasc186 in adult rat brain results in
reduction in GABAergic synaptic terminals at the AILS, suggesting that Nfasc186 is
Important in maintaining axo-axonic synapses (Kriebel et al., 2011). Moreover,

conditional loss of Nfasc186 at the mature AIS in mouse Purkinje cells results in
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Figure 11: Neurofascinl86 at the AIS and nodes of Ranvier. (A)
Immunolocalization of Nfasc186 (green) to the AIS of Purkinje neurons (red). (B)
Neurofascin is essential for maintaining the components of the AIS. Loss of Nay
(green bottom panels) is observed at the AISs (arrowheads) of Purkinje neurons
(red) when conditionally ablating Nfasc186 (far right panels). A and B adapted from
Zonta et al., 2011. (C) Nfasc186 (green) appears before Nay isoforms (red) in the
PNS. Adapted from Schafer et al., 2006. (D) Coimmunolabeling of Nfasc186 (red)
and Caspr (green) in optic nerve from P10 (top panels) to adult (bottom panels).
Adapted from Susuki et al., 2013.

52



Introduction: Chapter I
disintegration of the AIS components such as Nay, ankyrinG and NrCAM, and
abolishment of spontaneous action potential firing (Fig. 11A and B; Zonta et al.,
2011). These results suggest that Nfasc186 at the mature AIS acts as an anchor
point for recruitment of newly synthesized AIS components (Zonta et al., 2011).

An additional role of Nfascl186 at the AIS is its ability to interact with
extracellular matrix molecules. ShRNA knockdown of Nfasc186 at the AIS of rat
cortical neurons results in loss of ECM protein brevican at the AIS, while
overexpression of Nfasc186 in rat hippocampal neurons results in the enrichment of
brevican in the somatodendritic regions of the neuron (Hedstrom et al., 2007).
Altogether, these results confirm an indispensible role for Nfasc186 in axo-axonic
synapse formation, Purkinje cell AIS maintenance and function, and for
maintaining the ion buffering extracellular matrix around the AIS of cortical and
hippocampal neurons.

In the PNS, Nfascl86 has been reported to be one of the first axonal
components to arrive at the developing node of Ranvier (Fig. 11C; Lambert et al.,
1997; Schafer et al., 2006). At PO, more than half of the developing nodes of the rat
sciatic nerve are void of Nay1.2 or Nay1.6 (Schafer et al., 2006); additionally, at P2,
Nfasc186 is observed to cluster at developing nodes, while ankyrinG is diffusely
labeled (Lambert et al., 1996). CNS expression of Nfasc186 at nodes appears to
follow a different time course than its PNS counterpart. Clustering of Nfasc186 in
the mouse optic nerve is first observed at P10, where it 1s observed with nodal
scaffolding components and flanked by clusters of Caspr (Fig. 11D; Susuki et al.,
2013). Rarely is Nfasc186 observed at nodes without a nodal scaffolding protein or
paranodal Caspr (Susuki et al., 2013). Expression of Nfasc186 becomes expressed in
more optic nerve nodes by P13 and reaches peak adult levels by P17 (Susuki et al.,
2013). In contrast to Nfasc186, enrichment of Nfasc140 at the nodes of Ranvier have
only until now been observed since there is no specific antibody for this neurofascin
isoform. Recently, Zhang et al. (2015) showed that transgenically expressed
Nfasc140 is enriched in both mouse PNS and CNS nodes of Ranvier.
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Cnp-Cre;Nfasc Flox

Figure 12: Paranodal localization of Nfasc155 in the PNS and CNS. (A) and (B):
Colocalization of Nfascl155 (green) and Caspr (red) in optic nerve. (C) and (D):
Colocalization of Nfasc155 (green) and Caspr (red) in teased sciatic nerve. Adapted
from Tait et al., 2000. Glial specific loss of Nfasc155 disrupts the paranodal
components Caspr (red in H and blue in L) contactin (red in I), and juxtaparanodal
localization of Ky1.1 (red in L). Adapted from Pillai et al., 2009.
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Nfasc186 and Nfasc140 play a crucial role in recruiting other nodal
components to the developing node, and its role will be discussed further in

mechanisms of nodal and paranodal development and maintenance.

Neurofascin at the Paranodal Junction

The glial specific neurofascin splice isoform, Nfasc155, is highly clustered at
developing and adult PNS and CNS paranodal junctions (Fig. 12A and B; Davis et
al., 1996; Tait et al., 2000). Different from both Nfasc186 and Nfasc140, this isoform
contains the third FNIII domain and lacks the mucin-like domain (Fig. 10; Davis et
al., 1996).

Nfasc155 interacts extracellularly with the Caspr/Contactin complex to form
the paranodal junction complex (Tait et al., 2000; Charles et al., 2002). Recently the
cytoplasmic domain of Nfasc155 has been shown to interact with glial ankyrinG and
ankyrinB (Chang et al., 2014). Partitioning Nfasc155 to the paranodal junctions
requires the Ig 5-6 on the extracellular surface (Thaxton et al., 2010). Furthermore,
a subpopulation of Nfasc155 has been described to have developmental regulated
association to lipid rafts (Schafer et al., 2004). These lipid rafts are thought to
stabilize the interaction between the Caspr and Nfasc155 at the paranode (Schafer
et al., 2004), while ankyrins are believed to either target Nfasc155 to the paranodal
junctions or stabilize the developing paranodal junction (Chang et al., 2014).

Nfasc155 is implicated in maintaining the paranodal junction (Fig. 12H and
J; Sherman et al., 2005; Zonta et al., 2008; Pilliai et al., 2009; Thaxton et al., 2010).
Loss of Nfasc155 results in disrupted PNS and CNS paranodal junctions, which in
turn results in diffusion of juxtaparanodal Ky1 channels to the paranodes (Fig. 12L;
Zonta et al., 2008; Pillai et al., 2009). This K1 diffusion to the paranodes 1s a
recurring phenotype in most mutants that have disruptions to the paranodal

junctions.
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NrCAM

NrCAM, also known as Bravo, is an additional L1-CAM that has been
observed to play a role in axon growth, axon guidance, and formation of excitable
domains (Grumet et al., 1997; Custer et al., 2003; Eshed et al., 2005, 2007; Feinberg
et al., 2010). First cloned in the chick, NrCAM is expressed in multiple mammalian
nervous system tissues and in various cell types, particularly neurons and glial cells
(Davis et al., 1996; Feinberg et al., 2010). The structure of NrCAM contains six Ig-
like aminoterminal domains, five FNIII-like repeats, and a transmembrane domain.
While NrCAMs full-length peptide is 200-kDa, most studies have only been able to
1solate either a 140-kDa or 170-kDa protein. These two products are a result of two
sites of cleavage located on the extracellular region of NrCAM (Grumet et al., 1997).
The first site lies within the third FNIII-like domain and is the furin cleavage site,
resulting in the 140-kDa product (Kayyem et al., 1992; Hosaka et al., 2001), while
the second is an ADAM cleavage site that is located within the transmembrane
domain and produces the 170-kDa product (Susuki et al., 2013). Cleaving NrCAM
sheds the extracellular portion of the protein and allows it to become secreted and
to interact with the extracellular matrix and the nodes of Ranvier (Eshed et al.,
2007; Feinberg et al., 2010; Susuki et al., 2013).

NrCAM is enriched at the AIS of many rodent neuronal cell types such as
motoneurons, Purkinje cells, and hippocampal neurons (Davis et al., 1996; Custer et
al., 2003; Hedstrom et al., 2007; Zonta et al., 2011). NrCAMs role at the AIS appears
to be ancillary since knockdown of NrCAM in rat hippocampal cultures does not
disturb clustering of other AIS components (Hedstrom et al., 2007), and NrCAM-
null mutants do not display a phenotype related to neuronal excitability (Custer et
al., 2003).

In PNS nodes of Ranvier, NrCAM 1is expressed in axons and is also secreted
from Schwann cell microvilli; however, some NrCAM remains in the Schwann cell
microvilli in its transmembrane form (Feinberg et al., 2010). PNS nodal expression
of NrCAM in rodent sciatic nerve fibers has been observed as early as E21, and in
60% of cases absent of Nay coclusters (Custer et al., 2003). In addition, while
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ankyrinG/NrCAM coclusters are found in rodent P2 sciatic nerve, there are a

number of NrCAM absent of ankyrinG (Lambert et al., 1997). Yet, its timing of PNS
nodal clustering seems to be concomitant with Nfasc186.

NrCAM 1is also observed in adult CNS nodes of Ranvier, where it 1s, unlike

PNS nodes of Ranvier, solely expressed in its 140-kDa-secreted form (Susuki et al.,

2013). Whether NrCAM expressed at CNS nodes is secreted from oligodendroglia or

neurons awaits identification. Additionally, timing of NrCAM clustering relative to

other CNS nodal components remains an open question.

1.3.2.2 GPI-anchored CAMs

GPI-anchored CAMs have also been described to have important functions
during neuronal development such as axonal growth, synaptic function, and
organization of excitable domains (Labasque and Faivre-Sarrailh, 2010). Members
of the GPI-anchor family found at excitable domains include Contactin/F3/F11 and
TAG-1/Contactin-2/Axonin-1. The structural properties of contactin and TAG-1 are
slightly similar to the L1-CAM family members: the N-terminal extracellular
regions are comprised of six C2 type Ig domains, four FNIII domains, and a GPI tail
rounding out the C-terminus. For TAG-1, however, the fifth and sixth Ig domains
fold over toward the third and fourth Ig domains in a U-shape in order to enhance
trans homophilic interactions (Mortl et al., 2007). Extracellular interactions of
contactin and TAG-1 include other CAMs, sodium channels, and extracellular

matrix proteins (Labasque and Faivre-Sarrailh, 2010).

Contactin

Contactin is a neuronal and oligodendroglial GPI-anchored CAM that is
involved in several neuronal developmental processes (Volkmer et al., 1998; Rathjen
et al., 1987; Colakoglu et al., 2014), and interacts with a variety of nodal and
paranodal constituents (Volkmer et al., 1998; Rios et al. 2000; Kazarinova-Noyes et

al., 2001; Colakoglu et al., 2014).
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contactin

Na’ channels contactin

Figure 13: Expression of contactin in the CNS and PNS. (A) Contactin is expressed
at the paranodes in the PNS and colocalizes with the paranodal junction protein
Caspr. Adapted from Boyle et al., 2001. (B) Paranodal and nodal expression of
contactin. At nodes, contactin colocalizes with Nay. Adapted from Kazarinova-Noyes
et al., 2001.

Figure 14: Expression of TAG-1, and loss of TAG-1 results in aberrant Kyl
localization. (A) Immunolocalization of TAG-1 to the juxtaparnodes in the sciatic
nerve. The space between Pan-Nay, and TAG-1 is the paranode. (B) Loss of TAG-1
(lower three panels) results in diffusion of juxtaparanodal Ky1.2 (red) even though
its overall expression (inset in lower righthand panel) remains the same in the PNS.
Paranodal junctions (green Caspr immunostaining) are unaffected in the TAG-1
mutant mouse. (A) and (B) are both adapted from Poliak et al., 2003.
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Paranodal enrichment of contactin has been observed in both the PNS and CNS
(Fig. 13A and B; Boyle et al., 2001; Rios et al. 2000; Kazarinova-Noyes et al., 2001
Colakoglu et al., 2014). Rodent PNS expression of contactin is diffuse along the
axonal surface around PO; but as the myelination process proceeds during the first
postnatal week, contactin becomes clustered at the developing paranodal junction
(Boyle et al., 2001). Similarly, in the CNS, contactin clustering at the paranode
follows the time course of the myelination process in the rat optic nerve (Colakoglu
et al., 2014). Although paranodal contactin is most likely to be axonal,
oligodendrocytes precursor cells (OPCs) also express contactin (Einheber et al.,
1997; Colakoglu et al., 2014), which then becomes downregulated as the OPCs
progress into the stage of a myelinating oligodendrocyte (Colakoglu et al., 2014).

Interestingly, contactin is observed to be clustered only at CNS nodes of
Ranvier (Rios et al. 2000; Kazarinova-Noyes et al., 2001; Colakoglu et al., 2014).
Here, through its interaction with the Nayf1 subunit, contactin most likely is
involved in increasing Nay channel expression and current density (Kazarinova-
Noyes et al., 2001).

Loss of contactin results in disrupted paranodal junctions and diffusion of
Ky1 to the paranodal junction (Boyle et al., 2001). Contactin is dependent on Caspr
in order to cluster at the paranodes (Bhat et al., 2001; Gollan et al., 2002, 2003), but
not at the CNS nodes of Ranvier (Rios et al., 2000).

TAG-1

One GPI-anchored family protein localized to the juxtaparanodal region is
TAG-1/Contactin2/Axonin-1 (Traka et al., 2002). TAG-1 1s also expressed at the AIS
(Ogawa et al., 2008), but its expression and role at this domain will not be
discussed. At the cellular level, TAG-1 is expressed by both PNS and CNS
myelinating glia and neurons (Traka et al., 2002, 2003; Poliak et al., 2003).
Interestingly, TAG-1 can interact extracellularly between the myelinating glial cell

and the neuronal membrane in trans, and further extracellular heterophilic
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interactions of TAG-1 include Caspr2 (contactin-associated protein 2; Traka et al.,
2003) and NrCAM (Lustig et al., 1999).

Expression of TAG-1 appears in ensheathing rodent Schwann cells at P6,
followed by TAG-1 distribution to juxtaparanodal region in maturely myelinated
sciatic nerve fibers where it is coclustered with K,1 channels (Fig. 14A and B; Traka
et al., 2002, 2003). In the CNS, TAG-1 is expressed by P12 in the rodent spinal cord,
and eventually becomes clustered at the juxtaparanodal regions by adult stages
(Traka et al., 2002).

The important role of TAG-1 is to cluster K1 at the CNS and PNS
juxtaparanode. TAG-1-null mice fail to cluster Ky1 to the juxtaparanodes (Fig. 14B),
while there is little reduction in the concentration of axonal Ky1, suggesting that
TAG-1 is involved in localizing K1 to the juxtaparanodes (Traka et al., 2003; Poliak
et al., 2003).

1.3.2.3 Neurexin-related CAMs

One important neurexin-related (neurexin is originally described in
Drosophilia) protein family found at the paranodes and juxtaparanodes is Contactin
associated protein (Caspr)/Paranodin/NeurexinIV. This protein is a transmembrane
glycoprotein that consists of an aminoterminal discoidin domain, two EGF-like
domains flanked by laminin G-like domains, and a cytoplasmic GNP (glycophorin,
neurexin IV, paranodin) domain that allows it to bind to 4.1B (Faivre-Sarrailh et
al., 2000; Horresh et al., 2010). Not only do Caspr interact with cytoskeletal linker

proteins, Caspr is also able to interact with other CAMs.

Caspr

Caspr, also described independently as Paranodin (Menegoz et al., 1997), is a
glycoprotein of the neurexin superfamily that was first identified to interact with
contactin (Peles et al., 1997). Expression of Caspr in the nervous system is strictly
neuronal (Einheber et al., 1997; Menegoz et al., 1997). Its subcellular expression can

be observed at the “para”-AIS (Duflocq et al., 2011), and also at the septate-like
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Figure 15: Caspr is a molecular marker for paranodal junction formation. (A) PNS
clustering of Caspr (green) at the paranodes in sciatic nerve. Asterisk is the
putative node of Ranvier. The arrowhead denotes restriction of Caspr to the
perixonal line and the full arrow represents the internal mesaxon. (B) CNS
clustering of Caspr (green) along myelinated axons stained with MBP (red) in the
corpus callosum. Adapted from Menegoz et al., 1997. (C) Loss of Caspr (right
column) leads to diffusion of Ky1.2 to the paranodes in teased sciatic nerves.
Adapted from Horresh et al., 2010. (D) Caspr mutants (right column) display
aberrant clustering of the paranodal components (red, Db) and Nfasc155 (red, Dd)
in the PNS. Insets are zoomed images of the paranode and nodes of Ranvier
(asterisks). Arrowhead denotes contactin-negative nodes of Ranvier. (E) Loss of
Caspr disrupts paranodal contactin, but neither Nay (green, Ef) nor contactin (red,
Eh) at CNS nodes of Ranvier (arrowheads). Adapted from Bhat et al., 2001.
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junctions at the paranodes, where it is well known for being the bona fide marker
for paranodal junction formation (Einheber et al., 1997, Menegoz et al., 1997).
Neuronal interactions of Caspr include contactin (Peles et al., 1997), protein 4.1B
(Menegoz et al., 1997; Denisenko-Nehrbass et al., 2003), and possibly Nfasc155
(Charles et al., 2002; Gollan et al., 2003).

Rat CNS expression of Caspr protein is observed at P7 and increases until it
reaches adult levels by P30 (Poliak et al., 1999). Immunolabeling for clustered
Caspr at CNS paranodes can be observed as early as P7 in the rodent optic nerve on
the edges of oligodendroglial myelinating segments, which coincides with the very
earliest stages of myelination (Fig. 15B; Rasband et al., 1999). Caspr localization at
paranodes, which begin to flank clusters of nodal components, continues further
over the developmental time course of myelination and into the adult (Rasband et
al., 1999). Similar to contactin, Caspr is diffuse along unmyelinated PNS axons, and
its localization to rodent sciatic nerve paranodes begins at P2, followed by mostly all
paranodes being Caspr*two days later (Fig. 15A; Rios et al., 2000).

Loss of Caspr at the paranodes results in severe disruption of the paranodal
domains (Fig. 15D and E; Bhat et al., 2001). Mice lacking Caspr die within the first
month of life due to reduction in conduction velocity, which is most likely related to
the diffusion of juxtaparanodal Ky1 to the paranodes (Fig. 15C; Bhat et al., 2001)
Localization of Caspr to the paranodal junction requires the interaction of its
cytoplasmic domain with the adaptor protein 4.1B (Gollan et al., 2002; Horresh et
al., 2010). Extracellularly, the FNIII domain of contactin is necessary in order to
transport Caspr (Faivre-Sarrailh et al., 2000), and furthermore, trafficking of Caspr,
in complex with contactin, to the neuronal membrane surface is mediated through a

Golgi-independent pathway (Bonnon et al., 2003).

Caspr2
A second member of the neurexin family, Caspr2, is clustered at the

mammalian AIS and juxtaparanode (Fig. 16A; Inda et al., 2006; Ogawa et al., 2008;
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Figure 16: Expression of Caspr2 and the juxtaparanodes. (A) Juxtaparanodal
Caspr2 (green) is separated from Pan-Nay (red) by paranodal junctions. (B) Caspr2
mutant mice (lower three panels) show reduction in juxtaparanodal Ky1.2 (red). (A)
and (B) adapted from Poliak et al., 2003.
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Poliak et al., 1999). In relation to Caspr, the amino acid sequence of human Caspr2
protein exhibits 45% identity to that of Caspr (Poliak et al., 1999).

Caspr2 protein is detected embryonically (E15) in the CNS and is
continuously expressed into the adult (Poliak et al., 1999). Juxtaparanodal
expression of Caspr2, together with Ky1, TAG-1, and 4.1B is observed in adult
stages in rat optic nerve (Poliak et al., 1999; Traka et al., 2003; Denisenko-Nehrbass
et al., 2003), while PNS juxtaparanodal clustering of Caspr2 coincides with that of
TAG-1 (Traka et al., 2003)

Similar to TAG-1, Caspr2 plays an important role in clustering Ky1 to the
juxtaparanode (Fig. 16B; Poliak et al., 2003; Gordon et al., 2014). Interestingly,
Caspr2 localization to the juxtaparanode is dependent on the expression of TAG-1
(Poliak et al., 2003; Traka et al., 2003). TAG-1-null mice result in mislocalization of
Caspr2; however, overall protein levels of Caspr2 are unchanged, suggesting that
TAG-1 1s implicated in proper targeting of Caspr2 to the juxtaparanodal domain.
Results gleaned from both TAG-1 and Caspr2-null mice point to the necessity of a

stable ternary juxtaparanodal complex in order to target TAG-1, Caspr2, or Ky1.

1.3.3 Cytoskeletal Scaffolding Proteins

Cytoskeletal scaffolding proteins play important structural and membrane
patterning roles in various cells where they tether membrane-spanning proteins to
the underlying actin cytoskeleton. In regards to our discussion, two families of
skeletal proteins are observed to be involved with nervous system cellular plasma
membrane patterning: spectrins and ankyrins.

Spectrins form tetramers composed of heterodimerized a and B-subunits in
antiparallel orientation, which are then able to tether to actin filaments through
multiple accessory proteins (Bennett and Lorenzo, 2013). The mammalian a-
spectrin family is comprised of two gene products (al and all), while B-spectrin is
comprised of five (BI-BV) (Fig. 17; Bennett and Lorenzo, 2013). Expressed by

neurons, a- and B-spectrins localize to various axonal domains including the AIS,
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Figure 17: General structure of the spectrin family of scaffolding proteins. Adapted

from Bennett and Lorenzo, 2013.
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nodes of Ranvier, and paranodes (Berghs et al., 2000; Komada and Soriano, 2002;
Yang et al., 2004; Uemoto et al., 2007; Yang et al., 2007; Ho et al., 2014).

Ankyrins are monomeric proteins that interact with membrane-spanning
proteins through its ANK repeats and link to b-spectrins via its first ZU5domain
(Bennett and Lorenzo, 2013). As ankyrins have multiple ANK membrane binding
domains (24 in total), ankyrins are able to interact with several partners and
thereby allow them to form large macromolecular complexes (Bennett and Lorenzo,
2013). The ankyrin family is comprised of three ANK genes that encode for
ankyrinR (ANK1), ankyrinB (ANK2), and ankyrinG (ANKS3) (Fig. 18). AnkyrinG and
AnkyrinB are expressed by myelinating glia and neurons at the AIS, nodes of
Ranvier, and paranodes (Zhang and Bennett, 1998; Kordeli et al., 2001; Ogawa et
al., 2006; Chang et al., 2014), but recently neuronal ankyrinR, which is well
described as an erythrocytic ankyrin, has also been observed to be expressed early
in development at nodes of Ranvier (Ho et al., 2014).

