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Abstract

The distribution and role of unmyelinated fibers in the central nervous system
(CNS) have not been explored. Fibers in the CNS can be roughly divided into myelinated
and unmyelinated fibers according to the presence or absence of a myelin sheath in the
mid-axonal regions. The naked area of axons, called the nodes of Ranvier, is located
between adjacent myelin internodes. The axonal plasma membrane at the nodes of
Ranvier contains a high concentration of voltage-gated sodium channels that generate
action potentials and allow the saltatory conduction of impulses along the axons. Thus,
myelination has evolved as a means of jumping conduction and increasing the speed of
transmission in vertebrates. Our brains contain both unmyelinated fibers and myelinated
fibers, which were acquired during the process of evolution. Therefore, it is necessary to
figure out where the unmyelinated fibers exist and what advantages they have over the
myelinated fibers.

Unmyelinated fibers in the CNS are known to exist in hippocampal mossy fibers
and cerebellar parallel fibers. However, specific markers for unmyelinated axons have
not been discovered. Previously, we found that the expression of the sodium channel 4
subunit (P4) is reduced in the early stage of Huntington disease transgenic mice. We also
revealed that the striatal projection fibers were unmyelinated via Z-stack confocal
immunofluorescence and immunoelectron microscopy (immuno-EM) analyses using the
specific antibody against the sodium channel B4 subunit. The results showed a diffuse

staining pattern. Nav1.2, one of the sodium channels o subunits, also exists diffusely in



the striatal projection fibers suggesting that Nav1.2 could be a marker of unmyelinated
fibers.

In this study, I examined a diffuse staining pattern and a dotted staining pattern
of unmyelinated fibers using an anti-Nav1l.2 antibody in mouse brains. Especially, I
focused on the corpus callosum (CC) and stria terminalis (ST), where axon bundles and
long projections were found, and which were stained diffusely by the anti-Nav1.2
antibody. The immunohistochemistry and immuno-EM analysis supported the hypothesis
that the diffuse localization of Nav1.2 could be a universal marker for unmyelinated fibers
throughout the CNS.

To investigate the role of unmyelinated fibers in the brain network, their origins
should be identified. Small neuronal cell bodies with a diameter of approximately 10 pm
called granular cells are known for the origin of well-known unmyelinated fibers, such as
hippocampal mossy fibers and cerebellar parallel fibers in the CNS. The neurons
extending striatal projection fibers, including medium spiny neurons, also have a small
diameter. The part of the CC fibers and the ST fibers are derived from the neurons in the
cerebral cortex and amygdala, respectively. Therefore, I assumed that the unmyelinated
axons in the CC and the ST are projected from the neurons with a diameter of
approximately 10 um in the cortex and amygdala. To identify the cell bodies of neurons
with unmyelinated fibers, which are Nav1.2-positive in the CC and ST, I performed three
experiments. First, [ estimated the location of the cell bodies of neurons with
unmyelinated fibers. Since the anti-Nav1.2 antibody does not stain the cell body, I
followed the Nav1.2-positive fibers before the cell body in the CC and ST. The results
suggested that some of the unmyelinated fibers in the CC originated from the primary

visual cortex (V1), and those in the ST originated from the central amygdala nucleus.



Next, I injected Biotinylated dextran amine (BDA), an anterograde tracer, into the V1 in
the CC. BDA from the neuronal cell bodies with the size of 10 pm at the V1 traveled
down the CC axons and went toward the terminal processes. Finally, to examine which
cell layers the projection fibers came from, I prepared a mouse expressing Scnnl/ aCre.
tdTomato. This mouse fluorescently labels the thick granular cell layer at the cortical
fourth layer (L4) and their projection fibers. Those fibers were partly stained with anti-

Navl1.2 antibody diffusely. The results suggested that some of the unmyelinated fibers

in the CC originated from V1L4.

Mutations of the SCN24 gene encoding Nav1.2 are associated with neurological

disorders. However, how these pathologies are related to the distribution of Nav1.2 in

unmyelinated axons has not been studied. The CC and ST have also been associated with

a variety of neurological and psychiatric disorders. Therefore, it is important to

investigate the localization and role of unmyelinated fibers in the CNS to understand the

pathogenesis of brain diseases and develop treatments.
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Abbreviation list

CNS: Central nervous system

PNS: Peripheral nervous system

CC: Corpus callosum

ST: Stria terminalis

IHC: Immunohistochemistry

EM: Electron microscopy

Immuno-EM: Immunoelectron microscopy
V1: Primary visual cortex

CEA: Central amygdala

PAEZ: Pre-axonal exclusion zone

AIS: Axon initial segment

Nav: Voltage-gated sodium channels
KCNQ: Ligand- and voltage-gated potassium channels
Kv: voltage-gated potassium channels
Caspr: Contactin-associated protein

MBP: Myelin basic protein

JXP: Juxtaparanode

[F: Immunofluorescence

BDA: Biotinylated dextran amine

L4: Fourth layer

VMH: Ventromedial nucleus of the hypothalamus



BST: Bed nucleus stria terminalis
RFP: Red fluorescent protein
PBS: Phosphate buffered saline
PFA: Paraformaldehyde

DAB: Diaminobenzidine

WT: Wild type

TG: Transgenic
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Chapter 1. The diffuse distribution of Nav1.2 on mid-
axonal regions is a marker of unmyelinated fibers in

the central nervous system
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1. Introduction

1.1. Myelinated axons and unmyelinated axons.

Neurons are composed of the cell body, dendrites, pre-axonal exclusion zone
(PAEZ), axon initial segment (AIS), mid-axon and distal axon terminal (Nirschl et al.,
2017). The major difference between myelinated and unmyelinated fibers is the presence
or absence of a myelin sheath, and the naked area between the myelin sheaths is called
the nodes of Ranvier (Fig. 1a). Myelin sheaths are assembled as highly specialized lipid-
rich membranes by both oligodendroglial cells in the central nervous system (CNS) and
Schwann cells in the peripheral nervous system (PNS) (Hildebrand et al.,, 1993,
Hildebrand et al., 1994). The evolution of early vertebrates included the insulation of
axons with multilayered myelin sheaths for ‘saltatory’ impulse propagation, improving
nerve conduction velocity. Myelin sheaths accelerate nerve conduction by from 20- to
100-fold compared to the unmyelinated axons of the same diameter by facilitating
saltatory action potential propagation (Castelfranco and Hartline, 2016). The

unmyelinated axons are thinner than myelinated axons. (Saliani et al., 2017).
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Figure 1. The difference between myelinated and unmyelinated axons.

(a) Schematic diagram of myelinated and unmyelinated fibers. PAEZ, pre-axonal

exclusion zone; AIS, axon initial segment.
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1.2. Markers of myelinated axons.

In myelinated axons, there are several kinds of channels and proteins: voltage-
gated sodium channels (Nav), ligand- and voltage-gated potassium channels (KCNQ) and
voltage-gated potassium channels (Kv) Kv3.1b channels at the nodes of Ranvier,
Contactin-Associated Protein (Caspr) at paranodes, myelin basic protein (MBP) at myelin,
and Kv1.1 and Kv1.2 channels at Juxtaparanode (JXP) under the compact myelin (Fig.
2) (Lai and Jan, 2006). In this study, Caspr and Nav were used as the markers of

myelinated axons.

KCNQ. Kv3.1b
Kvi.1 and Kv1.2

Caspr| Septate-like junction

Figure 2. A typical channel and protein composition surrounding a myelinated axon.

The image was modified from (Lai and Jan, 2006).
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1.3. Sodium channels.