Interestingly, there appears to be specific relationships between spectrins
and ankyrins in nervous system excitable domains. Typically, ankyrinR interacts
with BI-spectrin, ankyrinB interacts with BII-spectrin, and ankryinG interacts with
BIV-spectrin (Bennett and Lorenzo, 2013). Together, this suggests that ankyrins
and spectrins form intimately specific scaffolding complexes that ultimately aid in

patterning plasma membrane domains.

1.3.3.1 Spectrins

BIV-spectrin, with its six isoforms ranging from BIVX1- BIVX6, is the primary
spectrin associated to the AIS and nodes of Ranvier (Fig. 19A and B; Berghs et al.,
2000; Komada and Soriano, 2002). At the AISs of neurons in multiple mammalian
brain regions, BIV-spectrin, and more specifically BIVX1 and BIVZ6, is observed to
colocalize with other AIS components such as ankyrinG, ion channels, and CAMs
(Berghs et al., 2000; Jenkins and Bennett, 2001; Komada and Soriano, 2002; Lacas-
Gervias et al., 2004; Pan et al., 2006; Ogawa et al., 2007). Similar to the AIS, BIV-
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Figure 19: Immunolocalization of spectrin scaffolding proteins at excitable and
perinodal domains. (A) BIV-spectrin (green) colocalizes with ankyrinG at the AIS
(first panel) and at CNS (second panel) and PNS (third panel) nodes of Ranvier.
Adapted from Berghs et al., 2000. B and C: all and BII-spectrin (red) localize to the
paranodes of CNS (B) and PNS (C) axons. Adapted from Ogawa et al., 2006.
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spectrin colocalizes with various nodal components in rodent PNS and CNS fibers
(Berghs et al., 2000; Komada and Soriano, 2002).

PIV-spectrin-null, SPNB4av3J/qvsJ (a BIV-spectrin mutant called “quivering” or
“qv3”, which has a mutation in the C-terminal domain of BIV-spectrin splice
variants), and SIVX1-spectin-null mice exhibit neuromuscular defects and
disintegration of AIS components, suggesting that BIV-spectrin plays an important
role at the AIS (Komada and Soriano, 2002; Parkinson et al., 2001; Yang et al.,
2004; Lacas-Gervias et al., 2004). Yet, its localization to the AIS and nodes of
Ranvier depends on ankyrinG (Yang et al., 2007; Jenkins et al., 2015), and more
specifically serine 2417 of ankyrinG to localize to the AIS (Jenkins et al., 2015).

A complex of all-spectrin and BII-spectrin form a functional tetramer that is
expressed at the paranodes in adult rodent PNS and CNS fibers (Fig. 19C; Bennett
and Baines, 2001; Ogawa et al., 2006). Rodent PNS expression of this complex along
with other paranodal components starts at P2 and becomes clustered at further
more sites throughout the myelination process (Ogawa et al., 2006). CNS paranodal
clustering of all-spectrin and BII-spectrin in rodent optic nerve appear at P8 and
also become further clustered at later time points (Ogawa et al., 2006). Additionally,
all-spectrin/BII-spectrin coclusters with other paranodal components such as 4.1B
and Caspr (Ogawa et al., 2006). At the paranodes, BII-spectrin maintains the
restriction barrier between juxtaparanodal Ky1 and nodal Nay (Zhang et al., 2013).

Recently, super-resolution imaging of rat hippocampal axons has revealed
that rod-like oll-spectrin/BII-spectrin tetramers link to regularly spaced rings of
actin to form a cylindrically caged structure (Xu et al., 2013). Lastly, and in
association with the AIS, all-spectrin and BII-spectrin (along with ankyrinB) are
also involved in AIS assembly. Here, these scaffolding proteins form a distal
submembraneous axonal boundary that restricts ankyrinG to the proximal axon,
which ultimately plays a role in maintaining neuronal polarity (Galiano et al., 2012;

for a review, see Chang and Rasband, 2013).
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Figure 20: AnkyrinG maintains AIS components. (A) Infection of hippocampal
cultures with an ankyrinG shRNA lentivirus reduces clustering of AIS components.
Asterisks denote the cell body. Adapted from Hedstrom et al., 2008
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Figure 21: AnkyrinG is a nodal and paranodal component. (A) AnkyrinG coclusters
with nodal components in PNS nodes of Ranvier. Adapted from Lambert et al.,
1997. (B) CNS nodes of Ranvier contain nodal and paranodal ankyrinG. Adapted
from Jenkins and Bennett, 2002. (C) Knockout of ankyrinG in glial cells shows that

ankyrinG is a glial component of the CNS paranodes. Adapted from Chang et al.,
2014.
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1.3.3.2 Ankyrins
AnkyrinG

In the mammalian nervous system, AnkyrinG is the predominant ankyrin
subtype that is present at excitable domains. AnkyrinG has several splice isoforms:
480-kDa, 270-kDa, and 190-kDa. 480-kDa ankyrinG is expressed only in neurons
(Kordeli et al., 1995; Jenkins et al., 2015), 270 kDa-ankyrinG is expressed in both
neurons and oligodendrocytes (Kordeli et al., 1995; Chang et al., 2014; Jenkins et
al., 2015), and 190-kDa ankyrinG is expressed primarily in oligodendrocytes and
possibly in neurons (Chang et al., 2014; Jenkins et al., 2015). Through raising
antibodies against the serine-rich and spectrin binding domains of ankyrinG,
Kordeli (1995) observed that both 480-kDa and 270-kDa ankyrinGs were
immunolocalized to the AISs of several brain regions including the spinal cord and
hippocampus. Subsequent studies have shown that ankyrinG is enriched in various
other regions of the mammalian brain where it interacts with AIS components such
Nfasc186, NrCAM, Na, channels, Ky channels, and BIV spectrin (Zhou et al., 1998;
Jenkins and Bennett, 2001; Garrido et al., 2003; Lemaillet et al., 2003; Pan et al.,
2006; Dzhashiashvili et al., 2007; Hedstrom et al., 2007, 2008; Gasser et al., 2012;
Sanchez-Ponce et al., 2012; Le Bras et al., 2014); however, the timing of which
components arrives first to the AIS is only partially understood. However, what we
clearly do know though is that ankyrinG plays important roles at the AIS including
neuronal excitability (Zhou et al., 1998), AIS construction and maintenance (Fig. 20;
Zhou et al., 1998; Jenkins and Bennett, 2001; Dzhashiashvili et al., 2007; Hedstrom
et al., 2007, 2008; Yang et al., 2007; Galiano et al., 2012; Le Bras et al., 2014;
Jenkins et al., 2014), and maintenance of neuronal polarity (Hedstrom et al., 2008;
Sobotzik et al., 2009).

Further along the axon, ankyrinG also clusters at PNS and CNS nodes of
Ranvier, and at CNS paranodes (Fig. 21A-C; Kordeli et al., 1995; Lambert et al.,
1997; Rasband et al., 1999; Jenkins and Bennett, 2001, 2002; Chang et al., 2014).
Prior to myelination in the PNS, ankyrinG (480-kDa and 270-kDa) is expressed in a

continuous distribution along the axon (Fig. 21A; Lambert et al., 1997). As
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myelination begins around P2 in the sciatic nerve, ankyrinG can be observed as
clusters alongside MAG* Schwann cell segments (Lambert et al., 1997).
Importantly, the clustering of ankyrinG is typically after Nfasc186 and NrCAM in
the sciatic nerve (Lambert et al., 1997), and further confirms that PNS nodal
assembly begins with the recruitment of axonal CAMs, followed by that of ankyrinG
and Nay (see section on PNS nodal assembly).

AnkyrinG clustering in the rodent optic nerve begins as early as P9 and
continues into adult stages (Fig. 21B; Jenkins and Bennett, 2001). Additionally,
ankyrinG is observed to cluster at the nodes in several regions and in various cell
types of the mammalian brain. At the nodes of Ranvier, ankyrinG interacts with
several nodal components such as Nay, Nfasc186, NrCAM, K, and BIV spectrin
(Jenkins and Bennett, 2001; Malholtra et al., 2002; Garrido et al., 2003; Barry et al.,
2014; Davis et al., 1996; Pan et al., 2006; Xu et al., 2010; Yang et al., 2007).

Paranodal ankyrinG is observed in the CNS contrary to the PNS where it is
expressed by oligodendrocytes as the 190-kDa isoform (Fig. 21C; Rasband et al.,
1999; dJenkins and Bennett, 2001; Chang et al., 2014). This paranodal
oligodendroglial ankyrinG isoform appears at P7 in the optic nerve and continues to
remain at the paranodes until at least P22 (Chang et al., 2014). Loss of glial
ankyrinG results in a delay in paranodal junction formation (Chang et al., 2014). As
ankyrinG interacts with Nfasc155, paranodal ankyrinG is most likely involved in

the early assembly of CNS paranodes (Chang et al., 2014).

AnkyrinB

Similar to ankyrinG, ankyrinB also has several splice isoforms of 440-kDa
and 220-kDa sizes. Along unmyelinated axons, ankyrinB is expressed diffusely
similar to that of ankyrinG (Chan et al., 1993; Kunimoto, 1995). Expression of
ankyrinB appears to be well restricted to developing and adult PNS paranodes and
occasionally to adult CNS paranodes (Ogawa et al., 2006; Chang et al., 2014).
During development, clustering of ankyrinB appears after that of Caspr in the PNS

where it 1s only partially colocalized (Ogawa et al., 2006). AnkyrinB
71



Introduction: Chapter I
immunocolocalizes and interacts with all-spectrin/BII-spectrin and protein 4.1B,
where it most likely forms a paranodal cytoskeletal complex (Ogawa et al., 2006).

Even though ankyrinB is primarily observed in PNS paranodes, ankyrinB
has been observed to become enriched at CNS paranodal junctions in glial Ank3-
deficient mice. Here, ankyrinB compensates for ankyrinG loss, and provides,
although minimal, improvement in CNS paranodal junction formation (Chang et al.,

2014).

AnkyrinR

The most recent ankyrin to be observed at the node of Ranvier is the
erythrocyte ankyrin, ankyrinR. AnkryinR is immunolocalized during the first two
weeks at sciatic nerve nodes of Ranvier, but the amount of ankryinR* nodes declines
precipitously by P30 (Ho et al., 2014). In contrast, there are very few ankyrinR*
nodes of Ranvier in the CNS (Ho et al., 2014). While ankyrinR immunoreactivity
declines at adult PNS or CNS nodes, the level of ankyrinR mRNA remains the same
in the adult (Ho et al., 2014). Interestingly, ankyrinR, together with its scaffolding
partner BI-spectrin, become highly colocalized to adult PNS and CNS nodes of
Ranvier when ankyrinG is completely lost, and may likely play a role in rescuing

the nodal complex (see chapter III; Ho et al., 2014).

1.3.4 Other scaffolding molecules
Protein 4.1

The protein 4.1 family consists of five members (4.1B, 4.1G, 4.1N, 4.10, 4.1R)
that contain a spectrin/actin binding domain and a CAM-interacting FERM domain
(Baines et al., 2014). Axonal 4.1B is enriched at paranodes and juxtaparanodes
(Poliak et al., 2001; Gollan et al., 2002; Denisenko-Nehrbass et al., 2003), while
Schwann cell 4.1G 1s enriched in the internodes (Ohno et al., 2006; Ivanovic et al.,
2012).

Loss of 4.1G results in mislocation of juxtaparanodal proteins (Ivanovic et al.,

2012). 4.1B-deficient mice have rather normal paranodes, but have severely affected
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juxtaparanodes (Horresh et al., 2010; Cifuentes-Diaz et al., 2011; Einheber et al.,
2013). While controversial (Buttermore et al., 2011), there appears to be an
upregulation of 4.1R, the erythrocyte protein 4.1, at paranodes in the absence of
4.1B (Horresh et al., 2010; Einheber et al., 2013). This upregulation of erythrocytic
cytoskeletal components in neurons appears to be an interesting redundancy
mechanism by which they may partially rescue the loss of neuronal cytoskeletal
molecules. It would be interesting to see the timing of 4.1R expression in developing
PNS paranodes to see if may be highly expressed early on and decline thereafter,

similar to that of ankyrinR at nodes of Ranvier (Ho et al., 2014).

1.3.5 Schwann Cell Microvilli and Extracellular Matrix (ECM) Proteins

The intimate location of Schwann cell microvilli in relation to the nodal
axolemma suggests that they are involved in molecular interactions with the PNS
nodes of Ranvier. Indeed, several proteins secreted by the Schwann cell microvilli or
proteins associated to the Schwann cell microvilli plasma membrane are observed to
be coimmunolocalized with PNS nodal components. Proteins of the
ezrin/radixin/moesin (ERM) and olfactomedin families can be restricted to or
secreted from microvillar processes, respectively. Because CNS nodes lack
Schwann cells and microvilli, these proteins are not found at the CNS nodes, and
therefore highlight how PNS and CNS ultrastructural differences ultimately impact
the molecular structure of the nodes of Ranvier.

However, shared between both PNS and CNS nodes of Ranvier is an
extracellular matrix (ECM) that acts as a cation reservoir through the negative
charges located on sulfate proteoglycans enriched at the nodal ECM. Several
families of ECM molecules have been observed to cluster at PNS and CNS nodes,

particularly sulfated proteoglycans, tenascins, and link proteins.

1.3.5.1 Schwann Cell Microvilli
ERM Family

The ERM proteins are plasma membrane associated proteins that are
enriched in the microvilli of several cell types such as epithelial cells and Schwann
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Figure 22: Gliomedin structure, cleavage sites, and immunolocalization in the
PNS. (A) Gliomedin contains and extracellular olfactomedin (OLF) and interrupted
collagen repeats (COL), followed by an N-terminal region (NTR), coiled-coiled
domain (CC), and transmembrane domain (TM). (B) Cleavage of gliomedin
produces a fragment lacking the CC and TM (ECD) and another lacking the
interrupted collagen repeats (OLF). Arrowheads represent cleavage sites. (C) Model
for gliomedin accumulation at the nodes of Ranvier in the PNS. (A-C) Adapted from
Eshed et al., 2007. (D) Colocalization of gliomedin (green) with various nodal
components (red). Adapted from Eshed et al., 2005.
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cells (Berryman et al., 2003). In Schwann cells, ERM proteins, and the ERM binding
protein EBP50, are in association with actin and cluster at developing and adult
rodent PNS nodes of Ranvier (Melendez-Vasquez et al., 2001; Gunn-Moore et al.,
2006; Scherer et al., 2001). Further roles of ERM proteins in relation to PNS nodes

of Ranvier have yet to be elucidated.

Olfactomedin Family

The olfactomedin family of proteins is structurally characterized by an
extracellular olfactomedin domain, followed by a coiled-coil sequence that allows for
oligomerization (Anholt et al., 2014). Two secreted Schwann cell olfactomedin family
members, gliomedin and myocilin, have been reported to cluster at PNS nodes of
Ranvier (Eshed et al., 2005; Kwon et al., 2013).

The expression of gliomedin is exclusive to the PNS node of Ranvier and it is
strictly glial (Eshed et al., 2005). In the developing PNS node, gliomedin is observed
at the edges of each myelinating Schwann cell segment where it colocalizes with
other nodal components (Fig. 22D) prior to paranodal Caspr clustering (Eshed et al.,
2005). Interestingly, in P1 rat sciatic nerve, gliomedin is occasionally observed to
cluster prior to Nay, but it is always coclustered with Nfasc186 (Eshed et al., 2005).
This suggests that gliomedin, in addition to Nfasc and NrCAM, is one of the first
nodal components in the PNS.

Gliomedin is found in a transmembrane and a 91-kDa secreted form (Fig.
22B) mediated via furin-dependent proteolytic cleavage [note: a 45-kDa secreted
fragment also exists, where it is cleaved bone morphogenic protein/Tolloid-like
metalloproteinases, but this form is much less understood; (Maertens et al., 2007;
Eshed et al., 2007)]. Prior to proteolytic cleavage, gliomedin trimerizes through its
collagen domain on the extracellular surface (Fig. 22C; Eshed et al., 2007).
Following trimerization, furin cleavage liberates the trimer in order to be
incorporated to the ECM by binding heperan sulfate proteoglycans (HSPGs) (Fig.
22C; Eshed et al., 2007). While incorporated to the perinodal space, gliomedin can
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then interact with various nodal molecules such as NrCAM and Nfasc186 through
its olfactomedin domain (Eshed et al., 2005). Stabilization of gliomedin to the
Schwann cell microvilli depends on NrCAM (Feinberg et al., 2010). The functional
roles of gliomedin will be greatly discussed in chapter III.

Like gliomedin, myocilin is expressed in Schwann cell microvilli and is
localized to adult rodent PNS nodes of Ranvier where it colocalizes with gliomedin
(Kwon et al., 2013). Indeed, the N-terminal non-olfactomedin containing fragment of
myocilin is able to physically interact with gliomedin, and additionally with NrCAM
and Nfasc186 (Kwon et al., 2013). Further interactions and roles of myocilin and
other proteins of olfactomedin family with respect to the nodes of Ranvier remain

elusive.

1.3.5.2 ECM
Sulfated Proteoglycans: HSPGs, CSPGs, and mixed HSPG/CSPGs

Proteoglycans are a family of proteins with a structural proteinaceous core
comprised of N-terminal Ig-domains, FNIII-domains, and EGF-like domains.
Additionally, the core contains covalently attached sulfated glycosaminoglycan side
chains made of repeating disaccharide units. Differentiating these proteoglycans
depends on the type of sulfated sidechain (Margolis and Margolis, 1994). In the
nervous system, three classes of proteoglycans have been observed at excitable
domains: HSPGs, chondroitin sulfate proteoglycans (CSPGs), and mixed
HSPG/CSPGs.

The HSPGs located at early and adult rodent PNS nodes of Ranvier include
agrin (Colombelli et al., 2015), syndecan-3 (along with its ligand Collagen-V;
Goutebroze et al., 2003; Melendez-Vasquez et al., 2005) and syndecan-4 (Goutebroze
et al., 2003). Agrin is recruited by the nodal-enriched transmembrane glycoprotein
dystroglycan (Colombelli et al., 2015; Saito et al., 2003; Occhi et al., 2005), while
syndecan-3 and -4 are most likely linked through ezrin (Tkachenko et al., 2005).
Versican-V1 and NG2, members of the CSPG family, are located at early rodent
PNS nodes (Melendez-Vasquez et al., 2005; Martin et al., 2001). Recently, the
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gliomedin-binding mixed HSPG/CSPG (note: “mixed” HSPG/CSPG means that the
protein can have both or either sulfated glycosaminoglycan side chains) Perlecan
has been observed to cluster at rodent PNS nodes of Ranvier by recruitment via
dystroglycan (Oochi et al., 2005; Colombelli et al., 2015).

In the CNS, the CSPGs NG2, Versican-V2, Phosphacan, and the lectin family
CSPGs Brevican and Neurocan are clustered at rodent nodes of Ranvier (Melendez-
Vasquez et al., 2005; Weber et al., 2009; Dours-Zimmerman et al., 2009; Bekku et
al., 2009; Bekku et al., 2010; Susuki et al., 2013). The CNS ECM molecules
phosphacan and tenascin-R are both aberrantly localized to smaller-diameter axons
in Brevican-deficient mice, wherein they normally are found in association with
larger diameter axons (Bekku et al., 2009).

AIS enrichment of the CSPGs Versican, Brevican, Neurocan, and Aggrecan
has also been observed in perineuronal nets surrounding GABAergic interneurons
(John et al., 2006, Hedstrom et al., 2007). Particularly, knockdown of Nfasc186 in
rat hippocampal cultures results in loss of Brevican at the AIS (Hedstrom et al.,
2007), implying that NF186 is important in setting up certain components of the
AIS ECM.

Tenascins

The structure of the tenascin family of ECM proteins is comprised of a signal
sequence and a cysteine-rich region on the aminoterminal end, followed by EGF
repeats, FNIII-repeats, and lastly fibrinogen-like repeats (Chiquet-Ehrismann et
al., 1994). Of the five members of the tenascin family, only two have been reported
to be enriched in PNS and CNS nodes of Ranvier. Interactions of tenascins with
nodal components include contactin, B2Nay, and Nfasc186 (Pesheva et al., 1993;
Srinivasan et al., 1998; Volkmer et al., 1998).

Schwann cells secrete tenascin-C/Cytotactin, which ultimately clusters at
PNS nodes of Ranvier (Reiger et al., 1986). On the other hand, tenascin-R
(otherwise called J1-160/180), which is secreted by oligodendrocytes during
myelination (Bartsch et al.,, 1993), is clustered at the CNS nodes of Ranvier

(Ffrench-Constant et al., 1986), and is enriched in perineuronal nets at the AIS of
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GABAergic interneurons (Briickner et al., 2006). Mice deficient in tenascin-R result
in the loss of the phosphacan and altered axonal conduction velocity (Weber et al.,
1999).
Link Proteins
Link proteins are hyaluronan-binding proteins that play a role in stabilizing
hyaluronan complexes. One link protein in particular, Brain-specific hyaluronan-
binding link protein (Brall), has been observed to be clustered at developing and
adult rodent CNS nodes of Ranvier in conjunction with negatively charged ECM
components (Oohashi et al., 2002; Bekku et al., 2010). Brall also interacts with
Nfasc186 (Susuki et al., 2013). Importantly, Brall-/- mice display a loss of various
other ECM molecules such as Versican-V2, Brevican, tenascin-R, Hyaluronan, and
Neurocan (Bekku et al., 2010; Susuki et al., 2013). However, there is a strong
reduction of Brall in Versican-deficient and Versican/Brevican-deficient mice
(Susuki et al., 2013). Ultimately, these results shed light on an important role of a
ternary complex of Brall, Versican, and Brevican in linking and stabilizing the

components of the nodal ECM.