Nav is a transmembrane glycoprotein complex that plays a critical role in the
generation and propagation of action potentials in excitable cells, including neurons, and
consists of one pore-forming « -subunit and one or two accessory P-subunits (Fig. 4).
There are nine Nav o-subunit pore-forming isoforms encoded by different genes, Nav1.1
to Navl1.9, and an atypical non-voltage-dependent one, NavX (Table 1) (Catterall, 2012).
In rodents, Nav1.3 is highly expressed in the fetal nervous tissues, whereas Navl.l,
Navl.2 and Navl.6 are abundant in the adult CNS. Navl.2 encoded by SCN24 is
expressed in excitatory neurons in the CNS and is important for neuronal excitability and
synaptic depolarization, leading to neurotransmitter release (Li et al., 2014, Gong et al.,
1999). Especially under physiological conditions, Nav1.2 permits the sodium influx from
the extracellular space into the cytosol after depolarization of the nerve membrane. By
postnatal day 30, Nav1.2 is progressively replaced by Nav1.6 in myelinated neurons and
at the nodes of Ranvier, in particular (Boiko et al., 2001). Generally, Nav1.1 and Nav1.3
localize to the soma of neurons where they may control neuronal excitability through the
integration of synaptic impulses in order to set the threshold for action potential initiation
and propagation to the axonal compartments. Nav1l.1 and Nav1.6 are also significantly

expressed in the PNS. Navl.7, Navl.8 and Nav1.9 are the most abundantly expressed
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sodium channel isoforms in the PNS that have been cloned from sympathetic and dorsal
root ganglion neurons. Among these isoforms, Nav1.7 is the most broadly expressed in
the PNS and appears to localize to axons where it may function in initiating and
conducting the action potential (Toledo-Aral et al., 1997). More restricted expression
patterns are observed for Nav1.8 and Nav1.9. These channels are differentially expressed
in small sensory neurons of the dorsal root and trigeminal ganglia where they play a key
role in the perception of pain (Black et al., 1999, Akopian et al., 1999). Finally, Navl.4
and Navl.5 are muscle sodium channels that control the excitability of the skeletal and
cardiac myocytes, respectively (Goldin, 2001).

Five B-subunits have been identified in mammals: B1, the alternative splice
variant B1B (previously called B1A), B2, B3 and p4. Each B-subunit is encoded by one of
the four genes: SCN1B, SCN2B, SCN3B and SCN4B. B-subunits are highly expressed in
excitable cells, including central and peripheral neurons and skeletal and cardiac muscle
cells. They are also expressed in non-excitable cells such as astrocytes, radial glia and
Bergmann glia (Table 1) (Baroni and Moran, 2015). Especially for the aforementioned
B4 subunit encoded by SCN4B, the area expressing the gene is restricted to discreet brain
regions, particularly to the dorsal striatum and the nucleus accumbens (Oyama et al., 2006,

Miyazaki et al., 2014). The B4 subunit is known for mediating drugs of abuse’s rewarding
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properties (Feltenstein and See, 2008) and for preventing normal inactivation, conferring

channels the ability to evoke a resurgent current upon repolarization (Bant and Raman,

2010).

Table 1. Types of human sodium channels ¢- and B-subunits and their tissue

distribution.

The table was modified from (Baroni and Moran, 2015).

Gene Chromosome Protein Uniprot code” Tissue expression

20243 Nav1.1 or at.1 P35498 Cell bodies of central neurons, T-tubules in myocytes axon initial segments
SCN2A 2q243 Navi2 or al.2 Q99250 Central neurons, mainly localizated in unmyelinated and premyelinated axons
SCN3A 20243 Navi3oral3 QaNY45 Cell bodies of central newrons, cardiac myocytes
SCN4A 176233 Navidoratd P35499 Skeletal muscles
SCNSA 3p21.22 Navi5orals QB6ve0 Cardiac myocytes, immature and denervated skeletal muscles, certain brain

neurons

SCNBA 1213 NaviBoralf QauUQD0o Somatodendritic distribution in output neurons of cerebelium, cerebral cortex,

hippocampus: Purkinge cells in cersbellar granule cell layer, astrocytes,
Schwann cells, axon initial segments, dorsal root ganglia, nodes of Ranvier in
penpheral and central nervous systems, T-iubules in cardiac myocytes