1.3.6 Signaling Molecules

One interesting signaling molecule in particular that has been observed at
the AIS and nodes of Ranvier is CK2. CK2 is a serine/threonine kinase tetramer
that is composed of two catalytic a-subunits and two regulatory B-subunits (Meggio
and Pena, 2003). In vivo, CK2 restricts to the AIS in a majority of cells of various
brain regions, and also to PNS and CNS nodes of Ranvier (Bréchet et al., 2008).
CK2 functions to phosphorylate serine residues on Nay channels, and thereby allow
Nay to interact with ankyrinG. Yet, Nay1l also has a reciprocal relationship with
CKZ2, in that Nay1 is necessary in order for CK2 to be enriched at the AIS (Hien et
al., 2014). Furthermore, interaction of ankyrinG with 1QCJ-SCHIP-1 (IQ Motif
Containing J-Schwannomin Interacting Protein 1) is permitted through CK2
phosphorylatation, where this association is implicated in AIS maintenance

(Papandréou et al., 2015).
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Protein Location Extracell‘ular Function
Domain

Na,1.1 AIS, PNS & CNS noR Yes Ion Channel Subunit
Na,1.2 AIS, PNS & CNS noR Yes Ion Channel Subunit
Na,1.6 AIS, PNS & CNS noR Yes Ion Channel Subunit
B1Na, AIS, PNS & CNS noR Yes Ton Channel Subunit
2Na, AIS, PNS & CNS noR Yes Ion Channel Subunit
[4Na, AIS, PNS & CNS noR Yes Ton Channel Subunit
K1.1/K(1.2 AIS, PNS & CNS JXP Yes Ion Channel Subunit
K,3.1 PNS & CNS noR Yes Ton Channel Subunit
K,7.2/K,7.3 AIS, PNS & CNS noR Yes Ton Channel Subunit
Neurofascin140 Yes CAM
Neurofascinl55 PNS & CNS PN Yes CAM
Neurofascin186 AIS, PNS & CNS noR Yes CAM
NrCAM AIS, PNS & CNS noR Yes CAM

. PNS & CNS PN and
Contactin CNS noR Yes CAM
TAG-1 (Contactin2) AIS, PNS & CNS JXP Yes CAM
Caspr/Paranodin AIS, PNS & CNS PN Yes CAM
Caspr2 AIS, PNS & CNS JXP Yes CAM
all-Spectrin AIS, PNS & CNS PN No Scaffolding Protein
BII-Spectrin AIS, PNS & CNS PN No Scaffolding Protein
BIV-Spectrin AIS, PNS & CNS noR No Scaffolding Protein
AnkyrinG Ié;?s’ };,ES AR No Scaffolding Protein
AnkyrinB CNS & PNS PN No Scaffolding Protein
AnkyrinR PNS & CNS noR No Scaffolding Protein
Protein4.1B PNS & CNS PN & JXP No Scaffolding Protein
ERM PNS noR No Scaffolding Protein
Gliomedin PNS noR Yes ECM Protein
Myocilin PNS noR Yes ECM Protein
Syndecan-3 and 4 PNS noR Yes ECM Protein
Versican V1 PNS noR Yes ECM Protein
Versican V2 CNS noR Yes ECM Protein
NG2 proteoglycan CNS noR Yes ECM Protein
Perlecan PNS noR Yes ECM Protein
Brevican AIS & CNS noR Yes ECM Protein
Neurocan CNS noR Yes ECM Protein
Phosphacan CNS noR Yes ECM Protein
Aggrecan CNS noR Yes ECM Protein
Tenascin-R AIS & CNS noR Yes ECM Protein
Tenascin-C PNS noR Yes ECM Protein
Agrin PNS noR Yes ECM Protein
Dystroglycan PNS noR Yes ECM Protein
Brall CNS noR Yes ECM Link Protein
CK2 AIS, PNS and CNS noR No Signaling Molecule

Figure 23: Summary of ion channels, cellular-adhesion molecules (CAMs),
cytoskeletal scaffolding proteins, extracellular matrix (ECM) molecules, and
signaling molecules and their subcellular distribution along axons in the PNS and
CNS. Abbvreations: AIS = axon initial segment; noR = nodes of Ranvier; PN =
Paranode; JXP = juxtaparanode; PNS = peripheral nervous system; CNS = central
nervous system.
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In conclusion, the extraordinary advances that have been made since the first
descriptions by Ranvier and those of his contemporaries in regards to the
myelinated nerve are staggering. The various physical and functional interactions
between the myelinating glial cell and the axon, coupled with the large repertoire of
proteins shared between the AIS, and the nodal and perinodal regions lends itself to
an incredible degree of complexity (for a summary see the table in Figure 23).
Indeed, these complex interactions give rise to important functions, in particular
action potential conduction. Having taken a bottom-up approach to the description
of the ultrastructural components and molecular composition of the nodes Ranvier,
we will now take our discussion towards the role of the nodes of Ranvier in

electrogenic conduction.

80



81



Introduction: Chapter II

Chapter II: Action Potential Conduction Along
Myelinated Fibers in Healthy and Diseased States

The rapid and efficient propagation of action potentials along nervous fibers
is an important necessity to animals since they need to interact with and react to
the environment with timeliness and precision. If the proper signals are not relayed
quickly or systematically, especially in a life or death or predator and prey
situation, the resultant could present the animal with the scales tipped out of its
favor. Therefore, it is of the upmost importance that nervous signals be fast and
reliable.

Our understanding of how the nervous signal is propagated along axonal
fibers primarily comes from experiments performed on unmyelinated axons, which
ultimately lends itself to better understanding of conduction timing along
myelinated axons. Hence, this chapter will begin with how APs are propagated
along unmyelinated fibers, which will then be followed by conduction along
myelinated axons. Lastly, the discussion will move towards conduction along axons
in the demyelinated state, particularly that of a detrimental demyelinating disease

in the CNS, multiple sclerosis.

2.1 Signal Conduction Along Unmyelinated Axons

The propagation of the action potential in both the CNS and PNS occurs
along the axons of neurons. Its initiation occurs at the AIS through Nay permitting
entry of depolarizing current in the form of Na* ions that will then spread passively
along to the next segment of axonal membrane leading the active region (Hodgkin
and Huxley, 1952; Palmer and Stuart, 2006). The following region reaches
threshold, and Nay channels open to allow for rapid inward Na* current that will
then continue to charge adjacent membrane to threshold (Fig. 24A and B; Debanne

et al., 2011). In the regions trailing the AP, there is an efflux of K* from the
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Figure 24: Action potential conduction along unmyelinated fibers. (A) Changes in
the membrane potential during the upstroke and repolarizing phases of the action
potential. (B) Capacitive and ionic currents underlying the action potential.
Adapted from Caldwell, 2009. (C) Action potential conduction along unmyelinated
axons is slow due to the leaking of ionic current and high membrane capacitance.
Adapted from Berne and Levy Physiology 6th edition, 2008.
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activation of Ky channels with concurrent Nay inactivation (Fig. 24B). The action of
Ky channels will actually hyperpolarize the membrane and then slowly deactivate
bringing the patch of axonal membrane back to its resting potential (Fig. 24A and
B; Debanne et al., 2011). At this state, Na, are deinactivated and then become
deactivated, where they will then be ready to reengage in depolarizing the axonal
membrane and propagating the nervous signal (Bean, 2007). Once the nerve signal
1s propagated it regenerates continuously along the axonal membrane (Fig. 24C)
and then reaches the synaptic terminals where it releases neurotransmitters to
transfer information to the following neuron.

Above describes a general overview of how the AP is spread from its initiation
at the AIS down its length to the synaptic terminals. However, we should look more
closely at the biophysical characteristics as to how the action potential spreads from
its initiation point to the following region of axonal membrane. In order for this
adjacent region to reach threshold and regenerate the AP, the regeneration is
dependent on how fast the membrane is able to charge, which is determined by the
membrane capacitance (how much charge is stored on the axonal membrane per
unit area) and the axial resistance (how resistant the exterior medium and interior
axonal medium are to the flow of electrical current). If the charging is quick, then
the AP will be rapidly regenerated, but the inverse will occur if charging is slow.
What governs how quickly the membrane will be able to charge?

Factors involved in how quickly the membrane will charge in unmyelinated
axons are characterized by either a reduction in the membrane capacitance or a
reduction in the internal axial resistance (Hartline and Colman, 2007). In the case
of the unmyelinated axon, the only physiological means for increasing how fast the
membrane will charge, and consequentially increasing conduction velocity, is
through reducing the internal axial resistance (Hartline and Colman, 2007). This
reduction in the internal axial resistance is achieved through increasing the
diameter of the axon. Here, an increase in the axonal diameter reduces the
resistivity Na* ions must face as they passively spread through the axoplasm.

Indeed, it has been experimentally shown that insertion of an axial wire electrode
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in squid giant axons increases conduction velocity by short-circuiting the axonal
longitudinal resistance (Castillo and Moore, 1959). Accordingly, the action potential
conduction velocity in unmyelinated axons is generally described from theoretical
calculations to be proportional to the square root of the axonal diameter (Hursh,
1939; Rushton, 1951; Hodgkin, 1954); however, this is not a hard and fast rule since
this value varies in several species (Pumphrey and Young, 1938; Abbot et al., 1958;
Gasser, 1950) and conduction velocity can be altered by several other means (see
below).

Several factors may also change the speed by which the nervous signal is
propagated along unmyelinated axons (note: the following factors also play a role in
conduction velocity along myelinated neurons, but many other factors
untranslatable to the unmyelinated axon affect the myelinated nerve, see below).
For example, decrease in temperature will slow the rate in which Na, will open or
close and can result in conduction failure, while an increase in temperature would
reduce the half width of the action potential and thus speed up conduction (Hodgkin
and Katz, 1949; Franz and Iggo, 1968; Swadlow et al., 1981). Blockage of Nay
through pharmacological drugs, such as tetrodotoxin (Colquhoun and Ritchie, 1972),
will obviously reduce conduction velocity since less current will be available to enter
and charge the axonal membrane. Furthermore, a decrease in extracellular ion
concentration will decrease conduction velocity (Katz, 1947). Increase of voltage-
gated ion channels will improve conduction speeds, but there is a limit on sodium
channel density since too high of a Nay channel density will add to the membrane
capacitance (Hodgkin, 1975).

Conduction velocity measurements along unmyelinated vertebrate CNS
axons has only until recently been achieved through electrophysiological means.
Dual soma-axon patch clamp recordings where investigators patch both the soma
and the cut end of the axon in slice cultures (called an axon “bleb”) show that
orthodromic (direction of the AP from the AIS toward axon terminals) conduction
velocity along these axons is quite slow (for review see Kress and Mennerick, 2009).

Rat mossy-fiber axons, dentate granule neurons, and Schaffer collaterals propagate
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APs around 0.25 ms?! (Andersen et al., 2000; Kress et al., 2007, 2008; Schmidt-
Hieber et al., 2008), layer 5 pyramidal neurons propagate APs at ~0.4 ms1, and CA3
pyramidal neurons between 0.2 and 0.3 ms! (Soleng et al., 2003; Meeks and
Mennerick, 2007). All together, these experimental results suggest that in the CNS

unmyelinated fibers propagate action potentials at relatively low speeds.

2.2 Signal Conduction Along Myelinated Axons

While increasing axonal diameter is a viable solution for rapid axonal
conduction, it also comes at a price in terms of space constraints and energetics. For
vertebrates, it appears as though this particular option would be insufficient.
Vertebrates are limited in space due to their CNS being enclosed inside the skull
and vertebral column, and the increased diameter without decreased capacitance
increases the concentration of ions flowing in and out of the axon. Maintaining the
extracellular Na*and intracellular K* ion gradient, mediated through the action of
Nat/K* pumps, is energetically costly and would be inefficient (Arancibia-Carcamo
and Attwell, 2014). Therefore, what is the mechanism by which vertebrates
overcome these challenges for rapidly propagation?

Myelination is the alternative solution in vertebrates permitting rapid AP
propagation. The sheath works by increasing the local resistance of the region
covered by myelin wrapping and also reduces the capacitance of the axonal
membrane in conjunction with nodes of Ranvier (Hartline and Colman, 2007). The
increase in transverse resistance is mediated by the fact that myelin is lipid-rich
structure with several layers of compacted membrane that are more or less non-
conductive since Na* ions are not flowing into or out of the highly resistant region
(Hartline and Colman, 2007). Instead, Na* enters via the nodes of Ranvier between
myelinating glial sheaths through highly concentrated Na, channels (Fig. 25). As
described in the previous chapter, nodes of Ranvier are highly enriched in Nay to
the order of 1200 channels/um?2 (Rosenbluth, 1976), while internodes contain ~20-25
channels/um? (Richie and Rogart, 1977). This asymmetrical concentration of Nay is

important for the reduction in the axonal capacitance since the axonal membrane
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Figure 25: Action potential conduction along myelinated fibers. Myelin increases
transverse resistance and reduces axonal capacitance through clustering of voltage-
gated sodium channels at the nodes of Ranvier. Adapted from Berne and Levy
Physiology 6th edition, 2008.
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that 1s exposed to the extracellular space is confined to the nodes of Ranvier, thus
allowing for a restricted area for current flow to occur. Importantly, the confinement
of Nay to the nodes of Ranvier reduces the amount of Na* necessary to regenerate
the action potential, and furthermore results in the neuron using less energy and
being incredibly energy efficient (Arancibia-Carcamo and Attwell, 2014). Lastly,
this restriction of Nay permits high-fidelity impulse conduction since the ratio of
current available to stimulate the node to the current necessary to depolarize the
node, otherwise called the safety factor, is very high (in the order of 5 to 7). A safety
factor less than 1 would result in conduction failure (see below).

With these biophysical parameters in mind, the pathway for AP conduction
in the myelinated axon is therefore quite different from that of the non-myelinated
axon. Here, initiation of the action potential occurs at the AIS with an influx of Na*
current. Myelin prevents the leakage of Na* current that flows down the axon (i.e.
increase in transverse axial resistance) and reduces the cost of charging the
internodal regions of the axolemma (i.e. reduction in axonal capacitance). A
significant amount of the original depolarizing current will then be able to spread to
the densely packed Nay channels at the node of Ranvier, which will then depolarize
and permit an influx of Na* current. This current will then flow down the axon
where AP regeneration will occur only at the nodes of Ranvier. Due to the manner
in which the AP is regenerated, this type of nervous conduction is labeled as
“saltatory” (derived from the Latin word “saltare”, to hop or jump), since it appears
to “gump” from node to node (Fig. 25).

This type of conduction was first postulated by Lille nearly 90 years ago
(1925) and then further confirmed by seminal work from Tasaki (1939) and Huxley
and Stampli (1949). In the case of Huxley and Stampli (1949), they measured the
currents at both nodes of Ranvier and internodes and observed that the nodes of
Ranvier displayed large amounts of inward current, while the internodes did not,
suggesting that the nodes are the regions where APs are regenerated. This fact is
important because saltatory conduction allows for great increases in the axon

potential conduction. Instead of varying by the square root of the axonal diameter,
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the speed of nervous conduction in myelinated axons is linearly proportional to the
axonal diameter (Rushton, 1951). However, myelination is generally beneficial in
increasing conduction velocity compared to the unmyelinated nerve when the
axonal diameter is above 0.2 um (Waxman and Bennett, 1972). Indeed, this fact
correlates well with the finding that only axons with a diameter > 0.2 um can be
myelinated in the CNS (Waxman and Bennett, 1972).

Conduction timing along myelinated neurons in the CNS ranges from
modestly fast to rapidly conducting (Kress and Mennerick, 2009). Utilizing the dual
patch soma-bleb technique or rapid acquisition of voltage changes through voltage-
sensitive dyes, reports of conduction speeds in pyramidal neurons of the cortex
range from ~0.5 to 3 ms?! (Palmer and Stuart, 2006; Kole et al., 2007; Shu et al.,
2007). These values are not greatly improved compared to that of the unmyelinated
nerve in the brain, but the differences are most likely related to the small diameters
of these axons. In larger diameter axons, such as in motoneurons, action potential
conduction can reach up to 80 ms! (Gogan et al., 1983).

Besides axonal diameter, a number of factors also affect the speed of AP
conduction, which includes the thickness of the myelin sheath, paranodal junctions,
and the nodes of Ranvier (Waxman, 1980). Interestingly, theoretical and
experimental evidence shows that internodal distance does not greatly impact
conduction velocity since myelinated axons have an optimal internodal length for
maximal conduction and changes to that distance produces very little change in
conduction velocity (Rushton, 1951; Moore et al., 1978; Huxley and Stampfli, 1949;
Simpson et al., 2013).

Several great studies and reviews have highlighted the roles of axonal
diameter and myelin thickness in regulating conduction velocity (Waxman and
Bennett, 1972; Waxman, 1980; Li, 2015); however, further discussion will be lent

towards the paranodal junctions and the nodes of Ranvier.
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2.3 Factors Affecting Conduction Velocity in Myelinated Axons

2.3.1 Paranodal Junctions

The paranodal junctions are key determinants in maintaining rapid axonal
conduction through their barrier-like junctions formed between the myelinating
glial cell and the axolemma. These junctions are important for restricting the short-
circuiting of the nodes of Ranvier (Rosenbluth, 2009). Simplistically, if the
paranodal junctions were not tightly formed, current that should normally flow
through the node of Ranvier would instead flow in a low resistance manner to the
internodal perixonal space underneath the myelin sheath (Fig. 26A and B). This
would reduce the amount of current going through the node and in turn reduce the
amount of current reaching the neighboring nodes of Ranvier, thereby short-
circuiting the beneficial gains of the myelin sheath (Rosenbluth, 2009).

As mentioned in the previous chapter, paranodal junctions are necessary to
restrict K1 to the juxtaparnodal regions (Bhat et al., 2001; Boyle et al., 2001; Zonta
et al., 2008). Therefore, current that flows to the periaxonal space would activate
these channels, which may dampen excitability and hamper action potential
conduction (i.e. conduction block; Koles and Rasinsky, 1972; Hirano and Dembitzer,
1978). This has implications in demyelinating disease, which will be touched on in
the subsection on conduction velocity in the diseased state.

This paranodal junction is not 100% restrictive since it does allow diffusion of
some molecular tracers (Mierzwa et al., 2010). This may be beneficial for exchange

of solutes or excitation of the juxtaparanodal K1 channels (Rosenbluth, 2009).

2.3.2 Nodes of Ranvier

Several nodal properties affect axonal conduction along myelinated axons.
The first component is through nodal capacitance, since the nodal capacitance is
related to the membrane area occupied by the node of Ranvier. Therefore,
increasing the size of the nodes of Ranvier can alter conduction velocity (Fig. 26B).
An increase in nodal length can alter the conduction velocity due to increased nodal

capacitance, resulting in slowing of the action potential being regenerated at the
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Figure 26: Conduction is altered when the paranodes and nodes of Ranvier are
disturbed. (A) Normal ultrastructural and molecular architecture of the nodal and
perinodal domains. (B) The loss of the paranodal junctions allows for a low
resistance pathway for current to flow underneath the myelin sheath to the
internodes. Sodium channels (red) disperse along the axon, followed by increases
nodal capacitance and slowing of action potential conduction. Adapted from
Arancibia-Carcamo and Attwell, 2014.
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adjacent node (Arancibia-Carcamo and Attwell, 2014). A theoretical argument
proposed by Moore et al., (1978) shows that changes in the nodal area only
contributes to relatively modest changes in action potential conduction; although,
Moore et al., (1978) also described that this increase in nodal area can be
counterbalanced by increase in sodium channels. Yet, experimental evidence in the
electric organ of Sternarchus showed that large nodes of Ranvier have delayed
conduction compared to smaller nodes of Ranvier (Waxman et al., 1972). A more
recent theoretical study demonstrated that conduction velocity decreases when
increasing the nodal width (Babbs and Shi, 2013). Additionally, increase in the size
of the nodes of Ranvier is also observed in demyelinating disease, either large Nay
aggregates persisting along demyelinated fibers, or abnormally large nodal
aggregates within areas where remyelination takes place (see below). Further
experimental studies should be performed to study the increase in nodal surface
area and its role in altering AP conduction.

The relative contribution of the various nodal ion channels on axonal
conduction is relatively unknown. Since there are several different types of Nay
channels clustered at the nodes of Ranvier at differing developmental time points,
there is no surprise that few studies have been able to decipher their particular
roles in axonal conduction by electrophysiological means. At present, many studies
have characterized the various biophysical gating properties of the Na, subunits.
Nay1.2 needs large depolarizing current to fire and inactivates during high
frequency firing (Rush et al., 2005). Nay1.6 and Nay1.1 participate in persistent
sodium current (a type of current that slowly inactivates; Rush et al., 2005;
Catterall et al., 2005), which may therefore drive faster conduction through the
increase of axoplasmic Na*. Interestingly, this type of current may be implicated in
axonal damage during in demyelinating conditions (see below; Craner et al., 2004).
Nevertheless, further tools need to be developed in order to understand the different
contributions of each nodal Nay isoform on AP conduction.

Recent studies looking at nodal potassium channel K,7.2/3 identified their

contributions to AP conduction. Importantly, both K,7.2 and K,7.3 form functional
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K* channel complexes that underlie M current (Wang et al., 1998). This M current
from heteromeric K.7.2 and K,7.3 channels restricted at nodes of Ranvier in rat
central L5 axons has been described to play an important role in enhancing short-
term axonal excitability through stabilizing the membrane potential (Battefeld et
al., 2014). Specifically, these channels reduce the steady-state inactivation of Nay
that are coclustered with K.7.2 and K;7.3 at nodes, thus increasing action potential
amplitude and augmenting action potential conduction (Battefeld et al., 2014).
These interesting results point to an important functional aspect of Ky channels,

particularly KCNQ, in relation to axonal conduction.