SChNaA 2024 Navi.7 oral6 Q15858 Dorsal root ganglia neurons, symp: S celis,
neuroendocrine cells

SCNI10A 3p22.2 Navi8oral8 QaYs5Y9 Dorsal root ganglia neurons, human heart, intracardiac neurons

SCNTI1A 3p22.2 NaviSoral9 QU3 C-type neurons in dorsal root ganglia

SCN7A 2024.3 NavX Qo118 Dorsal root ganglia neurons, hippocampus, thalamus, cerebelium, median

SCN1B 19q13.1 SCNtbor 1 Q07699 Ubiquitous: centrat and peripheral neurons, glia, skeletal and cardiac musdles

SCN18 19g13.1 SCN1bB or piB Cortical neurons, Cerebeliar Purkinje cells, Deep cerebeilar nuciei, Ventral hom
neurons, Dorsal root gangia neurons, peripheral nenvés

scnzgs 11923 SCN2b or p2 Q5U0KS Central and peripheral neurons, gha, cardiac muscles

SCN3B 119233 SCN3Bor p3 QONY72 Central and penipheral neurons, adrenal glands. kidney

SCN4B 11233 SCN4b or p4 Q8MWT1 Central and peripheral neurons, gla, skeletal and cardiac muscies

17



1.4. Markers of unmyelinated axons.
1.4.1. P4 cannot be a specific marker for unmyelinated axons.

While many specific molecular markers for myelinated axons have been
established with distinct localizations at the paranode and the nodes of Ranvier (Lai and
Jan, 2006), specific markers for unmyelinated axons have not been discovered. Previously,
Oyama et al. investigated the localization of the Nav 34 subunit in Huntington disease
(HD) transgenic mice R6/2, which contains N-terminally truncated mutant huntingtin
with the expansion of CAG repeat (~125 repeats) within the exon 1 of the huntingtin gene
(Mangiarini et al., 1996), and found that the expression of the Nav B4 subunit is reduced
in the early stage of the disease (Oyama et al., 2006). The f4 mRNA was expressed at the
highest level in the striatum and the moderate level in the cerebral cortex layers III and
V. In R6/2, by contrast, the expression of B4 was markedly reduced at the age of 8 weeks,
especially in the striatum (Fig. 3a, b) (Oyama et al., 2006). p4 was distributed diffusely
in the axons of the striatal projection neurons in the basal ganglia (Fig. 3¢), which is
different from the dotted distribution observed in the white matter of the cerebellum (Fig.
3d). For direct evidence that f4-expressing striatal projection axons are unmyelinated,
immuno-EM analysis was performed with an antibody specific to the mouse B4 C-

terminal peptide (anti-mSCN4B-C), which labels the unmyelinated axons in the fascicles

18



of striatal projection fibers in the striatum (Fig. 3e) (Miyazaki et al., 2014). Many

unmyelinated fibers and myelinated fibers were found to be wrapped in myelin sheaths,

and a mitochondrion was observed in the axons. Taken together, these results suggest that

B4-expressing striatal projection axons are unmyelinated, raising the possibility that f4

could be a specific marker for unmyelinated axons. However, this diffuse staining pattern

of the B4 subunits was found mainly in the striatal projection fibers. Therefore, the diffuse

presence of the f4 subunits in the axons would not be a good marker of unmyelinated

fibers in general.
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Figure 3. The p4-expressing striatal projection axons are unmyelinated.