2.4 The Transition to Saltatory Conduction Along Myelinated Axons

One interesting question arises when the unmyelinated axon becomes a
myelinated axon: How does the neuron transition from continuous to saltatory
conduction? Lillie (1925) suggested from his experiments that such a transition
occurs physiologically, and recently modeling experiments have shed light on this
transition from continuous to saltatory conduction. During the myelination process
with a large periaxonal gap, conduction remains continuous (Young et al., 2013). At
the onset of myelin compaction, the conduction velocity speed actually decreases
from that of the continuous nature (Young et al., 2013). However, Young et al.
(2013) showed that once further compaction occurs, the conduction velocity rapidly
rises to saltatory levels (saltatory conduction in this study was a node downstream
firing before arrival of the impulse underneath the myelin sheath).

One last finding is that saltatory-like conduction may occur on small-
diameter axons prior to myelination. Waxman et al. (1989) originally postulated a
type of conduction called “micro-saltatory” conduction along neonatal rat optic
nerves because these nerves had low densities of Nay, estimated from
measurements of the binding of [3H]-saxitoxin, spaced nearly 1 um apart. More
recently, Pristera et al. (2012) showed that small clusters of Nay1.8 were associated
to lipid raft domains in unmyelinated group-C nerve fibers. Following this report,

Neishabouri and Faisal (2014) modeled the observations in the Pristera (2012)
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study and showed that indeed these clusters of Nay1.8 permitted micro-saltatory
conduction, but they found that this type of conduction is metabolically costly due to
the inactivation properties of Nay1.8. Together, these results suggest that small
cluster like Nay channels may permit faster AP conduction along not yet and non-

myelinated fibers.

2.5 Action Potential Conduction in the Diseased State

As previously outlined, several factors may affect AP conduction along axons,
and in particular loss of the myelinating sheath can have major consequences in
terms of rapid and faithful conduction. Several diseases result in such a loss of the
myelin sheath and they are categorized as demyelinating diseases. In the context of
our laboratory, this section will outline one specific demyelinating disease in the

CNS: multiple sclerosis.

2.5.1 Multiple Sclerosis (MS)

Even if the anatomical lesions were identified almost simulataneously by
Jean Cruveilhier (1791-1874) in France and Robert Carswell (1793-1857) in
England between 1835 and 1838, the identification of the clinic-pathological disease
was made by the French neurologist Jean-Martin Charcot (1825-1893) at the
Salpétriere hospital in Paris. In his famous neurology lesson, Charcot named it
multiple sclerosis (1868). MS is described as an inflammatory demyelinating and
degenerative disease characterized by demyelinating lesions that can manifest in
various regions of the CNS. Patients afflicted by the disease early on present
clinical symptoms such as blurred vision, numbness, loss of sensation, vertigo, and
disequilibrium, that lasts several days or weeks, yet recover during the remittent
phase of the disease (Waxman, 2006). Some patients do not present with these
relapsing-remitting phases and continue to decline in neurological ability after the
initial onset of the disease (primary progressive), yet other patients after the
relapsing-remitting phases progress into a phase of continual neurological handicap
(secondary progressive; Waxman, 2006). Patients suffering from MS have a slightly

decreased life span and a tremendous decline in their quality of life.
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The etiology of MS is still poorly characterized, but several factors such as
environmental factors, autoimmunity, infections, and genetic susceptibility have
been proposed as potential candidates for triggering the disease. In regards to
autoimmunity, the antigenic target(s) remain unknown, with many suspected then
non-confirmed candidates. Recently an immune response against paranodal and
juxtaparanodal proteins such as Nfasc155 (Mathey et al., 2007) and Contactin-2
(Derfuss et al., 2009), respectively, has been reported in MS patients, suggesting
that these constituants might represent targets of the pathological process. These
data, however, need confirmation. In this context, disruption of these domains,
especially the paranodal junctions, might have severe consequences in regards to

AP conduction.

2.5.2 Disruption to the nodal architecture alters axonal conduction

In post-mortem tissue samples from MS lesions, the nodal and perinodal
domains are severely altered (Coman et al., 2006; Howell et al., 2006; review by
Desmazieres et al., 2012). Previously clustered Na, are either diffusely
redistributed, or remain as loose (large) aggregates along the denuded axon (Coman
et al., 2006). In addition, juxtaparanodal K, mis-localization at nodes has been
reported (Howell et al., 2006). The loss of the myelin sheath, combined with the
diffusion of voltage-gated ion channels has several consequences. The first is that
loss of myelin and dispersal of Nay will increase the area by which sodium current
needs to travel. This in turn will drive the secondary consequence of a significant
increase in the membrane capacitance. More current will now be required in order
to drive depolarization of the axolemma, and raise the metabolic cost of maintaining
the Na*/K* gradient. Furthermore, disruption of the localization of Ky and exposing
them to more current exacerbates axonal conduction since they can dampen
excitability. Together, these changes lower the safety factor by a notable amount
(near 1), and can thereby lead to conduction failures (Fig. 26B) that manifest into
substantial neurological deficits in MS patients. Many other factors can result in

conduction block such as the time since demyelination onset, temperature and
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Figure 26: Changes in nodal architecture during demyelination. (A) Normal
saltatory conduction occurs along the myelinated fiber. (B) Once a demyelinating
event occurs, acutely denuded axons may display a conduction block due to the
reduction in the safety factor. (C) To overcome conduction block and to restore AP
conduction, some axons display upregulation of sodium channels at the denuded
regions of the axon. Adapted from Waxman, 2006.
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axonal geometry; however, readers interested in a more fundamental or clinical
account can refer to Smith et al. (1994) for further details.

Several molecular changes also occur during demyelination. The first is that
there is an upregulation of Nay channels in demyelinated MS lesions (Moll et al.,
1991). This upregulation is most likely a counterbalance to the changes in
capacitance and reduction in transverse axial resistance. One other unique
observation on demyelinated axons is that there is diffusion of Na,1.2 along axons
(Fig. 26C), which is normally expressed in immature nodes of Ranvier and
unmyelinated axons (Craner et al., 2004; Boiko et al., 2001). Expression of Nay1.2 is
thought to be adaptive in restoring conduction velocity since the threshold of
activation is high for this isoform and it displays deactivation at high-frequency
firing (Fig. 26C). In contrast, Nay1.6 is thought to be detrimental in this case
because the persistent sodium current from this isoform drives the activity of the
Na*/Ca?* exchanger (Craner et al., 2004). Activity of this exchanger will pump Na*
out of the axoplasm while permitting influx of Ca?*, and can therefore lead to
activation of several CaZ*-induced secondary cascades that can cause neuronal
injury (Waxman, 2006).

Lastly, for the restoration of conduction velocity to speeds prior to the
demyelinating event, remyelination must occur at the denuded regions.
Interestingly, it has been shown that Na, clusters could be found on non-
remyelinated axons within partially remyelinated zones in post-mortem tissue from
MS patients (Coman et al., 2006). These Na, aggregates could either be beneficial
for directing remyelination or they could be transient structures that may allow for
improved AP conduction in a micro-saltatory manner along the demyelinated

regions of the axon.

In summary, several factors regulate the timing of axonal conduction in both
the unmyelinated and myelinated neuron, and the continual investigation of these
parameters will allow us to shed light on how to augment and hopefully improve

rapid action potential conduction in pathological conditions. Furthermore, having
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described the molecular architecture of the myelinated nerve and the fundamentals
of how action potentials are propagated along myelinated axons, the following

chapter will delve into the mechanisms of nodes of Ranvier assembly.
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Chapter III: Mechanisms of Nodes of Ranvier

Assembly and Transport of Nodal Components in

the PNS and CNS

Even though PNS and CNS nodes of Ranvier are by and large similar in their
molecular composition, the mechanisms underlying the formation of the nodes of
Ranvier in the PNS and CNS are not identical. This dissimilarity between the two
nervous systems mainly stems from the differences in cell types producing the
myelin sheath, which give rise to differing nodal ultrastructure and slight changes
in molecular composition that ultimately govern the neuron-glia interactions
necessary to form the nodes of Ranvier. To date, the mechanisms underlying PNS
nodal assembly are well characterized, but our understanding of how CNS nodes of
Ranvier form appear to be more complicated since there are multiple layers of
redundancy via several extrinsic (glial) and intrinsic (neuronal) factors.

This section will first outline the mechanisms governing PNS nodal
formation, which will then be followed by a section on CNS nodes of Ranvier
formation. The CNS section will be broken into one section dedicated to extrinsic
factors and the other to intrinsic factors. Lastly, this section will end with

trafficking and targeting of nodal components.

3.1 Mechanisms of PNS nodes of Ranvier assembly

During initial myelination of the axon by the Schwann cell between P0-P1,
components of the nodal complex cluster to regions adjacent to the myelinating
segment called heminodes (Vabnick et al., 1996). Next, as the length of the myelin
segment elongates throughout the first postnatal week, two heminodes adjacent
separate myelinating segments fuse to form a full mature node of Ranvier (Vabnick

et al., 1996). Either before or during heminodal fusion, clustering of paranodal
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components occurs (Eshed et al., 2005), which is in turn followed by the clustering of
Ky1 and CAMs at the juxtaparanodal region (Rasband et al., 2004). This time course
of PNS nodal formation appears to be the standard—yet, looking more deeply into
this time course begs two related questions: Does following this strict pattern
ultimately predict the formation of the PNS nodes of Ranvier? And if not, are there
multiple mechanisms regulating PNS nodal assembly? Several reports suggest that
there are two complementary axoglial mechanisms by which PNS nodes of Ranvier

form.

3.1.1 Heminodal Clustering Mechanism

As alluded to in the previous chapter on molecular composition of nodes of
Ranvier, several proteins appear first at the nodes of Ranvier and act as pioneer
molecules in clustering PNS nodal components. The proteins Nfasc186, NrCAM,
and gliomedin are the first constituents to cluster at the PNS nodes (Lambert et al.,
1997; Custer et al., 2003; Eshed et al., 2005; Schafer et al., 2006; Koticha et al.,
2005; Feinberg et al., 2010; Thaxton et al., 2011), and clustering of these proteins at
heminodes precede that of nodal ankyrinG, BIV-spectrin/Na, and paranodal
Nfasc155/Caspr/contactin (Lambert et al., 1997; Lustig et al., 2001; Thaxton et al.,
2011; Schafer et al., 2006; Yang et al., 2007). Accordingly, the initial steps of
heminodal formation, which ultimately gives rise to mature nodes, depend on
axonal Nfasc186 and glial gliomedin and NrCAM.

First, Nfasc186 is involved in incorporating axonal nodal components to the
developing PNS nodes of Ranvier. Nfasc186 interacts with ankyrinG, which in turn
1s able to recruit Na, and its scaffolding partner BIV-spectrin (Bennett and Baines,
2001; Dzhashiashvili et al., 2007; Yang et al., 2007; Zhang et al., 2012). Several
reports suggest that this is the proper timing of events on the axonal surface of PNS
fibers. Two studies utilizing either Nfasc-Fc of NrCAM-Fc fusion proteins in
Schwann cell-DRG neuron cocultures observed an inhibition of ankyrinG, BIV-

spectrin, and Nay clustering at developing heminodes (Koticha et al., 2005; Lustig et
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Figure 27: Heminodal clustering mechanism in the PNS. (A) Nfasc186 (green) and
Nay (red) fail to cluster (arrowheads) at heminodes in the absence of gliomedin in
DRG Schwann cell cocultures. (B) Nay, Nfasc186, and gliomedin (rightside panel)
fail to form (arrowheads) at heminodes in the absence of NrCAM. (C) and (D) PNS
heminodal clustering is mediated by the interaction of Nfasc186 with gliomedin
and NrCAM tethered to the Schwann cell microvilli. Two heminodes then merge
together to form a full node of Ranvier. A-D adapted from Feinberg et al., 2010.
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al., 2001). Loss of function experiments by suppressing Nfasc186 or knocking out
neuronal Nfascl86 altogether show that Na, and ankyrinG fail to cluster at nodes
in Schwann cell-DRG neuron cocultures and in vivo (Dzhashiashvili et al., 2007;
Feinberg et al., 2010; Thaxton et al., 2011). Zonta et al. (2008) selectively expressed
transgenic Nfasc186 in Nfasc-null mice and showed that it rescued the nodal
complex in sciatic nerves (using a similar strategy, this has also been observed with
Nfasc140 in teased quadriceps; Zhang et al., 2015). Lastly, by modifying only the
ankyrin binding domain in the cytoplasmic region of Nfasc186 but leaving the
extracellular domains intact, Dzhashiashvili et al. (2007) reported that Nfasc186
clustered normally to developing heminodes, yet lacked ankyrinG and Na,.
Together, these data confirm that Nfasc186 acts as the axonal pioneer molecule in
recruitment of PNS nodal components.

Yet, in order to cluster Nfasc186 (initially diffusely expressed along the
internode) to heminodes, the extracellular domains of Nfasc186 must interact with
the gliomedin/NrCAM complex (Dzhashiashvili et al., 2007; Zhang et al., 2012;
Labasque et al., 2011; Eshed et al., 2005, 2007; Feinberg et al., 2010). This
cooperative interaction is highlighted by the fact that Nfasc186 fails to properly
localize to heminodes in both NrCAM- and Gliomedin-deficient mice (Fig. 27A and
B; Custer et al., 2003; Feinberg et al., 2010). Here, gliomedin traps Nfasc186 to
developing heminodes, while glial NrCAM stabilizes secreted trimerized gliomedin
to the microvilli for increased interaction with Nfasc186 (Eshed et al., 2007;
Feinberg et al., 2010). Therefore, glial expression of both gliomedin and glial
NrCAM are crucial for PNS heminode formation (Fig. 27C and D).

The expression of certain molecules of the basal lamina, microvilli, and ECM
appear to be involved in promoting the heminodal clustering mechanism. Ablation
of laminins 211 and 511, which are enriched at nodes at the basal lamina, result in
abnormal microvilli and reduced density of nodal Na, clustering in sciatic nerves
(Oochi et al., 2005). In line with this report, loss of the microvillar enriched laminin
receptor dystroglycan results in mislocalized Schwann cell microvilli and a 20%

reduction in the amount of heminodal Nay clustering (Saito et al., 2003; Colombelli
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et al., 2015). Perlecan, which interacts with dystroglycan and binds gliomedin to
improve its multimerization, is lost at PNS nodes in dystroglycan mutant mice,
suggesting that perlecan may account for the reduction in heminodal Nay clustering
(Colombelli et al., 2015). However, in perlecan mutant mice, clustering of gliomedin
and Na, is unaltered (Colombelli et al., 2015). Knockout mice for syndecan-3,
another PNS nodal HSPG that is not lost in dystroglycan mutants (Colombelli et al.,
2015), also appear to have normal PNS nodes of Ranvier (Melendez-Vasquez et al.,
2005). These two latter results suggest that ECM HSPGs may act in a redundant
manner in the absence of one another, and therefore it would be interesting to test
double knockout mutants for these various HSPGs to see their impact on PNS

nodes of Ranvier assembly.

3.1.2 Paranodal-Junction Dependent Mechanism

Although nodal components do not cluster to heminodes in NrCAM-null and
Gliomedin-null mice, they nevertheless ultimately cluster at mature nodes (Fig.
28A; Custer et al., 2003; Feinberg et al., 2010). Indeed, when the heminodal
assembly mechanism fails, there appears to be a secondary, yet complementary,
paranodal-junction dependent pathway in order to cluster PNS nodes of Ranvier.

The use of double mutant mice has helped shed light on this particular
mechanism. Single paranodal mutant mice (Caspr/-, Contactin’/-, Nfascl55),
which have severely disrupted paranodal junctions, appear to have only minimally
affected PNS nodes of Ranvier (Bhat et al., 2001; Boyle et al., 2001; Pillai et al.,
2009; Feinberg et al., 2010), suggesting that they properly cluster through the
heminodal mechanism. Conversely, Gliomedin’-/Caspr’/- or NrCAM/-/Caspr’'-
mice show a significant reduction in the amount of Nay clusters along sciatic nerves,
a dramatic increase in the nodal length, and a significant decrease in nerve
conduction (Feinberg et al., 2010). Using an in vitro coculture system of Nfasc-null
DRG neurons and myelinating wild-type Schwann cells (i.e. Nfasc155* and
functional paranodal domains), Feinberg et al. (2010) showed that nodal

components cluster at mature nodes, but not at heminodes (Fig. 28A). What these
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Figure 28: Role of paranodal junctions in forming PNS nodes of Ranvier. (A) While
Nay (red) does not cluster to heminodes (top panels excluding the wt), it is restricted
between the paranodal junctions in Gliomedin-, NrCAM-, and Nfasc186-null DRG
Schwann cell cocultures. Overtime as the myelinating segments (blue) move
towards each other and Nay clusters at PNS nodes (lower panels). (B) and (C)
Overview of the model for paranodal restriction of PNS nodes of Raniver. Adapted
from Feinberg et al., 2010.
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results suggest is that paranodal junctions may act as a back-up mechanism in
organizing the PNS nodes of Ranvier when heminodes fail to form (Fig. 28 B and C).

In spite of that, several reports seem to counter this secondary model.
Selectively expressing transgenic Nfascl155 lacking the cytoplasmic domain in
Nfasc-null mice effectively rescues the paranodal junction (i.e. axonal Caspr and
Contactin), but fails to cluster the PNS nodal components in sciatic nerves
(Sherman et al., 2005; Zonta et al. 2008). Furthermore, nodal molecules fail to
cluster at mature nodes when neuronal Nfasc186 is ablated in mouse sciatic nerves
with normal paranodal junctions (Thaxton et al., 2011). These in vivo reports, in
contrast to the in vitro studies by Feinberg et al. (2010), would thusly suggest that
the paranodal back-up system does not compensate for the lack of a Nfasc186-
mediated assembly mechanism in the PNS.

With these discrepancies, one should therefore ask: Do paranodal junctions
truly act as a secondary mechanism to cluster PNS nodes of Ranvier? This answer
1s that they may very well likely act as backups to heminodal clustering, and that
the inconsistencies of these studies are probably linked to the different models used.
For example, the neuronal Nfasc186 mutant mouse model used in Thaxton et al.
(2011) 1is only partial—and looking more closely at their quantification on P11
mouse sciatic nerve it appears as though ~15-20% of the nodes lacking Nfasc186
were still positive for ankyrinG and Na,. This could suggest that either paranodal
junctions are functional secondary back-ups to heminodal clustering or that another
mechanism besides the paranodal junctions, such as ankyrins, could be implicated
in assembling PNS nodes of Ranvier.

In line with the latter hypothesis, mice lacking BIV-spectrin and Caspr (qus/
Caspr-/- mice) have normal PNS nodes enriched in ankyrinG (Susuki et al., 2013),
which can target and localize to nodes in the absence of BIV-spectrin (Ogawa et al.,
2007). One should keep in mind though that the results from Susuki et al. (2013) do
not rule out the possibility that interaction of ECM components (i.e. Gliomedin and
NrCAM) with Nfasc186 clustered PNS nodes. In this context, a recent study showed

that both ankyrinG and ankyrinR together are necessary in order to form Nay
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clusters in P3 mouse dorsal roots (Ho et al., 2014), thereby giving a supporting role
for ankyrins. Here, PNS nodes most likely fail to assemble because ankyrins are
sufficient for transporting and localizing Nay (Barry et al., 2014; Gasser et al., 2012),
or it could be that loss of ankyrins fail to stabilize Nfasc186 (Dzhashiashvili et al.,
2007). In regards to Feinberg et al. (2010), it could be possible that mature nodal
clustering in the Nfasc-null DRG neurons wild-type Schwann cells cocultures might
have been rescued through an ankyrin mechanism that targets Na, to nodes in
conjunction with (or in absence of) the paranodal-junction pathway; or, another
possibility could be that redistributed Nay, independent of ankyrins, is clustered
through paranodal restriction. Going forward, it would be interesting to look at the
interactions of these two mechanisms by utilizing a combinatorial loss of function
approach of various pan-ankyrin and paranodal components in order to study their

complementarity in secondary PNS nodes of Ranvier assembly.

3.2 Mechanisms of CNS nodes of Ranvier assembly

In contrast to PNS nodes of Ranvier, there are a number of overlapping
mechanisms to cluster CNS nodes of Ranvier. These include ECM components,
paranodal junctions, cellular adhesion molecules, oligodendroglial secreted proteins,
and cytoskeletal scaffolding proteins. The four former mechanisms are related to

extrinsic axo-glial interactions, while the latter is regulated by the axon.
3.2.1 Extrinsic mechanisms of CNS nodes of Ranvier formation

3.2.1.1 Paranodal Junctions

The order of nodal domain formation in the CNS appears to be different from
that of the PNS. In the rodent optic nerve, Caspr* paranodal junctions are the first
domains to be formed, followed by the nodal components, and then the nodal ECM
(Rasband et al., 1999; Susuki et al., 2013). This sequential order of axonal domain
formation suggests that paranodes act as lateral diffusion barriers or sieves, and

might be the primary components that cluster CNS nodes of Ranvier. Support of
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Figure 29: Role of paranodal junctions in forming CNS nodes of Ranvier. (A) and
(B) Transgenic expression of full length (B) Nfasc155 full-length or Nfasc 155
lacking its cytoplasmic region (A) in Nfasc-null mice rescues the paranodal
junctions (red) and restores clustering of nodal components (green) in the CNS. (A)
and (B) adapted from Zonta et al., 2008. (C) Genetic strategy used in Susuki et al.
(2013) to decipher the contribution of paranodal junctions in CNS nodal asssembly.
(D) Combined loss of BIV-spectrin and the ECM molecule brevican alters the
number of nodes of Ranvier formed in the optic nerve, but nodes of Ranvier still
form, confirming that paranodal junctions can assemble CNS nodes of Ranvier. (C)
and (D) adapted from Susuki et al., 2013.
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this conclusion is highlighted by several studies. Using the hypomyelinating
shiverer mutant mice that display abnormal paranodal junctions, Rasband et al.
(1999) reported irregular optic nerve nodes of Ranvier with elongated Nay
immunostaining and lack of clustered ankyrinG. Another study, using a paranodal
rescue approach by expressing the Nfascl554IC transgene (i.e. lacks the
intracellular portion of Nfasc155) in Nfasc-null mice, showed that Nay, clusters
formed along spinal cord ventral funicular axons, suggesting that reformation of the
paranodal junction is sufficient to cluster Nay in the absence of Nfasc186 (Fig. 29A
and B; Zonta et al., 2008). Recently, Colakoglu et al. (2014) reported that loss of glial
Contactin impaired paranodal junctions, which therefore resulted in a significant
decrease in Nay clustering along optic nerve axons.