(a, b) The comparative distribution of the 4 subunit in the 8-week-old brain between
wild type (WT) and R6/2 (TG) mice was investigated by in situ hybridization (a) and
immunohistochemistry (b). (¢, d) B4 expression in the 16-week-old mouse brain. The
basal ganglia (c) and cerebellar white matter (d) were stained with the anti-mSCN4B-C
antibody. The right panels show higher magnification of the boxed area in the left panels.
(e) Immuno-EM analysis using the anti-mSCN4B-C antibody in striatal projection fibers.
The right panel shows a higher magnification of the boxed area in the left panel. Arrows
indicate the f4-labeled axons. The images were modified from (Oyama et al., 2006) (a,
b) and (Miyazaki et al., 2014) (c-¢). III and V, cerebral cortex layers III and V; str,
striatum; Ot, olfactory tubercle; LGP, lateral globus pallidus; GP, globus pallidus; SNr,
substantia nigra pars reticulata; ms, myelin sheet; mit, mitochondrion. Scale bars: 2 mm
(a,b), 100 um (c, left; d, right), 50 pm (c, right), 500 um (d, left), 1 pm (e, left) and 0.5

pm (é, right).
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1.4.2. Nav1l.2 can be a marker of unmyelinated fibers.

The previous investigation has demonstrated that the Nav a-subunit or Nav1.2
could be a suitable marker for unmyelinated axons(Miyazaki et al., 2014). Nav consists
of one pore-forming ¢-subunit and one or two accessory P-subunits (Fig. 4a). Since
immunofluorescence (IF) staining revealed that the anti-Nav1.2 antibody-positive signals
were diffusely distributed in the striatal axons, and their immunoreactivity co-localized
with the anti-4 antibody-positive signals (Fig. 4b), the a-subunit co-expressed with p4
in the striatal projection fibers might be Nav1.2. To confirm whether Nav1.2-expressing
fibers are unmyelinated, IF staining was performed with the anti-Nav1.2 and anti-Caspr
antibodies. The anti-Nav1.2 antibody-positive signals did not co-localize with the anti-
Caspr antibody-positive signals (Fig. 4c). These results suggest that Nav1.2 is a major
a-subunit of unmyelinated striatal projection fibers (Miyazaki et al., 2014). This specific
localization of Nav1.2 was also reported by other studies (Ogiwara et al., 2018, Yamagata
et al., 2017). The anti-p4 antibody was not appropriate to search for unmyelinated fibers
in the mouse brain because the area stained by the antibody was limited to the striatal
projection fibers. On the other hand, the anti-Nav1.2 antibody diffusely stained a wider
area compared to the anti-p4 antibody. Therefore, I hypothesized that Nav1.2 could be a

superior molecular maker to 4 of unmyelinated axons throughout the brain.

22



p2/4 Na*

Figure 4. Nav1.2 is a major o-subunit of unmyelinated striatal projection fibers.

(a) a schematic diagram of a sodium channel. Courtesy of Dr. Haruko Miyazaki. (b, c)
The sagittal sections of the striatal fascicles in the 17-week-old mice were stained with
the anti-Nav1.2 (green) and anti-B4 (red) antibodies (b) and the anti-Nav1.2 (green) and
anti-Caspr (red) antibodies (c). Scale bars: 5pm. The images were modified from

(Miyazaki et al., 2014) (b, c).

23



1.5. The aim of this chapter.

The distribution and the origin of unmyelinated fibers in the CNS have not been well

determined because the characteristic markers of unmyelinated fibers remain unknown.

Our brains contain both unmyelinated fibers and myelinated fibers, which were acquired

during the process of evolution. However, the distribution and role of unmyelinated fibers

in the CNS have not been explored. It is necessary to figure out where the unmyelinated

fibers exist and what advantages they have over the myelinated fibers.
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2. Results