In contrast to these studies, however, Caspr-/- (Bhat et al., 2001; Rios et al.,
2003) mutant mice have disrupted paranodal junctions but have properly assembled
CNS nodes of Ranvier. Moreover, CGT/- and CST-- mice, both of which have
disrupted paranodal junctions and mislocalized Ky1 to the paranodes, have only
mildly affected nodes of Ranvier (Dupree et al., 1999; Ishibashi et al., 2002). Overall,
what these studies tell us is that other mechanisms work in conjunction with the
paranodes in order to form CNS nodes of Ranvier.

In this context, Susuki et al. (2013) looked at the proportion of Nay clustering
in mutants lacking both ECM components (Brevican or Versican) and BIV-spectrin
(using a BIV spectrin mutant referred to as qu3.J). While these qu3/ Brevican’-and
qu3/ Versican/- mice had less Na, clustering than wild-type and single knockout
mice, when compared to other double knock out mutants (disruption of paranodal
junctions and scaffold proteins or disruption of ECM and paranodal junctions) their
Na, clustering ability was the least affected (Fig. 29D; Susuki et al., 2013). This
suggests that paranodal junctions have the ability to cluster CNS nodes of Ranvier

and that they function in the absence of the ECM and scaffolding components.
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3.2.1.2 ECM

The interactions of Nfasc186 with the PNS ECM components would suggest
that there most likely is a similar nodal assembly mechanism in the CNS. However,
Schwann cell-produced gliomedin 1s undetectable on CNS axons and
oligodendroglial cells (Eshed et al., 2005), and the ECM composition of the PNS and
CNS is different from one another. Thus, are there other ECM molecules by which
Nfasc186 may interact and cluster CNS nodes of Ranvier? The response to this
question is difficult because there are several members of the proteoglycan family
enriched at CNS nodes that indeed interact with Nfasc186, yet the appearance of
ECM molecules at CNS nodes appears to be later than that of Nfasc186 (Susuki et
al., 2013). Therefore, while this section will try and untether the assembly versus
stabilization role of ECM/Nfasc186 interactions in regards to the nodes of Ranvier,
one must be cautious in interpretation. As the line between these two processes is
blurry, determining whether their ultimate roles are linked to assembly rather than
stabilization is hard to distinguish.

In this context, mice lacking Brevican (Bekku et al., 2009), Versican (Dours-
Zimmermann et al., 2009; Susuki et al., 2013), Brevican/Versican (Susuki et al.,
2013), Tenascin-R (Weber et al., 1999), NrCAM (Susuki et al., 2013) and Brall
(Bekku et al., 2010; Susuki et al., 2013), which can all interact with Nfasc186, have
normal CNS nodes of Ranvier. Only Brall and Tenascin-R deficient mice produce an
alteration in nerve conduction (Bekku et al., 2010; Weber et al., 1999), which 1is
probably linked to disruption of other ECM molecules and thus reducing the ion
buffering capacity at the axonodal space. Interestingly, NrCAM- and Brevican-Fcs
can induce node-like clusters of HA-Nfasc186 in DRG cultures (Susuki et al., 2013),
suggesting that these two nodal ECM components at least may have “clustering”
ability on DRG axons.

In light of these single and double ECM knock out mouse studies, important
experiments performed by Susuki et al. (2013) should be further discussed. The
authors observed that mice with disrupted ECM and paranodal junction

components or disrupted ECM and cytoskeletal components displayed motor
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handicap and reduced Nay clusters compared to single mutants lacking only a single
mechanism (Susuki et al., 2013). This could suggest that either ECM molecules are
involved in initiation of Nay clustering or that they may be involved in CNS
maintenance. But again, it is difficult to uncouple the two processes based on the
investigators last experiment with the qu3/ Caspr-/-mice that enabled them to look
solely at the function of the ECM. Here, Susuki et al. (2013) showed that CNS nodes
could assemble when lacking cytoskeletal scaffolds and paranodal junctions,
suggesting that ECM molecules cluster CNS nodes. Yet, two important points
should be noted regarding this knockout: 1.) The strongest neurological phenotype
and severest nodal disruption out of all of the combinatorial loss of function
mechanisms tested was observed with qu3’/ Caspr/-mice; and 2.) qu3/ Caspr-/- mice
fail to live past P18, which 1s a time point where the developmental expression of
ECM components at nodes is all together quite low in wild-type mice. Thus, it is
unlikely that ECM molecules play a critical role in assembling CNS nodes of
Ranvier in vivo. Further studies must be performed in order to untether the role of

the ECM in either assembly or maintenance of CNS nodes of Ranvier.

3.2.1.3 Oligodendroglial Secreted Proteins

Oligodendrocytes, similar to many other cells, are secretory cells that can
release macromolecular substances that provide trophic support and modulate
various neuronal functions. In the context of CNS nodes of Ranvier assembly, work
from Kaplan et al. (1997, 2001) reported that oligodendrocytes were able to induce
the clustering of Nay in the absence of paranodal junctions in vitro.

Using a purified retinal ganglion cell (RGC) culture system void of glial cells,
Kaplan et al. (1997) showed that Na, immunoreactivity was diffuse along the axons,
while the AIS had strong and restricted Nay immunoreactivity (Fig. 30A). However,
when they added purified RGCs directly with or suspended over a conditioning
layer of optic nerve glia, they strikingly observed Nay immunoreactivity in evenly-
spaced clusters along the axons (Fig. 30A). AnkyrinG was also observed in these

clusters, suggesting that they were stabilized to the actin cytoskeleton. Further
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Figure 30: Oligodendrocyte secreted factors induces node-like clustering in the
CNS. (A) Na, clustering is induced along retinal ganglion cell axons (B and D) after
treatment with concentrated oligodendrocyte conditioned medium (OCM). Adapted
from Kaplan et al., 2001. (E) Optic nerve or oligodendrocytes can induce this
clustering, but lack of glia or addition of astrocytes does not permit Na, clustering.
Adapted from Kaplan et al., 1997.
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experiments showed that only oligodendroglial conditioned media (OCM) added to
the RGC cultures, and not other glial conditioned media, induced the Nay clustering
Fig. 30B). Additional analysis of the OCM suggested that the cluster-inducing factor
was a protein, and they also observed that these clusters persisted after changing
the media to non-conditioned media. These results put forward several important
conclusions: 1.) Nodal components could form in regularly spaced clusters in the
absence of paranodal junctions, suggesting that nodal domains are pre-specified by
the axon; 2.) Oligodendroglial secreted proteins, and not other glial secreted factors,
are necessary in order to form these node-like clusters; and 3) Nay, remains
persistently clustered along axons two weeks after removal of the conditioned
media, which may have direct implications in axonal conduction.

A following report by the same group shortly thereafter showed through
several experiments that blocking protein synthesis and vesicular trafficking or
depolymerizing the actin cytoskeleton prevented the formation but not the
maintenance of node-like clusters along RGC axons (Kaplan et al., 2001).
Furthermore, they observed that the OCM did not increase the levels of surface or
cellular sodium channels, suggesting that the action of OCM is to induce clustering
of sodium channels already on the membrane. These results are interesting
considering that the OCM factor(s) can induce clustering very rapidly (within a day;
Kaplan et al., 2001), so either OCM acts by rapidly upregulating the synthesis and
trafficking of a protein that induces Nay, clustering, or OCM interacts with a
molecule (or molecules) on the axonal surface, which then recruits Nay, and further
stabilized by ankyrins to the actin cytoskeleton.

Looking to further characterize the biochemical nature of the OCM, Kaplan et
al. (2001) first tested the clustering ability of several candidate proteins such as
agrin, a protein fragment of Tenascin-R, and Tenascin-C, but did not observe any
clustering activity. By using spin concentrators with different molecular weight
cutoffs, they also observed that clustering activity was preserved between the

ranges of 30 and 50-kDa (Kaplan et al., 2001).
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While these reports presented an interesting case for a combination of
extrinsic and intrinsic mechanisms necessary for CNS nodal assembly, further

analysis of the extrinsic oligodendroglial secreted factor has yet to be reported.

3.2.1.4 Nodal CAMs and Nav f-Subunits

As one of the key players in the assembly of PNS nodes of Ranvier (Feinberg
et al., 2010), Nfasc186 also greatly contributes to nodes of Ranvier formation in the
CNS. In this context, it has been reported that Nfascl186-null mice fail to cluster
CNS nodes of Ranvier (Thaxton et al., 2011). Furthermore, by expressing transgenic
Nfasc186-FLAG in Nfasc-null mice, Zonta et al. (2008) reported that FLAG-tagged
Nfasc186 was able to rescue Nay,, CAMs and cytoskeletal components of the CNS
nodes of Ranvier, and also increased the viability of Nfasc-null mice by 11-12 days
(Nfasc-null mice fail to survive past P7; Sherman et al., 2005; Zonta et al., 2008). By
utilizing a similar transgenic rescue approach, an embryonic neuronal isoform of
Neurofascin Nfasc140, has also been observed to reconstitute CNS nodes of Ranvier
(Zhang et al., 2015). Even though these mice display significant motor problems,
they are, nevertheless, viable up to 9 months of age (Zhang et al., 2015). Together,
these reports confirm an important developmental and functional role for neuronal
neurofascins in CNS nodes of Ranvier assembly.

A further role for Nfasc186 resides in maintaining the nodes of Ranvier and
paranodal junctions in the CNS. Conditional ablation of Nfasc186 results in the loss
of various nodal components and disruption of the paranodal junctions
(Desmazieres et al., 2014). This latter result has also been reported during
development in mice lacking Nfasc186 (Thaxton et al., 2011). Together, these
results point to an important role of Nfasc186 in the maintenance of the nodes of
Ranvier and paranodal junctions.

Contactin is enriched solely in CNS nodes of Ranvier, yet it is expressed in
both PNS and CNS paranodes (Rios et al., 2003). The fact that it 1s expressed in
both the nodes and paranodes presents a challenge in trying to determine specific

roles of nodal Contactin. Indeed, Colakoglu et al. (2014) recently reported that
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Contactin-1 mutant mice have disrupted nodes of Ranvier; however, this disruption
may be attributed to either nodal, paranodal, or glial Contactin. What can be
gleaned from several previous experiments is that Contactin interacts with nodal
components such as Nfasc186 (Volkmer et al., 1998), NrCAM (Morales et al., 1993),
phosphacan (Peles et al., 1995), Tenascin-R (Volkmer et al., 1998), and [1Nay
(McEwen et al. 2004), thereby placing it as a possible associative partner in other
mechanisms that are thought to cluster CNS nodes of Ranvier. In this light, it has
been reported that Contactin can increase the cellular surface expression of Nay,
suggesting that Contactin is involved in distributing Nay in axons (Kazarinova-
Noyes et al., 2001).

The auxiliary CAM-like Nay f-subunits are also enriched at CNS nodes of
Ranvier where they are observed to interact with several nodal CAMs, cytoskeletal
components, and ECM molecules (see O’Malley and Isom, 2015). Both f1Nav’- and
B2Nay’- mice have normally formed CNS nodes of Ranvier (Chen et al., 2002, 2004);
however, optic nerves from 1 Na,’” mice display fewer mature nodes of Ranvier and
slower axonal conduction compared to wild-type mice, all of which may be linked to
the observation that 30% of the paranodal junctions are altered in the 1 Nav’ mice
(Chen et al., 2004). f2Nav’- mice display no reduction in Nay1.6 at the nodes of
Ranvier (Chen et al., 2012). f4Navis also enriched at CNS nodes (Buffington and
Rasband, 2014), but its role in their assembly has yet to be explored.

3.2.2 Intrinsic mechanisms of CNS nodes of Ranvier formation

3.2.2.1 Cytoskeletal Scaffolds

As we saw in the first chapter, cytoskeletal scaffolding proteins are highly
implicated in the patterning and establishment of specialized cell membranes.
Particularly in the context of our discussion, these intrinsic neuronal membrane
organizers have also been observed to play a key role in assembling CNS nodes of
Ranvier. Kordeli and colleagues (1995) first put forth the hypothesis of an intrinsic
cytoskeletal clustering mechanism 20 years ago with the observation of ankyrinG at
nodes of Ranvier in central myelinated fibers. Later work by the same laboratory
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showed that ankyrinG was located at P9 optic nerve nodes prior to other nodal
components such as BIV-spectrin, Nay and Nfasc186, but overlapped with or was
bordered by Caspr (Jenkins and Bennett, 2002). Another report observed that
ankyrinG formed in nodal clusters prior to paranodal aggregates of Caspr in P7
mouse corpus callosum (Mathis et al., 2001), suggesting that ankyrinG could cluster
CNS nodal components prior to paranodal junction formation. Therefore, to
understand the role of ankyrinG with respect to the paranodal junctions, both
Mathis et al. (2001) and Jenkins and Bennett (2002) utilized jimpy mice, a
dysmyelinating mutant that does not have intact paranodal junctions and thus non-
clustered Caspr, and reported that corpus callosum and optic nerve nodes of
Ranvier, respectively, were unimpaired. Ultimately, these two independent reports
suggested an important role for ankyrinG in CNS nodes of Ranvier assembly.

Yet, as seen above in this section, we now know that multiple mechanisms
are able to assemble CNS nodes of Ranvier. With that in mind, Susuki et al. (2013)
utilized a genetic ablation approach of the paranodal junctions and ECM
components to understand the role of the cytoskeletal scaffolds in CNS nodes of
Ranvier formation. By combining Caspr/- mice with Brevican’/-, Versican’/-, Bral-/-,
or Brevican’/- and Versican’/- mice (thereby disrupting the paranodal junctions and
most of the ECM components), Susuki et al. (2013) observed that in the optic nerve
of each of these mice there was a significant reduction in the amount of nodes of
Ranvier formed compared to single knockouts and controls, but there was no
apparent disruption in the nodal molecular organization in the double or triple
paranodal junction/ECM mutants. Together, these results confirm that cytoskeletal
components are sufficient to cluster CNS nodes of Ranvier. But, as the nodal
scaffolding components are comprised of ankyrins and spectrins, what is the
contribution of each scaffolding component regarding CNS nodes of Ranvier
assembly?

BIV-spectrin links the nodal complex to the actin cytoskeleton, so therefore it
could be possible that BIV-spectrin is involved in its initial clustering. Recent

results would suggest that this is not the case considering that qu3/-null mice
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display no difference in the percentage of nodes of Ranvier in the optic nerve at
early post-natal time points compared to controls (Susuki et al., 2013). In contrast,
at 1.5 months and 6 months of age in qu3/-null mice (Yang et al., 2004, 2007) and at
3 months in the SIV-spectrin-null mice (Komada and Soriano, 2002) there is
decreased nodal immunoreactivity of ankyrinG and Nay compared to controls, and
the clusters are widely dispersed (Yang et al., 2004, 2007; Komada and Soriano,
2002). These results suggest that BIV-spectrin is most likely not involved in
assembly of CNS nodes of Ranvier but rather their maintenance.

Therefore, as it appears that BIV-spectrin is mainly important for CNS nodes
of Ranvier maintenance, what is the role of ankyrinG in their formation? A loss of
function approach would most likely shed light on the subtle roles of ankyrinG in
this process, but utilizing mutant ankyrinG mice in this context is incredibly
challenging due to the fact that ankyrinG is present in multiple tissues (Kordeli et
al., 1995). Therefore, this necessitated a strategy for region specific loss of function.
In looking to use region specific ankyrinG ablation, Zhou et al. (1998) observed
through in situ hybridization that exonlb of ankyrinG (one of the five first
alternative exons of ankyrinG) was expressed only in the cerebellum, and thus was
able to generate a cerebellum-specific ankyrinG mutant mouse. While ankyrinG’s
role in clustering AIS components using this mouse is widely accepted (Zhou et al.,
1998; Jenkins and Bennett, 2001), reports regarding ankyrinG’s role in assembling
CNS nodes of Ranvier using the cerebellum-specific mutant mouse are inconsistent.
Barry et al. (2014) showed that loss of ankyrinG in Purkinje neurons showed a
marked reduction of Nay immunostaining at nodes of Ranvier, while Jenkins and
Bennett (2002) observed clustering of ankyrinG at Purkinje neuron nodes of
Ranvier, suggesting that ankyrinG can remain in cerebellar Purkinje neuron nodes
of Ranvier. Lastly, Ho et al. (2014) reported robust cerebellar immunolabeling of
Nay at nodes of Ranvier. Consequently, results from this model do not provide a

clear picture of the role of ankyrinG in CNS nodes of Ranvier assembly.
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Figure 31: Cre-lox systems utilized to study the roles of ankyrinG in CNS nodes of
Ranvier assembly. (A) Giant-ankyrin specific knockout by excising exon 37. 480-
kDa and 270-kDa ankyrinG isoforms are lost, while 190-kDa remains (western blot,
right). (B) Loss of exon 37 results in significant alterations to CNS nodal
components (red). Both (A) and (B) adapted from Jenkins et al., 2015. (C) Ank3F/F
mice lack all isoforms of ankyrinG. (D) Optic nerve specific loss of ankyrinG results
in the rescue of CNS nodes of Ranvier by ankyrinR (green). Adapted from Ho et al.,
2014.
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Several recent reports utilizing the Cre-Lox recombination system on other
ankyrinG exons suggest further intricacies of its role in clustering CNS nodes.
Using nestin-Cre recombination of the giant exon from ankyrinG (Fig. 31A; results
in the loss of both 480-kDa and 270-kDa ankyrinG isoforms in neurons and glial
cells), Jenkins et al. (2015) reported in P20 corpus callosum that nodes of Ranvier
were significantly altered, wherein the number of nodal clusters was diminished by
80% compared to controls (Fig. 31B). The remaining 20% of nodes had diffuse
expression of nodal components between paranodal flanking clusters of Caspr (Fig.
31B), suggesting that the nodal clustering process stalled but the remaining
clustering could be due to 190-kDa ankyrinG or other known CNS clustering
mechanisms (Jenkins et al., 2015).

A recent study from Ho et al. (2014) reported that nodes of Ranvier form
normally in mice lacking ankyrinG specifically in the optic nerve (Fig. 31C and D;
Six3-Cre;,Ank3F/F, these mice lack exon 23 and 24 of ankyrinG in retinal ganglion
cells, resulting in the loss of all ankyrinG isoforms). Surprisingly, with this optic
nerve specific loss of ankyrinG, Ho et al. (2014) also reported that there was
clustering of ankyrinR at nodes of Ranvier (Fig. 31D), which could also rescue CNS
nodes of Ranvier in absence of ankyrinG. Moreover, ankyrinR expression was
observed to be colocalized with its scaffolding binding partner B1-spectrin, but loss
of ankyrinR by itself did not disrupt CNS nodes (Ho et al., 2014). While the study
from Ho et al. (2014) did not detail the CNS nodes of Ranvier clustering in the
double ankyrinG/ankyrinR knockout (Avil-Cre;Ank3¥¥; Anklprale/pale)  they did
observe in DRG sensory neurons that there was a strong decrease in nodes of
Ranvier formation, suggesting that these two ankyrins are necessary to form nodes
of Ranvier.

These two last studies provide an interesting, yet complex role for ankyrins.
It is challenging to resolve the individual contributions of ankyrins in these
multiple reports since the giant 270-kDa and 480-kDa ankyrinG isoforms appear to
play a role in CNS nodes of Ranvier formation, while ankyrinR can substitute for

ankyrinG when ankryinG is completely lost. The different models used give rise to
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divergent conclusions; yet, what is apparent in taking these results together is a
supportive conclusion of ankyrins as a scaffolding protein family are able to initiate

the clustering of Na, and assemble CNS nodes of Ranvier.

3.2 Trafficking and Targeting of Neuronal Nodal Components

The polarization and length of axons presents a veritable challenge to the
select patterning of excitable and non-excitable domains along the axon. While
nodal assembly requires neuron-glia interactions, neurons must first transport
nodal components in order to be clustered at the developing nodes of Ranvier, and
therefore neurons require distinctive mechanisms for protein delivery to these
highly excitable domains that can extend far away from the cell body. Several
questions come to light in regards to the selective transport of the nodal
components: 1) How do nodal components arrive to the developing nodes of Ranvier?
2) Do sodium channels, CAMs and cytoskeletal components share the similar
targeting mechanisms? 3) Are these mechanisms similar between the CNS and
PNS? and 4) What are the mechanisms by which sodium channel isoforms are
differentially targeted to the nodes of Ranvier?

Several models have been proposed as to how proteins are targeted to
specialized domains. The first model is through select targeting of the nodal
component though vesicles to the developing nodes; the second is through random
insertion of the nodal component in the neuronal membrane of somatodendritic
regions or the distal axon followed by endocytosis and targeting to the proper
domain (i.e. transcytosis); the last is selective retention mediated either by diffusion
trapping or by association with scaffolding proteins to sequester nodal components
to these specific sites while they are internalized in other regions destined for

lysosomal degradation (Fig. 32; Lasiecka and Winckler, 2011). Nay, channels appear
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to follow a selective retention model for axonal localization that is ankyrinG
dependent (Leterrier et al., 2011; Barry et al., 2014). Na, channels are first
unsystematically localized to the somatodendritic compartment and distal axon
(Leterrier et al., 2011). At this step Nay can be harnessed by ankyrins through a 9
amino acid sequence in the cytoplasmic loop between II and III of Na, that interact
with the membrane-binding domain of ankyrin (Garrido et al., 2003; Lemaillet et
al., 2003; Pan et al., 2006), or the unbound Nay is selectively endocytosed via two
endocytosis signals located in the C-terminal tail and proximal region of the Na, II-
III loop (Garrido et al., 2001; Fache et al., 2004; Leterrier et al., 2011). Importantly,
the affinity for this interaction between Na, and ankyrinG is highly mediated by
CK2 (Brechet et al., 2008; Hien et al., 2014), where CK2 1is involved in
phosphorylation of several serine residues residing in the Na, ankyrin-binding motif
(Brechet et al., 2008; Hien et al., 2014). This CK2-mediated phosphorylation is
important for localizing Nay to the AIS (Brechet et al., 2008; Hien et al., 2014), but it
appears as though it is not an absolute requirement for Nay localization to the nodes
of Ranvier (Gasser et al., 2012), where at the nodes CK2 most likely facilitates
greater affinity of ankyrinG for Nay channels. In the PNS, vesicular transport is
necessary in order for Nay to reach the developing node of Ranvier (Zhang et al.,
2012).

Continuing on the targeting of Nay through Nay-ankyrinG interaction,
trafficking of Nay, can also be mediated through an indirect interaction with
kinesins via ankyrinG. Kinesins are anterograde molecular motors that move along
microtubule tracks and transport various types of cargoes (Hirokawa et al., 2010).
The II-III cytoplasmic loop of Nay interacts with the ankyrin-repeats of ankyrinG
(Bouzidi et al., 2002), but these ankyrin-repeats also interact with the tail domains
of conventional kinesin-1 (Barry et al., 2014). Overexpression of the mutated tail
domain of kinesin-1 disrupts trafficking of the Nay II-III loop and reduction in the
axonal targeting of Nay to the nodes of Ranvier (Barry et al., 2014). Taken together,

these results point to an important interaction between ankyrinG and Nay, where
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ankyrinG restricts Nay to the proper subcompartmentalized domains along the axon
and participates in the transport of Na, through kinesin-1.

Nodal potassium channels can interact with cytoskeletal scaffolding proteins
in order to localize to excitable domains. K7 can interact with ankyrinG through a
motif analogous to the Nay ankyrin-binding motif that is required for its localization
at the AIS (Cooper, 2011). The localization of K,7.2 to the nodes of Ranvier is
dependent on the presence of the C-terminal domain of BIV-spectrin (Devaux et al.,
2010). As for Ky3.1b, it can directly bind with the tail domain of kinesin-1 (Xu et al.,
2010).

The accumulation of nodal scaffolding components seems to be dependent on
vesicular transport from the neuronal cell body. Inhibiting vesicular transport
through Brefeldin A treatment blocks the clustering of ankyrinG at developing CNS
and PNS nodes of Ranvier (Kaplan et al. 2001; Zhang et al., 2012). PNS nodes have
also been observed to be devoid of ankyrinG and BIV-spectrin clusters when axons
were mechanically separated from the neuronal cell body in and kept from
undergoing Wallerian degeneration (Zhang et al., 2012), further suggesting that
ankyrinG must be trafficked to the developing node in vesicles from the soma.
Additionally, overexpression of kinesin-1 with a mutation in the ankyrin-binding
domain reduces the axonal level of ankyrinG at nodes of Ranvier in the CNS (Barry
et al., 2014). In Drosophila S2 cells, extracellular trans homophilic interactions of
S1Na, have been shown to increase the recruitment of ankyrinG at points of cell-cell
contact (Malhotra et al., 2000). Nevertheless, the recruitment of ankyrinG requires
phosphorylation of the residue Tyr!8! in the intracellular region of f1Na, (Malhotra
et al., 2002). Furthermore, palmitoylation of ankyrinG at Cys’ permits its targeting
to excitable domains (He et al., 2012). Together, these reports confirm that
ankyrinG transport is mediated through vesicular trafficking, and can be recruited
to the membrane via interactions with Nay [(-subunits. Whether ankyrinG goes
through transcytosis or is directly targeted to nodes of Ranvier remains to be

observed.
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Figure 33: Neurofascinl86 is selectively retained at PNS nodes of Ranvier. (A)
Schematic of mechanically separated axons kept from degeration through Nmnatl.
(B) Nfascl86 (green top left panels) is able to cluster at nodes of Ranvier in cut
axons, while the other nodal components fail to cluster. Adapted from Zhang et al.,
2012.
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Nfasc186 appears sequestered to the nodes of Ranvier in the PNS through
selective retention from a mobile surface pool of Nfasc186 molecules (Fig. 33).
Zhang et al. (2012) showed through several important experiments that Nfasc186
was able to cluster to PNS nodes in culture and in vivo through diffusion trapping
via interactions of its extracellular domain with gliomedin and NrCAM on Schwann
cell microvilli (Fig. 33). This extracellular Nfasc186 domain is also important for its
clearance from the internode (Dzhashiashvili et al., 2007), but the FIGQY
cytoplasmic domain of nodal Nfascl186 is ultimately necessary for replenishing
vesicular transported Nfascl86 to the AIS and mature PNS nodes of Ranvier
(Dzhashiashvili et al., 2007; Zhang et al., 2012). Modulation of the surface
expression of Nfasc186 is mediated through its interaction with doublecortin, since
it increases endocytosis from the somatodendritic regions of the neuron (Yap et al.,
2012). In primary cultured hippocampal neurons, Nfasc186 is enriched to the distal
axon independently of ankyrinG, yet it becomes clustered to the AIS based on
ankyrinG interactions (Boiko et al., 2007). Furthermore, in the CNS, Nfasc186 can
localize to the nodes through its extracellular and intracellular domains (Susuki et
al., 2013), but it remains to be seen whether its targeting to the developing node is
mainly dependent on selective retention through the paranodal junctions or

ankyrinG, or via direct transport.

3.2.1 Mechanisms for the Transition of Voltage-Gated Channels at Nodes of
Ranvier

The immature and mature nodes of Ranvier display an interesting switch in
their voltage-gated sodium channels and auxiliary f-subunit isoforms in both the
PNS and CNS. The developing CNS nodes of Ranvier display a high concentration
of Nay1.2 as early as P9 in the optic nerve either absent of or flanked by paranodal
Caspr clustering (Boiko et al., 2001). Concentration of Nay1.2 subsequently declines
at mature optic nerve nodes of Ranvier and is eventually replaced by Nay1.6 (Fig.
34; Boiko et al., 2001), but Nay1.1 is observed to be continually expressed in the

spinal cord (Duflocq et al. 2008). In the PNS, sciatic nerve nodes of Ranvier are

125



Introduction: Chapter III

Pan Na,1.2 Pan Na, 1.6

P9-10|

R .
P14[. .

P.\_’ ’

D o LR
P26- g
P31 :

Figure 34: Developing optic nerve nodes of Ranvier are enriched in Nay1.2, but
overtime Nay1.2 is replaced at mature nodes by Nay1.6. From Boiko et al., 2001.
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enriched in both Nay1.2 and Nay1.6, but then transition to Nay1.6 only (Schafer et
al., 2006). This developmental switch of Na, isoforms may be functionally relevant
in altering action potential conduction, which in turn, as described earlier, has
implications in demyelinating diseases (Craner et al., 2004); yet, what are the
targeting mechanisms behind such a transition and are these changes different
between the PNS and CNS? While answers to these questions have been partly
fulfilled through several reports, the mechanism of this transition has yet to be fully
understood.

Interestingly, in the PNS, the targeting of Na,1.6 at nodes of Ranvier and the
Nay1.2 to Nay1.6 isoform switch has been suggested to not depend on a signaling
role via paranodal junctions and myelination. Mutant mice with altered axoglial
junctions do not appear to have a defect in the Nay1.6 isoform switch in PNS nodes
(Rios et al., 2003; Rasband et al., 2003; Suzuki et al., 2004). More recently, it has
been described that this transition in the PNS is pre-programmed regardless of
myelination (Luo et al., 2014). By using transgenic mice (Oct6'SCE/’ge0) that display
delayed PNS myelination during the first postnatal week but returns to normal
thereafter, Luo et al. (2014) observed that there was a delay in nodal clustering
between all PNS sodium channel isoforms. Yet, during this delayed myelination,
Nay1.6 gene and protein expression were observed to increase while the other Nay
1isoforms remained constant or decreased, suggesting that isoform expression is
preprogrammed and the myelination process clusters nodes from existing pools of
sodium channel isoforms instead of signaling Nay1.6 to the developing nodes to
promote a sodium channel isoform switch (Luo et al., 2014).

In the CNS, the regulation of the Nay isoform switch may be dependent on a
combination of compact myelin, axo-glial junctions, and ankyrins. By using the
dysmyelinating Shiverer mouse, Boiko et al. (2001) showed that Na,1.6 was severely
disrupted in optic nerve nodes of Ranvier, suggesting that Na,1.6 targeting and the
Nay1.2 to Nay1.6 isoform switch in the CNS i1s mediated by tight axoglial contact.
Additionally, Nay1.6 is normally clustered in mice expressing Nfasc186 in a Nfasc-

null background (Zonta et al., 2008), which is similar to that observed in jimpy mice
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that have disrupted paranodal junctions (Jenkins and Bennett, 2002). Na,1.6 initial
localization appears to be normal in the galactolipid-deficient CGT-null and CST-
null mice that display disrupted transverse bands but normally compacted myelin
(Rasband et al., 2003; Suzuki et al., 2004). In these mice Nay1.6 is critically
disrupted over time, suggesting an important role for transverse bands in
maintaining the long-term restriction of this Nay isoform to CNS nodes of Ranvier.
On the other hand, support for strict axoglial junction-mediated targeting of nodal
Nay1.6 has been reported in both Caspr/- and Contactin/- mice, where there is a
strong reduction in the amount of Na,1.6* optic nerve nodes of Ranvier (Rios et al.,
2003; Colakoglu et al., 2014). Lastly, and unlike Na,1.2, Nay1.6 is not observed in
node-like clusters along rat retinal ganglion cell axons when treated with
oligodendrocyte conditioned medium (Kaplan et al., 2001), further supporting the
role of axoglial contacts in targeting Nay1.6 to CNS nodes of Ranvier and promoting
the switch between these two sodium channel isoforms.

In this process, it also appears as though ankyrins may be necessary for
targeting Nay1.6. Gasser et al. (2012) reported that the ankyrinG-binding motif of
Na,1.6 was necessary to target it to CNS nodes of Ranvier; yet, it has been recently
published that ankyrinG exonlb knockout mice display robust clustering of Nay1.6
in the cerebellum (Ho et al., 2014). It is tempting to speculate in this case that
Nay1.6 may interact with ankyrinR in order to be clustered at mature CNS nodes of
Ranvier. AnkyrinG could preferentially target Na,1.6 to normal mature CNS nodes
since it may likely have a higher affinity for Nay1.6 than ankyrinR, similar to that
of ankyrinG and ankyrinR with Nfasc186 (Ho et al., 2014). Additionally, Gasser et
al. (2012) mutated a glutamic acid residue within the ankyrinG-binding motif of
Na,1.6, which may have also removed any possible interaction with ankyrinR and
thereby resulted in a lack of Na,1.6 at the nodes of Ranvier in this report.

What could be the interaction between compact myelin and ankyrins in the
transition from Nay1.2 to Nay1.6 in CNS nodes of Ranvier? It has been reported that
phosphorylation of axonal cytoskeletal proteins and neuronal gene expression are

altered in the optic nerve of shiverer mice, suggesting that compact myelin can
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sufficiently regulate important cytoskeletal components (Brady et al., 1999).
Ankyrins, which are cytoskeletal scaffolding components that can interact with
Nay1.6 (Garrido et al., 2003; Lemaillet et al., 2003; Pan et al., 2006; Akin et al.,
2015), could be involved in its trafficking, similar to that observed with the
interactions of Nay1.2 and ankyrinG to KIF5 (Barry et al. 2014). Accordingly, one
could conceivably speculate that the altered compact myelin observed in shiverer
mice may impact the level of ankyrin expression, thus altering the trafficking and
stabilization of Nay1.6 at mature CNS nodes.

In contrast to the a-subunits, our knowledge regarding a transition of Na, f3-
subunits in developing and mature nodes of Ranvier is quite limited. At present, it
appears that the time course of CNS f1Nay nodal clustering is seen to follow the
myelination time course. Indeed, f1Na, is absent from node-like clusters (while
p2Nay is present) along purified rat RGC axons when treated with oligodendrocyte
conditioned medium (Kaplan et al., 2001), supporting the conclusion that myelin (or
axo-glial contact) is required for f1Nay nodal clustering and most likely localizes to
mature nodes of Ranvier, while f2Nay is able to cluster to the developing nodes
without paranodal junctions being formed. Interestingly, the disulfide linkage
between 2Na, and a-subunits through the Cys-26 residue is necessary for targeting
p2Nay to both the AIS and the nodes of Ranvier, and additionally Cys-26 is
necessary for rendering f2Nay resistant to detergent extraction (Chen et al., 2012),
suggesting that this residue is highly important for its stabilization on the axon.
Whether f2Na, is slowly replaced by f1Nay similarly to that of Nay1.2 by Na,1.6, or
whether Nay f-subunits are involved in the Nay1.2 to Nay1.6 isoform transition

remain to be seen.

3.3 Aim of the Dissertation

Considering that there are several mechanisms sufficient to assemble CNS
nodes of Ranvier, we set out to further understand the overlapping mechanisms
necessary for these complex domains to form. The first aim of my dissertation was

to characterize the extrinsic and intrinsic factors governing nodal protein clustering
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In an in vitro hippocampal culture system, and additionally to explore the
functional consequences of these clusters, which we called “prenodes”, prior to
myelin ensheathment through electrophysiological recordings. The results of this
work are published (Freeman et al., 2015) and inserted in page 139. As detailed in
the previous section, our understanding of how nodal molecules are trafficked and
sequestered to the developing CNS nodes of Ranvier have yet to be well described.
The model system that we have used in the first part of my dissertation is a
particularly useful system since the clusters of nodal proteins form quickly and
prior to myelination. Therefore, the second aim of my dissertation was to study the
trafficking of several fluorescently—tagged nodal constructs through live imaging in
hippocampal cultures. This is a current work in progress and is detailed starting on

page 153.
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Acceleration of conduction velocity linked to clustering

of nodal components precedes myelination

Sean A. Freeman, Anne Desmaziéres, Jean Simonnet, Marie Gatta, Friederike
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Summary

The clustering of voltage-gated sodium channels (Nay) at the nodes of Ranvier
1s an important step in permitting saltatory conduction along myelinated axons.
Along with Nay, nodes of Ranvier are concentrated with cellular-adhesion molecules
such as neurofascin186 (Nfasc186), NrCAM and contactin, and cytoskeletal
molecules such as ankyrinG and BIV-spectrin. These molecules, which interact with
Nay, have been observed to play a role in either the clustering or stabilization of the
nodes of Ranvier (Chang and Rasband, 2013).

Formation of the nodes of Ranvier is neuron-glia dependent. Myelinating
cells of the CNS (oligodendrocytes) and PNS (Schwann cells) form tight septate-like
paranodal junctions that flank the nodes of Ranvier or secrete several molecules
that incorporate into the extracellular matrix. The mechanisms governing nodes of
Ranvier formation in the PNS are well described and depend either on the
interaction of ECM molecules with Nfasc186 or the paranodal junctions (Eshed et
al., 2005, 2007; Feinberg et al., 2010). Yet, formation of CNS nodes of Ranvier
appears to be more complex since there are several overlapping assembly
mechanisms that can override when one of them fails (Susuki et al., 2013).

Therefore, the objective of this study was to look at the mechanisms of nodes
of Ranvier formation in the CNS using a dissociated hippocampal culture system in
order to tease apart the individual contributions of several mechanisms implicated
in CNS nodes of Ranvier assembly. This study further allowed us the unique
opportunity to explore the functional consequences of node-like clusters in the
absence of myelination.

In order to study mechanisms of CNS nodal assembly, we utilized dissociated
mixed hippocampal cultures from embryonic day 18 (E18) rats as an in vitro model
system. These cultures contain neurons such as glutamatergic neurons and
GABAergic interneurons, and glial cells such as microglia, astrocytes and
oligodendrocytes. During the first week of culture, all neurons formed AISs as
expected; yet, at 14 days in vitro (DIV) we observed that discrete node-like clusters

of Nay, ankyrinG, and Nfasc186 formed along some axons. Importantly, these
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clusters formed in the absence of myelination and axoglial junctions. Since these
canonical nodal components clustered in the absence of myelin and axoglial
junctions, we named these pre-myelinating nodal clusters “prenodes”.

Because prenodes were not observed in all neurons, we questioned whether
there might be a subpopulation of neurons permissive to prenodal assembly. Indeed,
70% of glutamate decarboxylase isoform of 67 kDa (GAD) immunolabeled
GABAergic interneurons formed these clusters, while prenodal clustering was
absent on calmodulin kinase II (CaMKII) immunolabeled glutamatergic neurons.
Furthermore, prenodal clustering was majorly restricted to parvalbumin- and
somatostatin-positive interneurons.

Our in vitro system is also useful in that over several weeks in culture
oligodendrocytes will eventually myelinate axons with the help of a myelinating
medium. When adding myelination medium to these mixed hippocampal cultures
we observed robust PLP* myelinating segments on the axons of both CaMKII and
GABAergic neurons, and clustering of nodal and paranodal components in both
neuronal populations. Taken together, these results suggest that hippocampal
glutamatergic neurons form nodes of Ranvier concomitantly with myelination, while
GABAergic interneurons form nodes of Ranvier prior to myelin ensheathment.

To address the role of glial cells in prenodal formation, we created nearly
purified dissociated hippocampal neuronal cultures through anti-mitotic treatment
to eliminate glial cells. Prenodal clustering along the axons of all neurons was rare.
However, when purified oligodendrocytes lineage cells or conditioned media (OCM)
prepared from these oligodendroglial cultures were added to the purified neuronal
cultures, restoration of prenodal clustering was observed specifically on GABAergic
interneurons. These results suggest that prenodal assembly is driven through
oligodendroglial secreted factor(s) that interact(s) only with GABAergic
interneurons.

As hippocampal GABAergic neurons express Nayl.1, Nay1.2, and Nay1.6 at
the nodes of Ranvier (Duflocq et al., 2008), we analyzed the presence of these Nay

isoforms in prenodal clusters over time. Nayl1.1 remained constant during the
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entirety of our analysis, while Nay1.2 diminished in expression over time in culture.
Much to our surprise at 17 DIV, Nay1.6 began to appear at clusters in the absence of
myelination, eventually replacing Na,1.2 at prenodes. In purified neuronal cultures
treated with OCM, Nay1.6 was never present and Nay1.2 persisted until the latest
culture time point. These results suggest that targeting of Nay1.6 to prenodal
clusters does not rely on axoglial junctions and myelination, but instead on the
physical presence of glial cells.

We then investigated the roles of intrinsic factors governing prenodal
clustering. Because neurofascin is highly important for CNS nodes of Ranvier
assembly (Sherman et al., 2005; Zonta et al., 2008), we addressed whether this
family of CAMs is necessary for prenodal formation by preparing mixed
hippocampal cultures from Nfasc-null mice. These cultures showed no difference in
prenodal formation compared to wild-type cultures, suggesting that neurofascins
are not necessary to form prenodes. Cytoskeletal scaffolding proteins are
additionally well described to be essential for CNS nodes of Ranvier formation
(Jenkins and Bennett, 2002; Susuki et al., 2013), therefore we transfected mixed
hippocampal cultures with either ankyrinG miRNA or scrambled miRNA. Here, we
observed abolishment of pre-nodal clustering in cultures transfected with ankyrinG
miRNA. Ultimately, these results confirm that ankyrinG is the intrinsic organizer
of prenodes.

This model system also presented us with a unique opportunity to study the
functional roles of Nay aggregates in the absence of myelination. First, we looked to
explore the intrinsic differences of GABAergic neurons with and without clusters by
preparing hippocampal cultures from GAD67-GFP knockin mice and performing
whole-cell electrophysiological recordings on GFP*cells. We observed from post-hoc
immunocytochemical analysis that GABAergic neurons with prenodes had a
significantly lower input resistance than GABAergic neurons without. As input
resistance is linked to neuronal maturity, we concluded that the neurons with
prenodes were more mature. To determine if prenodal clusters could increase

axonal conduction velocity along GABAergic neurons prior to myelination, we
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prepared mixed hippocampal cultures from VGAT (Vesicular glutamate
transporter)-Venus rats and labeled axons prior to simultaneous soma-axon cell
attached recordings with an antibody conjugated to Alexa-594 that targets the
extracellular domain of Nfasc186. This labeling allowed us to discriminate between
GABAergic neurons with and without prenodes during live recordings. Analysis of
the simultaneous soma-axon cell attached recordings showed that GABAergic
neurons with clusters had faster conduction velocities than GABAergic neurons
without. Post-hoc analysis of the data further concluded that this increase was
independent of axonal diameter. Taken together, these results strongly confirm that
prenodal clustering acts as another means to increase axonal conduction velocity in
the prior to myelination and independently of axonal diameter.

Finally, in order to expand upon the functional relevance of prenodes, we
investigated whether these clusters formed in vivo. To test this, we used
hippocampal tissue sections from GAD67-GFP mice and observed that axonal
clusters of ankyrinG could be observed prior to myelination in the CA1 region of the
hippocampus at P12. These results confirm that prenodal formation can occur
during development prior to myelination.