2.1. Navl.2 is a marker for unmyelinated fibers in the striatum.

Since Nav1.2 and Neurofilament-H (NFH) are distributed diffusely in the striatal
axon bundles separately (Miyazaki et al., 2014), I hypothesized that NFH is distributed
diffusely in myelinated axons, and the myelinated and unmyelinated fibers could be
distinguished by their staining patterns. To identify the location of the Nav1.2-positive
fibers in the striatum, mouse brain sections were stained with an antibody specific to
Navl1.2. Multiple axon bundles were detected in the middle and the bottom of the striatum
(Fig. 5a). Next, by using the antibodies specific to Nav1.2 and NFH (Fig. 5b), I performed
double staining in the striatal axon bundles. In the coronal striatal sections, the axon
bundles cut into rings were observed to identify proteins that were specifically expressed
in the axons. The NFH-positive and the Nav1.2-positive axons did not overlap, forming
their own bundles (Fig. 5c, upper panels). On the other hand, in the sagittal striatal
sections, the axon bundles sectioned along with the fibers were observed to investigate
the location of the proteins. Both Nav1.2 and NFH showed a diffuse staining pattern on
the axon bundles, and their signals did not overlap (Fig. Sc, lower panels). These results

suggest that the axons could be distinguished by these two types of antibodies. Since
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myelinated fibers are characterized by the presence of the nodes of Ranvier, I next
examined their presence or absence on the Nav1.2-positive and NFH-positive axons by
IF staining on the sagittal striatal sections. The anti-Nav1.6 and anti-Caspr antibodies
were used for triple staining with the anti-Nav1.2 or anti-NFH antibodies. If the nodes of
Ranvier were present on the axons, a set of ‘Caspr-Navl.6-Caspr’ staining might be
observed on the axons. As almost no Caspr-Nav1.6-Caspr staining was observed on the
Navl.2-positive axons, these axons might be unmyelinated (Fig. 5d). On the contrary, the
NFH-positive axons might be myelinated since Caspr immunoreactivities seemed to

localize along the NFH-positive axons (Fig. 5¢).
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Figure 5. Characterization of the Nav1.2-expressing axons in the striatum.

(a, ¢) The mouse brain sections were stained with the (a) anti-Nav1.2, (c) anti-Navl.2

(green) and the anti-NFH (red) antibodies. (a) The middle panel shows a higher

magnification of the boxed area in the left panel, and the right panel shows a higher

magnification of the boxed area in the middle panel. (b) A table of markers and their

distribution. (d, ) The sagittal sections of the striatal fascicles in the 8-week-old mice

were stained with the (d) anti-Nav1.2 (green), anti-Caspr (red) and anti-Nav1.6 (blue)

antibodies, and the (e) anti-NFH (green), anti-Caspr (red) and anti-Nav1.6 (blue)

antibodies. Scale bars: 1 mm (a, left), 500 um (a, middle), 100 pm (a, right), 20 pm (c,

d). str, striatum; VP, ventral pallidum.

To further confirm whether the myelinated and unmyelinated fibers could be
distinguished by their staining patterns, I performed electron microscopy (EM) and
immuno-EM analyses. The EM analysis showed that the fascicles of the striatal projection
fibers were composed of a large number of unmyelinated axons (Fig. 6a). For immuno-
EM analysis, the specimens were frozen and thawed, thereby breaking the cell
membranes, to penetrate the antibodies. The anti-Nav1.2 antibody stained the surface and

the interior part of unmyelinated fibers (Fig. 6b, left). On the contrary, myelinated axons
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were labeled with the anti-NFH antibody (Fig. 6b, right). Taken together, I demonstrated
that the Navl.2-expressing axons were unmyelinated in the striatum. These results
support the hypothesis that the diffuse localization of Nav1.2 could be a universal marker

for unmyelinated fibers throughout the CNS.

Figure 6. Unmyelinated axons in the striatum were stained with the anti-Nav1.2

antibody.

(a) The EM analysis of the cross-sectioned striatal projection fibers in the striatum. (b)
The immuno-EM analysis using the anti-Nav1.2 (left) or anti-NFH (right) antibodies in
the striatal projection fibers. Arrows indicate the Nav1.2- (left) or NFH- (right) labeled

axons. Scale bars: 0.5 pm.
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2.2. A unique distribution of Navl.2 in the mouse brain.