This study sheds light on several key aspects of CNS nodes of Ranvier
assembly. Extending previously described mechanisms, we reported that clusters of
nodal components formed in the absence of myelination on GABAergic neurons in
vitro and in vivo, and prenodal clustering is dependent on oligodendroglial secreted
factors and the cytoskeletal scaffolding protein ankyrinG. Taken together, these
results suggest that there are indeed overlapping, yet cooperative mechanisms by
which CNS nodes of Ranvier form. The differential targeting of Na,1.6 prior to
myelination in mixed and purified hippocampal cultures was a novel finding, and
1llustrates the importance of glial cells in the targeting of this Nay isoform. Finally,
the fact that prenodes, independent of both myelin and axonal diameter, can
accelerate conduction velocity puts forth another mechanism by which axons may
increase conduction velocity, and it suggests that this may be functionally relevant

during development.
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High-density accumulation of voltage-gated sodium (Na,) chan-
nels at nodes of Ranvier ensures rapid saltatory conduction along
myelinated axons. To gain insight into mechanisms of node assem-
bly in the CNS, we focused on early steps of nodal protein cluster-
ing. We show in hippocampal cultures that prenodes (i.e., clusters
of Na, channels colocalizing with the scaffold protein ankyrinG
and nodal cell adhesion molecules) are detected before myelin
deposition along axons. These clusters can be induced on purified
neurons by addition of oligodendroglial-secreted factor(s), whereas
ankyrinG silencing prevents their formation. The Na, isoforms
Na, 1.1, Na,1.2, and Na,1.6 are detected at prenodes, with Na,1.6
progressively replacing Na, 1.2 over time in hippocampal neurons
cultured with oligodendrocytes and astrocytes. However, the oli-
godendrocyte-secreted factor(s) can induce the clustering of Na, 1.1
and Na,1.2 but not of Na,1.6 on purified neurons. We observed
that prenodes are restricted to GABAergic neurons, whereas clus-
tering of nodal proteins only occurs concomitantly with myelin
ensheathment on pyramidal neurons, implying separate mecha-
nisms of assembly among different neuronal subpopulations. To
address the functional significance of these early clusters, we used
single-axon electrophysiological recordings in vitro and showed
that prenode formation is sufficient to accelerate the speed of ax-
onal conduction before myelination. Finally, we provide evidence
that prenodal clusters are also detected in vivo before myelination,
further strengthening their physiological relevance.

node of Ranvier | sodium channel | myelination | GABAergic neuron |
conduction velocity

oltage-gated sodium (Na,) channels are highly enriched at

the axon initial segment (AIS) and the node of Ranvier,
allowing generation and rapid propagation of action potentials
by saltatory conduction in myelinated fibers. These axonal
domains also contain cell adhesion molecules [e.g., neurofascin
186 (Nfasc186)] and the scaffolding proteins ankyrinG (AnkG)
and BIV spectrin, which provide a potential link with the actin
cytoskeleton (1). Flanking the nodes are the paranodes, where
axoglial junctions between paranodal myelin loops and the axon
are formed through interactions between axonal contactin-
associated protein (Caspr)/contactin and glial Nfasc155 (2, 3).
Although the mechanisms of nodal assembly are best character-
ized in the peripheral nervous system (4-9), less is known about
the cellular and molecular mechanisms underlying node assembly
in the CNS. ECM proteins, adhesion molecules, such as Nfasc186,
and also, axoglial paranodal junctions have been shown to trigger
CNS nodal clustering, although their respective roles remain
uncertain (10-19). Moreover, axonal clustering of Na, channels
before myelin deposition and oligodendroglial contact has been
shown to occur in retinal ganglion cell (RGC) cultures, where
these clusters were induced by oligodendroglial-secreted factor(s)
(20, 21).

www.pnas.org/cgi/doi/10.1073/pnas. 1419099112

Here, we have investigated the cellular and molecular mech-
anisms underlying nodal protein assembly in hippocampal neu-
ron cultures. We first showed that evenly spaced clusters of Na,
channels, colocalizing with Nfasc186 and AnkG, are detected
along axons before myelination. Strikingly, this prenode assem-
bly is restricted to GABAergic interneurons, suggesting the ex-
istence of different mechanisms of nodal assembly. The prenodal
clustering can be induced on purified neurons by the addition of
oligodendroglial-secreted factor(s) and also depends on intrinsic
cues, such as AnkG. Furthermore, we also provide evidence that
these clusters are detected in vivo before myelination on hip-
pocampal tissue sections. Finally, to gain insight into their
functional significance, we performed in vitro simultaneous so-
matic and axonal recordings and showed that the presence of
prenodes increases the speed of action potential propagation
along axons before myelination.

Results

Clusters of Nodal Proteins Are Detected Before Myelination on
Hippocampal GABAergic Axons. To gain insight into the chronol-
ogy of axonal domain assembly, we first analyzed the distribution
of Na, channels in mixed hippocampal cultures (i.e., neurons
with oligodendrocytes and astrocytes) from embryonic day 18
(E18) rat embryos at different time points before myelination.

Significance

Cellular and molecular mechanisms underlying the assembly of
nodes of Ranvier of myelinated axons in the CNS are still only
partly understood. Our study shows the influence of intrinsic
cues and glial extrinsic factors for nodal protein clustering before
myelination on specific hippocampal neuronal subpopulations
and extends to electrophysiological understandings and in vivo
relevance. Although conduction velocity along axons has long
been thought to mostly rely on the insulating properties of
myelin, we here show that nodal protein aggregation can in-
crease this speed in the absence of such insulation. These results
highlight the role of nodal clusters per se on conduction velocity
by uncoupling it from myelination.
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Fig. 1. Prenodes are formed before myelination on hippocampal GABAergic
neurons in culture. Immunostaining of mixed hippocampal rat cultures at 17
DIV. (A) Clustering of Na, (green) in the absence of myelin (PLP~; blue) along
a GABAergic axon (GAD677; red), (B) contrasting with the absence of pre-
nodal clusters (AnkG; red) on the axons of pyramidal cells Ca®*/calmodulin-
dependent protein kinase II* (CaMKII*; green). Na, clusters (green) colo-
calized with (C) Nfasc186 (Nfasc) and (D) AnkG (plot profile is in E) in red
along unmyelinated axons (PLP~; blue). (Scale bars: 25 pm.)

Hippocampal neuronal cultures contain both glutamatergic py-
ramidal cells, identified by Ca®*/calmodulin-dependent protein
kinase II immunolabeling (75% + 5% of neurons), and GABA
releasing interneurons, identified by glutamate decarboxylase
isoform of 67 kDa (GADG67) expression (24.5% + 3.9% of neu-
rons). As might be predicted, Na, channel accumulation was
detected at the AIS of all neurons during the first week of culture
and colocalized with AnkG and Nfasc186, whereas expression
along the axon was diffuse and barely visible. Surprisingly, in
contrast, at 17 days in vitro (DIV), evenly spaced clusters of Na,
channels AnkG and Nfasc186 were found exclusively localized on
GABAergic neurons (67% + 15% of total GAD67" neurons)
(Fig. 1 and Fig. S1). These clusters, which were formed in the
absence of myelin ensheathment as indicated by the lack of
proteolipid protein (PLP) immunostaining (Fig. 1 A, C, and D),
were named prenodes. The percentage of hippocampal axons with
prenodes increased as a function of time in vitro from 4.1% =+
3.1% at 14 DIV to 15.8% + 3.5% and 17.1% + 7.1% at 17 and 21
DIV, respectively. We also observed that the number of prenodes
distributed along each axon increased from 14 to 21 DIV
(Fig. S1B).

Because hippocampal interneurons are highly diverse (22), we
further investigated whether neurons with prenodes are re-
stricted to a particular interneuron subtype by characterizing
calcium-binding protein (i.e., calbindin, calretinin, and parvalbumin)
and somatostatin expression. Most neurons with prenodes
were somatostatin® and/or parvalbumin* (81.3% + 6.8% and
57.5% =+ 3.5, respectively) (Fig. S2), suggesting an overlap in
prenodal formation between varying interneuron subtypes, par-
ticularly those that express both somatostatin and parvalbumin
together (23).

Prenode Assembly Requires Oligodendroglial Cues. To gain insight

into the role of glial cells in prenode formation, we used purified
hippocampal neuronal cultures through elimination of dividing
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cells by antimitotic treatment, which were virtually devoid of
oligodendrocytes and contained a small percentage of astrocytes
(less than 5%). We observed that purified neurons with nodal
protein clusters along axons were rare (1.1% + 0.7%) (Fig. 2 A
and F). However, when we prepared highly purified populations
of oligodendroglial lineage cells and added oligodendrocytes or
oligodendroglial-conditioned medium (OCM) to purified neu-
ronal cultures, the percentage of axons with prenodes increased,
respectively from 1.1% + 0.7% to 10.8% + 3.3% and 11.9% +
3.9% (Fig. 2F). Under these conditions, Na, was observed to
colocalize with AnkG and Nfasc186 in prenodes (Fig. 2 B and D).
Furthermore, similar to mixed cultures, prenodes were restricted to
GAD67" neurons (Fig. 2C). The number of prenodes along each
axon was decreased compared with mixed cultures (Fig. S1C), and
the spacing between clusters was shorter in OCM-treated purified
neurons compared with neurons in mixed cultures (9.6 + 1.1 and
15.8 + 1.8 pm, respectively; P = 0.028) (Fig. 2E). In addition, nodal
protein clustering occurred preferentially along axons with highly
phosphorylated neurofilaments, suggesting an association with
neuronal maturity (Fig. 2D). Altogether, our results show that glial
cues are necessary and that a diffusible oligodendroglial factor(s)
participate(s) in prenode formation along GABAergic axons.
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Fig. 2. A secreted oligodendroglial factor promotes nodal protein cluster-
ing. Immunostaining of purified hippocampal neurons cultured in the (A)
absence or (B-D) presence of OCM. (A-D) The AIS is detected in all con-
ditions, but (B-D) clusters of Na, (green), AnkG (red), and Nfasc (green) are
only detected in the presence of OCM. (C) Prenodes are formed on GAD67"
neurons treated with OCM. (D) Neuronal cell body and neurites stained with
an Ab targeting phosphorylated neurofilaments (PNfil; blue). (Scale bars:
25 um.) (E) Distance between prenodes measured on axons in mixed culture
or purified neurons cocultured with oligodendrocytes (oligo) or OCM. Mean
spacing between clusters (micrometers) + SEM of four independent experi-
ments is shown. *P = 0.028 (Mann-Whitney test). (F) Percentage of axons
(AIS*) having at least two Na, clusters at 21 DIV in purified neuron cultures,
purified neurons cocultured with oligodendrocytes (oligo), or OCM. The
means + SDs of 4 (for oligo) and 10 (for OCM) independent experiments are
shown. For each experiment, at least 100 neurons were analyzed. *P =
0.0187; ***P = 0.0003 (Mann-Whitney test).
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Fig. 3. Prenodes are formed on myelin-competent GABAergic neurons.
(A and B) Immunostaining of mixed hippocampal culture at 17 DIV. (A) Na,
clusters (green) observed in the absence of Caspr aggregation (red) and the
absence of myelin (PLP~; blue). (B) Hippocampal culture from CNP-EGFP em-
bryos shows an oligodendrocyte (asterisk) stained with an anti-GFP Ab
with processes contacting the axon (arrows). Numerous AnkG clusters (red)
are observed at a distance from these processes on a GAD67" neuron (blue).
(C and D) Immunostaining of mixed hippocampal culture at 24 DIV. (C) My-
elinated axons (PLP*; blue) with nodes (Na,; green) and paranodes (Caspr;
red). A higher magnification of a node with flanking paranodes is shown. (D)
Myelinated segments (PLP*; green) with nodes (AnkG"; red) on GABAergic
axons [Parvalbumin® (Parv); blue]. (Scale bars: 25 pm.) (E) Measure of the
distance between prenodes on unmyelinated axons and between nodes of
Ranvier on myelinated axons at different time points. Values are the mean
spaces between clusters (micrometers) + SEMs of four independent experi-
ments. *P = 0.028 (Mann-Whitney test). (F and G) Immunostaining of mes-
encephalic cultures at 21 DIV. (F) Dopaminergic neurons tyrosine hydroxylase
(TH*; red) do not form Na, clusters downstream of the AIS (Na,"; green),
whereas (G) Na, clusters are formed on a nondopaminergic (TH™) axon.
*Neuronal cell body. (Scale bars: 25 pm.)

Hippocampal GABAergic and Pyramidal Neurons Assemble Nodal
Proteins by Different Mechanisms. To further examine if oligo-
dendrocytes were contacting prenodes, we used mixed hippo-
campal cultures from CNP-EGFP embryos, in which all cells in
the oligodendrocyte lineage express EGFP (24). Although oli-
godendrocyte processes contacted some axons with prenodes,
most clusters were not (Fig. 3B), suggesting that nodal protein
clustering on GABAergic interneurons does not depend on strict
oligodendroglial contact. In addition, prenodes were formed
independently of paranodal aggregation as indicated by the dif-
fuse Caspr expression (Fig. 34).

We also examined, at later time points (24-28 DIV), whether
neurons were eventually myelinated by analyzing mixed hippo-
campal cultures treated with differentiation medium to enhance
the myelination process. Myelinated axons were detected with
Na, channel clusters flanked by paranodal Caspr clusters, forming
either heminodes or nodes of Ranvier at the tips of myelin-
ated internodes (Fig. 3C). Myelinated internodes were de-
tected on both GABAergic and pyramidal neurons (Fig. 3D and
Fig. S3), suggesting that clustering at the node on glutamatergic
axons coincides with myelin deposition, in contrast to GABAergic
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axons. Within GABAergic myelinated axons, internodal length
was 32.7 + 3.1 pm (i.e., twofold longer than the distance between
clusters observed in nonmyelinated GABAergic axons pres-
ent at the same time point in the same cultures) (Fig. 3E).
To determine if prenodal clustering is restricted to neurons
destined to be myelinated, we used dopaminergic neurons in
culture, which are known to remain unmyelinated in vivo. These
neurons exhibited Na, clustering at the AIS but not along axons
(Fig. 3 F and G).

Taken together, our results suggest that the mechanisms of
nodal assembly differ between neuron subtypes. Indeed, whereas
most GABAergic neurons assemble prenodes before myelina-
tion, hippocampal pyramidal cells initiate nodal clustering con-
comitantly to myelination.

Na, Channel Isoforms Are Differentially Regulated in Prenodes over
Time in Vitro. Because CNS nodes of Ranvier express different
Na, a-subunits (25, 26), we also analyzed prenodal expression of
Na, a-subunits before myelination. Na,1.1 was detected in more
than 90% of AnkG™ clusters at all time points analyzed (Fig. 4D),
whereas Na,1.2 was mainly detected at 14 DIV (Fig. 4) and
progressively disappeared at later time points. Na,1.6, which

A

D Na, subtypes co-clustered with AnkG in pre-nodes
B OnNa,1.1
8 2100 100 ENa,1.2
s 2 HNa,1.6
2880 80
3%
3 60 80 :
i% 40 40
5<
2 20 20
gE 0 0+
o DIV 14 17 21 24 DIV 14 17 21

Neurons in mixed culture Purified neurons+OCM

Fig. 4. Prenodes express different Na, isoforms. (A-C) Hippocampal neuron
cultures at (A) 14, (B) 17, or (C) 24 DIV immunostained for Na,1.1, Na,1.2,
Na,1.6, AnkG, GAD, and/or PLP as indicated, illustrating the different Na,
a-subunit isoform expression in prenodes at different time points. *Neuronal
cell body. (Scale bar: 25 um.) (D) Percentage of axons with clusters of AnkG,
which are colocalized with Na,1.1, Na,1.2, or Na,1.6 at different DIVs.
Quantifications were performed in mixed cultures and cultures of purified
neurons with OCM. The means + SDs of three independent experiments are
shown. For each experiment, at least 100 neurons were analyzed.
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Fig. 5. Prenodes are formed in the absence of Nfasc expression. Immunos-

taining of hippocampal neuron cultures of Nfasc™~ mice at 20 DIV showing
clusters of Na, (green) and AnkG (red) along an axon with phosphorylated
neurofilaments (PNfil; blue) in A and in the absence of myelin (PLP~; red) on

a GAD67" neuron (blue) in B. *Neuronal cell body. (Scale bars: 25 ym.)

appeared at 17 DIV, was detected at 21 DIV before myelination
on 32.2% + 13.3% of axons with prenodes (Fig. 4 B and D). In
contrast, in pure hippocampal neuronal cultures treated with
OCM, whereas Na,1.1 and/or Na, 1.2 were expressed in prenodes,
Na,1.6 was not detected (Fig. 4D). These results show that Na,
channel isoforms described at nodes of Ranvier in myelinated
fibers (26) are expressed in prenodal clusters on unmyelinated
fibers in hippocampal cultures. Moreover, oligodendrocyte-
secreted factors can induce the clustering of Na,1.1 and Na,1.2
but not Na,1.6 isoforms in prenodes.

Nfasc Is Not Necessary for Prenode Assembly. In the CNS, Nfasc186
can induce nodal clustering of Na, channels in the absence of
intact paranodal junctions (19), and it has been proposed re-
cently that Nfasc186 participates in nodal protein clustering in
the presence of nodal ECM molecules (12). To address the role
of Nfasc186 as the neuronal organizer of prenodes, we prepared
mixed hippocampal cultures from Nfasc™~ or WT mice. There
were no differences at 17 and 21 DIV in prenode (i.e., Na, and
AnkG) clustering between Nfasc~'~ and WT cultures (Fig. 5 and
Fig. S4 A and B). Furthermore, when purified Nfasc~'~ hippo-
campal neurons were cultured and treated with OCM, prenodal
clustering was induced on GAD67" neurons as in WT cultures
(Fig. S4C). Therefore, the neuronal neurofascin isoform is not
necessary for prenode assembly, and clustering of prenodes by
OCM does not rely on an Nfasc186-based mechanism.

Prenode Assembly Requires AnkG. The cytoskeletal architecture
has been seen to play an important role in the maintenance and
possible clustering of the nodal complex (12, 18). We then ad-
dressed whether prenodal formation was dependent on AnkG
by silencing AnkG expression within hippocampal cultures. Be-
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cause AnkG is required for assembly and maintenance of the
AIS (27, 28), transfection with either AnkG miRNA or control
miRNA plasmids coexpressing GFP was performed at 6 DIV
(i.e., after AIS assembly). In neurons expressing AnkG miRNA
(GFP™), AnkG was weakly detectable at the AIS, illustrating the
efficiency of the miRNA (Fig. 6 B and C). Because AnkG re-
moval may alter neuronal polarity (21), we analyzed Na, clus-
tering at a time point when microtubule associated protein 2
(MAP2) immunostaining was still restricted to the somatoden-
dritic domain (Fig. 6B). In AnkG knockdown, GAD67" neurons,
some Na, and Nfasc immunoreactivity was detected at the AIS,
but Na, clustering along the axon was completely prevented (Fig.
6 A, C, and E and Fig. S5). In contrast, in neurons transfected
with the control plasmid, axonal clusters of AnkG, Na, (Fig. 6 D
and E), and Nfasc were formed.

Taken together, these results show that premyelination clus-
tering of Na, channels and Nfasc along axons of hippocampal
neurons depends on AnkG.
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Fig. 6. Prenode assembly requires AnkG expression. (A—-C) Immunostaining
of hippocampal cell cultures transfected at 6 DIV with AnkG miRNA and
fixed at 18 DIV. Transfected neurons are GFP™ (green). (A) Representative
image of a transfected GAD67* neuron (blue); Na, expression (red) is weak
at the AIS (arrowheads), and no prenodes are observed. (B) Transfected
AnkG miRNA GFP* neuron with somatodendritic expression of MAP2 (blue)
and a weak AnkG (red) staining of the AIS (arrowheads). (C) Transfected
AnkG miRNA GFP* neuron with weak expression of AnkG (red) and Na,
(blue) at the AIS and no prenodes, whereas prenodes are observed in the
neighboring nontransfected neuron (arrowheads). *Neuronal cell body. (D)
Image of a neuron transfected with control miRNA showing AnkG (red) and
Na, (blue) expression at the AIS and prenodes. (E) Quantification of axons
forming Na, clusters in hippocampal cell cultures transfected (+) or not (-)
with control miRNA (miCT) or AnkG miRNA (miAnkG). The means + SDs of
three independent experiments are shown. For each experiment, at least 50
neurons were analyzed. (Scale bars: 25 pm.)
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Conduction Velocity Is Increased on Axons with Prenodes in the Absence
of Myelination. We first investigated whether unmyelinated in-
terneurons with and without prenodes had different intrinsic
electrophysiological properties by performing somatic whole-cell
patch-clamp recordings on mixed hippocampal cultures from
GADG67-GFP knockin mice (29) (Fig. S64). We observed no
significant difference between the mean resting membrane po-
tential, action potential (AP) threshold, AP rise time, AP half-
width, and AP decay in cells with prenodes and those without
(Fig. S6B). However, we observed that neurons with prenodes
tended to exhibit a significantly lower input resistance compared
to neurons without [with prenodes = 67.5 + 24.5 MQ; without
prenodes = 175.1 + 74.4 MQ; n = 7 (each group); P = 0.01].

We then examined whether prenodal aggregates might accel-
erate axonal conduction velocity before myelination. Therefore,
we compared electrical conduction on cultured rat mixed hip-
pocampal GABAergic interneurons with and without prenodes
using simultaneous recordings from the soma and axon of the
same neuron from 10 to 19 DIV. AIS and prenodes were iden-
tified using live staining with an Ab targeting the extracellular
domain of Nfasc (Fig. 7 A and B). Cell-attached patch-clamp
recordings of action currents from the soma and axon were made
during spontaneous firing of neurons at a minimum distance of
150 pm between the two recording electrodes (Fig. 7 C and D).
At longer intervals between the somatic and axonal recording
electrodes, we observed that the latencies between spikes
recorded in the axon and at the soma increased in both neurons
with and without prenodes (Fig. 7E). Interestingly, the mean
apparent conduction velocity was significantly higher in neurons
with prenodes compared to neurons without prenodes (Fig. 7F)
(1.23 £ 0.09 m/s, n = 10; 0.72 + 0.05 m/s, n = 8, respectively; P =
0.0002). Because the mean axonal diameter was significantly
larger in neurons with prenodes compared to neurons without
prenodes (1.96 + 0.18 pm, n = 10; 1.26 + 0.12 pm, n = 8, re-
spectively; P = 0.008), one possibility might have been that in-
creased conduction velocity was caused by larger axonal dia-
meter. To test this alternative hypothesis, we selected neurons
with and without prenodes having similar mean axonal diameters
(1.71 £ 0.10 pm, n = 3; 1.68 + 0.05 pm, n = 3, respectively) and
showed that the mean conduction velocity was significantly
higher in neurons with prenodes (1.24 + 0.12 m/s, n = 3) com-
pared to neurons without prenodes (0.74 + 0.03 m/s,n = 3; P =
0.016). Taken together, these results show that clusters of nodal
proteins increase axonal conduction velocity in hippocampal
GABAergic neurons before myelination.

Prenodes Are Detected on Some Hippocampal GABAergic Neurons
Before Myelination in Vive. Using hippocampal tissue sections
from vesicular GABA transporter (VGAT) -venus rat and GAD67-
GFP mice (29, 30), we then addressed if this prenodal clustering
occurred in vivo. We first showed that, in both rat and mouse CNS,
some GABAergic neurons (GFP"), mostly located in the stratum
oriens of CAl and CA3 and the subiculum (Fig. 84), were mye-
linated as previously reported (31, 32). We then assessed whether
prenodal clustering occurred at different premyelination time
points. Indeed, axonal clusters of AnkG and Na, channels were
detected just before myelination (postnatal days P12 and P13) on
some GABAergic neurons in the absence of myelin and paranodal
accumulation of Caspr (Fig. 8 B-E). They had an intercluster in-
terval ranging from 5 to 25 pm (seen in the plot profiles in Fig. 8 B,
C’, and E’), which is consistent with prenodes spacing measured on
unmyelinated axons in vitro. These results show that prenode for-
mation can occur before myelination in the hippocampus in vivo.

Discussion

Prenodal Clustering Occurs on GABAergic Interneurons in Vitro and
in Vivo. Here, we report that discrete clusters of Na, channels,
colocalizing with AnkG and Nfasc, are detected before myelina-
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Fig. 7. Prenodes influence conduction velocity of unmyelinated neurons.
(A and B) Live immunostaining of the AIS and prenodes (arrowheads) with
an Ab recognizing the external domain of Nfasc and coupled to Alexa 594
during simultaneous recordings from the soma (blue-colored electrode) and
axon (green-colored electrode) of neurons (B) with prenodes and (A) with-
out prenodes in VGAT-venus rat hippocampal cultures. (Scale bar: 25 um.)
*Neuronal cell body. (A’ and B’) Fluorescence intensity profiles correspond-
ing to axonal Nfasc immunolabeling in A and B; individual peaks in B’ cor-
respond to prenodes (arrowheads), and fluorescence intensity is expressed in
arbitrary units. (C and D) Spontaneous action currents recorded from the
soma and axon from A and B, respectively. (E) Latencies plotted against
recording distances (red points represent neurons without prenodes, and
black points represent neurons with prenodes) show that latencies increase
with recording distance (R® = 0.737, red line for neurons without prenodes;
R? = 0.801, black line for neurons with prenodes). (F) Mean conduction ve-
locity (CV) of neurons with prenodes is significantly increased compared
with neurons without prenodes. CV for neuron in A = 0.85 m/s; CV for
neuron in B = 1.12 m/s. ***P = 0.0002 (Student's t test).

tion along axons of hippocampal neurons in culture and during
postnatal development in vivo. Notably, these clusters were
detected on GABAergic neurons only and not on glutamatergic
neurons, which constitute the other major subtype of hippocampal
neurons. In the latter, nodal protein clustering coincides with
myelination and paranodal junction formation. This result suggests
that, depending on neuronal subtype, mechanisms of node of
Ranvier formation can differ in the hippocampus and therefore,
highlights the diversity of neuronal responses during development.

Interestingly, this restriction to a specific subtype was also seen
when clustering was induced on purified hippocampal neurons by
oligodendrocyte-conditioned media, strengthening the hypothesis
that only neurons responsive to an oligodendroglial soluble signal
form prenodes. What distinguishes neurons responsive and non-
responsive to this clustering signal is unknown. In this context, it is
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Fig. 8. Prenodes can be detected in vivo during postnatal development in
both mouse and rat. (A and B) Immunostaining of sagittal sections of P13
VGAT-venus rat hippocampus shows the presence of AnkG* nodes of
Ranvier on myelinated fibers (PLP*) in A as well as AnkG axonal clusters in
absence of myelin (PLP7) in B on some GABAergic neurons stained with an
anti-GFP Ab. (Scale bars: 10 pm.) Intensity profiles corresponding to AnkG
expression in (A’) myelinated and (B’) nonmyelinated fibers. Arrowheads
indicate AnkG axonal clusters. (C and D) Immunostaining of sagittal sections
of P12 GAD-GFP mouse hippocampus shows the presence of (C) Na, and (D)
AnkG clusters (arrowheads) in the absence of myelin (PLP7). In D, the boxed
area is shown as a zoomed-in view. (Scale bars: 10 pm.) (E) Immunostaining
of P12 GAD-GFP hippocampus shows that Caspr is not clustered around
prenodal AnkG before myelination (arrowheads), whereas it is accumulated
at hemiparanodes flanking nodal AnkG in myelinated fibers (arrow). *Neu-
ronal cell body. (Scale bar: 20 pm.) (C' and E’) Intensity profiles corresponding
to (C) Na, staining and (D) AnkG show isolated peaks corresponding to
prenodes (arrowheads).

of note that the induction of Na, clustering by a soluble oligo-
dendroglial factor has been identified previously by Kaplan et al.
(20, 21) on RGCs, which are glutamatergic neurons, suggesting
that the clustering permissivity does not depend on the type of
neurotransmitter. An attractive hypothesis is that prenodal for-
mation might be associated with the need for early establishment
of neuronal connections during development on axons with long
trajectories. In favor of this hypothesis, these two types of axons with
prenodes are known to be characterized by long-range projecting
axons: RGC axons extend from the retina to the superior colliculus,
and our results reveal that most axons with clusters in vivo extended
from the CA1 region of the hippocampus, which has been found to
project to farther interregional areas, such as the medial septum,
the subiculum, or the retrosplenial cortex (31, 33, 34).

Lastly, whether these nodal protein clusters disappear or fuse
to form nodes of Ranvier when oligodendrocyte processes con-
tact the axon, such as described for heminodes (35, 36), remains
to be determined. Indeed, the increase in the spacing of nodal
clusters upon myelination in vitro and in vivo along GABAergic
axons suggests that spatial rearrangements could occur.

6 of 8 | www.pnas.org/cgi/doi/10.1073/pnas.1419099112
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Oligodendrocyte-Secreted Factor Induces Prenodal Clustering. Our
results on purified hippocampal neurons extend previous data
that a proteinaceous factor(s) secreted by oligodendroglia induces
clustering of nodal proteins (20, 21). Whether this factor(s)
induces Na, clustering through interactions with the axonal
membrane or stimulation of neuronal protein synthesis has yet
to be fully understood. Gliomedin expressed by Schwann cells is
known to induce nodal clustering in the peripheral nervous sys-
tem (7). However, not only has CNS expression of gliomedin not
been reported, but also, we found that gliomedin was undetect-
able both in oligodendroglial cultures and at prenodes. The
various ECM proteins enriched at the CNS nodes mainly play
a role in buffering nodal environment and stabilizing the nodes
(10-12). Whether they participate in the induction of prenodal
assembly remains to be seen. However, our results provide that
clustering of prenodes through OCM is not mediated through an
Nfasc-based mechanism, implying that other cell adhesion mol-
ecules may interact with the oligodendroglial-secreted factor.
Furthermore, we addressed whether this oligodendroglial clus-
tering effect might be related to oligodendrocyte-induced neu-
ronal maturation and survival (37). This hypothesis was partly
supported by the facts that clusters were mostly detected in vitro
on large-diameter axons with highly phosphorylated neurofila-
ments, a hallmark of maturation, that also, in vivo, prenodes
were found more frequently at P12 and P13 compared with
earlier time points, and lastly, that neurons with prenodes
exhibited a lower input resistance compared to neurons without
clusters. In accordance with these findings, it has been observed
that there is a significant decrease in the input resistance as mice
matured from P9-P11 to P12-P16 (38). However, addition of
maturation/growth factors [glial cell derived neurotrophic factor
(GDNF), BDNEF, ciliary neurotrophic factor (CNTF), leukemia
inhibitory factor (LIF), or NGF] to pure neuron cultures while
inducing neurofilament phosphorylation did not trigger Na,
clustering, suggesting that axonal maturation is not sufficient to
induce nodal protein clustering. We also addressed the role of
electrical activity by using tetrodotoxin or veratridine (blocker
and activator of Na, channels, respectively), which did not affect
prenode formation.

AnkG Is Essential for Prenodal Formation, Whereas Nfasc Is Dispensable.
In the CNS, several mechanisms are involved in nodal assembly:
clustering of Nfasc186 through interactions with ECM, restriction
of diffusion through paranodal junctions, and stabilization by the
cytoskeletal scaffold. Numerous studies suggest that these three
mechanisms are alternative or complementary to induce nodal
assembly (8, 9). Direct axoglial contacts established at the para-
nodal junctions have been suggested to induce nodal protein
clustering through restriction of their diffusion (12, 13). Never-
theless, other studies have indicated that, when paranode assembly
is impaired by inactivation of genes coding for the paranodal
proteins (Caspr, contactin, or Nfasc155) or the myelin proteins, the
timing and number of developing nodes occur normally, suggesting
that formation of paranodal junctions may be sufficient but not
necessary for nodal assembly (14-19). Recently, by using a genetic
strategy to determine their requirement, Susuki et al. (12) have
shown that disruption of at least two of these three mechanisms is
necessary to affect node formation. We show here that Na, clusters
can be formed without direct axoglial contact, which has been
previously found (20, 21). We also show that AnkG is required for
the formation of Na, and Nfasc186 clusters along unmyelinated
axons. AnkG, which likely provides a link by establishing inter-
actions with the intracellular domains of Nfasc186 and Na,
a-subunit as well as pIV spectrin and kinesin motors (39, 40), may
either initiate or stabilize prenodal protein clustering before mye-
lination. In contrast, Nfasc is not necessary for Na, and AnkG
prenodal clustering. This result suggests that Nfasc186 plays a
role in late rather than early stages of node of Ranvier assembly.
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Na, Clustering Is Differentially Regulated in Prenodes. We observed
that distinct Na, channel isoforms are targeted differentially in
prenodes along different time points in vitro. Whereas the Na,1.1
isoform is found at all time points, the immature isoform Na,1.2
progressively disappears, and Na,1.6 is recruited in ~35% of neurons
with prenodes in mixed culture. One noteworthy finding is that Na, 1.6
was found in the absence of myelination, but Na, 1.6 does not appear in
axonal clusters on purified hippocampal neurons treated with OCM,
the latter of which are similar to those previously reported on purified
RGCs treated with OCM (21). Interestingly, the timing of Na,1.6
expression at prenodes coincided with late in vitro culture time points,
wherein its first appearance started at 17 DIV and gradually increased
up to 24 DIV. These results may implicate either the transition of
immature to mature oligodendrocytes in culture and/or that neuronal
maturation is necessary to synthesize and recruit Na,1.6 to prenodes.
Although these results differ from a previous report of Na,1.6 re-
cruitment requiring myelin compaction during optic nerve de-
velopment (25), these results nevertheless point to an important role
for the physical presence of oligodendrocytes to target Na,1.6 at
prenodes. Because we did observe some CNP-EGFP* oligoden-
drocytes contacting prenodal clusters, it would be interesting to in-
vestigate the role of oligodendroglial contact and their influence on
the distribution of sodium channel subtypes, which may shed light
onto additional cues necessary for Na,1.6 targeting in the CNS.

What Are the Functional Roles of Prenodes? What is the functional
gain provided by axonal Na, clusters in the absence of myelin?
Axonal propagation velocity of the action potential is known to
depend on the axon diameter and the presence of a myelin
sheath (41). Here, our whole-cell patch-clamp recordings and
single-axon electrophysiological results strongly suggest that the
presence of regularly spaced Na, clusters increases action po-
tential propagation in the absence of myelination independent of
axonal caliber, and these data suggest another level of influence
by oligodendrocytes on the regulation of conduction velocity
beyond the production of a myelin sheath. In addition, the
shorter interval between prenodes compared with mature nodes
of Ranvier could compensate for a lack of insulation in the ab-
sence of myelin. Of note, on GABAergic neurons with prenodal
clusters, recorded apparent conduction velocities were in a similar
range to those reported for myelinated axons of cortical pyramidal
neurons (42, 43). Prenodes with high-density sodium channel
clusters could serve as acceleration points, which was predicted by
theoretical modeling calculations (44, 45). It is tempting to spec-
ulate that optimization of propagation of electrical signaling at
a given developmental stage will be especially crucial for highly
connected GABAergic hub neurons, which have a widespread
axonal arborization, and for long-range projection neurons, and
provides a means to impact network activities (33). Moreover, Na,
clustering may help to overcome axonal branch point failures and
maintain reliable propagation of action potentials (41).

In multiple sclerosis, within lesions undergoing remyelination,
clustering of Na, channels has been observed on PLP™ (i.e., non-
remyelinated) fibers (46), suggesting that, such as for develop-
mental myelination, nodal protein clustering might precede mye-
lin repair. Although the mechanisms of axonal domain reassembly
during remyelination are still poorly understood, it can be hypoth-
esized that, similar to early nodal clustering during developmental
myelination, these clusters accelerate conduction velocity before
remyelination and therefore, participate in functional recovery.

Materials and Methods

Animals. The care and use of rats and mice in all experiments conformed to
institutional policies and guidelines (UPMC, INSERM, and European Com-
munity Council Directive 86/609/EEC). The following rat and mouse strains
were used in this study: Sprague-Dawley or Wistar rats (Janvier Breeding
Center), VGAT-venus Wistar rats (30), Nfasc™'~ mice (1), GAD67-GFP knockin
mice (29), CNP-EGFP mice (24), and C57bl/6 WT mice.

Freeman et al.

Results: Article 1

Cell Cultures. Mixed hippocampal cultures (containing neurons and glial cells) at
E18 were prepared according to procedures described previously (47) with
modifications. Briefly, pooled hippocampi were dissociated enzymatically by
trypsin (0.1%; Worthington) treatment for 20 min with DNase (50 pg/mL). After
trypsin neutralization, cells were centrifuged at 400 x g for 5 min, resuspended,
and then seeded on polyethylenimine precoated glass coverslips at a density
of 5.0 x 10* cells/35 mm?. Cultures were maintained for 24 h in a 1:1 mixture of
DMEM (11880; Gibco) with 10% FCS (100 IU/mL), penicillin-streptomycin (100 1U/mL),
and neuron culture medium (NCM). Culture medium was replaced by a 1:1
mixture of Bottenstein-Sato (BS) medium with PDGF-A (0.5%) and NCM, and
then, one-half of the medium was changed every 3 d and replaced by NCM. To
increase myelination in cultures maintained until 24-28 DIV, differentiation
medium was added at 18 DIV. Compositions of NCM, BS medium, and differ-
entiation medium are detailed in S/ Materials and Methods. Purified hippo-
campal neuronal cultures were obtained by adding (24 h after isolation) the
antimitotic agents uridine and 5-fluorodeoxyuridine (5 uM; Sigma) to the NCM
for 36 h. Cultures of dopaminergic neurons were prepared from Wistar rats at
E15.5 according to procedures described previously (48). Glial cell cultures were
prepared using cerebral cortices from P2 Wistar rats dissected free of meninges,
then incubated for 45 min in papain (30 U/mL; Worthington) supplemented with
L-cysteine (0.24 mg/mL) and DNase (50 pg/mL) in DMEM at 37 °C, and mechan-
ically homogenized. Cells were resuspended in DMEM with 10% FCS and peni-
cillin-streptomycin and dispensed into T175 culture flasks at a density of 10° cells/
cm?. After 12-15 d in culture, flasks were shaken for 1 h at 180 rpm to remove
microglial cells, medium was replaced, and flasks were shaken on a rotary shaker
overnight at 230 rpm at 37 °C. Detached cells were used for immunopanning
(SI Materials and Methods) to isolate oligodendrocytes. All cultures were main-
tained at 37 °C and 5% CO,.

Preparation of OCM. Oligodendrocytes were cultured for 24 h in BS medium,
and then, medium was replaced with NCM and collected after 48 h. OCM
was filtered through a 0.22-um filter. Protein concentration (4.1 + 2.4 pg/uL,
mean + SD of four OCMs) was measured using the bicinchoninic acid (BCA)
protein assay (Pierce).

Purified Hippocampal Neurons Cultured with OCM or Oligodendrocytes. OCM
(500 pL/well) or oligodendrocytes (2.5 x 10 cells/well) were added to puri-
fied hippocampal neuronal cultures at 3 DIV after removal of antimitotic
agents. Then, one-half of the medium was changed with NCM every 5 d.
Percentages of neurons (AnkG" cells), astrocytes (GFAP* cells), and oligo-
dendrocytes (04" and PLP" cells) were determined at 21 DIV. Mixed hip-
pocampal cultures contained 43.7% + 2.7% of neurons, 42.5% + 5.4% of
astrocytes, and 11.2% + 2.7% of oligodendrocytes, whereas purified neu-
ronal cultures contained 94.2% + 2.2% of neurons, 3.6% + 1.7% of astro-
cytes, and 0.4% + 0.6% of oligodendrocytes; purified neurons cultured with
OCM contained 92% =+ 2.6% of neurons, 4.3% + 3.4% of astrocytes, and
0.5% =+ 0.5% of oligodendrocytes; and purified neurons cocultured with
oligodendrocytes contained 77.5% + 3.5% of neurons, 4.5% + 4.2% of
astrocytes, and 17.3% =+ 0.4% of oligodendrocytes (mean + SD; n = 3, 150
cells at least were counted for each experiment).

Tissue Sections. GAD67-GFP mice and VGAT-venus rats were anesthetized at P12
and P13 with lethal doses of Imalgen 500 (Merial) combined with 2% Rompun
(Bayer). They were transcardially perfused with 1% or 4% paraformaldehyde
(PFA), and brains were dissected and postfixed in 1% or 4% PFA followed by PBS
washes and subsequent equilibration in sucrose (5-30%) solution overnight at
4 °C for cryostat sectioning. The next day, brains were embedded in OCT (Tissue-
Tek), frozen, and then cryosectioned (CM 3050; Leica) at 35 um. Serial sectioning
of the hippocampus was in the sagittal plane.

Abs and Immunofluorescence. All Abs used can be found listed in S/ Materials
and Methods. Cell cultures were fixed with 4% PFA for 10 min or for Na,
channel staining, 1% PFA for 10 min at room temperature (RT) and then in-
cubated with methanol for 10 min at —20 °C. Coverslips were then washed
with PBS one time. After fixation, cells were incubated with blocking buffer
(BB; 1x PBS, 5% normal goat serum, 0.1% Triton) for 15 min and then primary
Ab (diluted in BB) for 2 h at RT or 4 °C overnight. Coverslips were then washed
and incubated with secondary Ab at RT for 1 h. After last wash, Hoechst stain
(1 mM) was placed on cells at RT for 5 min. Floating brain cryostat sections
were pretreated with ethanol at —20 °C for 10 min and then washed with PBS.
They were then treated with BB with 0.2% Triton for 1 h at RT before in-
cubation with Ab overnight at 4 °C. Sections were then washed, and secondary
Abs were added for 2 h at RT. Coverslips and sections were mounted on
superfrost glass slides with Fluoromount G (Southern Biotech).
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Image Acquisition and Analysis. Slides from hippocampal cultures and cryostat
sections were visualized using an Olympus FV-1000 Upright Confocal Mi-
croscope or a Zeiss Axiolmager-Apotome. Z series of optical sections was
performed at 0.3-pm increments for qualitative analysis. Blue, green, red,
and far-red fluorescence was acquired sequentially. Maximum orthogonal
projection of images and plot profiles of immunofluorescence intensity were
carried out using ImageJ software (NIH).

Quantification of Neurons with Clusters, Sizes of Clusters, Intervals, and
Myelination. At least 100 neurons per coverslip, identified by the presence of
an AlS, were counted, and the percentage of neurons with Na,/AnkG clusters
was determined for at least two coverslips per condition. Results were
expressed as means + SDs of at least three independent experiments. An Na,
cluster was defined by its size and mean intensity of area (i.e., size of clusters
varied from 1 to 8 um, and mean value of cluster area was at least 2.5 that of
the adjacent part of the axon). Intervals between clusters were measured on
acquired images by using ImagelJ software. The mean intervals were calcu-
lated for one neuron; then, the mean of all neurons for one experiment was
determined, and results were expressed as means + SEMs of four in-
dependent experiments. Myelination was assessed at 24 DIV and identified
as bright PLP* double lines interrupted at nodes of Ranvier. Statistical
analyses were performed using the Mann-Whitney test or Student'’s t test
with Prism software (GraphPad software).

Design and Transfection of miRNA. To generate AnkG miRNA constructs, we
used the Block-it Polll miR RNAi Expression Vector Kits (K4936-00) (S/ Materials
and Methods). Hippocampal cells in 24-well plates were transfected at 6 DIV
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