To investigate the distribution of Navl.2 in the CNS, immunohistochemistry
(IHC) was performed on the sagittal mouse brain sections with the anti-Nav1.2 antibody
(Fig. 7a). Several regions, including the well-known unmyelinated fibers in the CNS, such
as hippocampal mossy fibers, cerebellar parallel fibers and striatal projection fibers,
showed robust and fibrous labeling (Fig. 7b). In the same way, I examined whether there
were any other regions with fibers stained with the anti-Nav1.2 antibody. As strong
signals were detected in the corpus callosum (CC) and stria terminalis (ST) (Fig. 7¢),
which are known to contain axon bundles and long projections (Ku and Torii, 2020, Dong
et al., 2001), I next investigated whether the antibody-positive fibers in these regions are

unmyelinated.
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Figure 7. The distribution of Nav1.2 in the mouse brain.

(a) The expression of Nav1.2 in the mouse brain. (b, ¢) The expression of Nav1.2 in the
striatum, hippocampus and cerebellum (b), and forceps major of corpus callosum and
stria terminalis (c). Arrows indicate the Nav1.2-labeled axons. Scale bars: 1 mm (a), 200

pm (b, c).

2.3. Navl.2 was found diffusely in the axons of neurons in the corpus callosum.

I paid special attention to the posterior part of the CC, which was more
intensively stained than other parts of the CC, with the anti-Nav1.2 antibody. Double
staining of the anti-Nav1.2 and anti-NFH antibodies was performed to distinguish axons
at the microscopic level in the CC. Then, I examined the presence or absence of the nodes
of Ranvier in the Nav1.2-positive axons by IF staining. The anti-Nav1.6 and anti-Caspr
antibodies were used for triple staining with the anti-Nav1.2 or anti-NFH antibodies. The
axons were supposed to be stained with the anti-Nav1.2 antibody in the coronal sections,
suggesting the presence of unmyelinated fibers (Fig. 8a). I also confirmed that the anti-
Navl1.2 antibody-positive and anti-NFH antibody-positive signals did not overlap. The

Nav1.2-positive axons and the NFH-positive axons were detected in the CC and the
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cingulate gyrus, respectively. In the coronal sections, the Navl.2-positive axons were

sectioned along with the fibers. The top of the axon bundles in the CC was Navl.2-

positive and NFH-negative, suggesting that they were unmyelinated (Fig. 8b). The nodes

of Ranvier were not identified on the Nav1.2-positive axons, further supporting the result

that the Nav1.2-positive axons were unmyelinated (Fig. 8c). At the NFH-positive axons

above the CC, the signals detecting the nodes of Ranvier were not observed because the

NFH-positive fibers above the CC are the axonal cross-sections that could not show the

nodes of Ranvier on the axons (Fig. 8d).
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Figure 8. Characterization of the Nav1.2-expressing axons in the coronal sections of

the corpus callosum.

(a-d) The coronal CC sections at 2 mm caudal to the bregma of the 8-week-old mice were
stained with the (a) anti-Nav1.2, (b) anti-Nav1.2 (green) and anti-NFH (red), (¢) anti-
Nav1.2 (green), anti-Caspr (red) and anti-Nav1.6 (blue), and (d) anti-NFH (green), anti-
Caspr (red) and anti-Nav1.6 (blue) antibodies. (a) The region circled in blue refers to the
cingulate gyrus (cg). The region between the two black lines indicates the CC. (b-d) The
panels show a higher magnification of the boxed area in (a). (a-d) The areas below the

dotted lines show the CC. Scale bars: 100 um (a), 20 um (b-d).

In the sagittal sections cut at 0.48 mm lateral from the midline, the fibers were

strongly stained with the anti-Nav1.2 antibody (Fig. 9a). As the previous result using the

coronal sections, the anti-Nav1.2 antibody-positive and the anti-NFH antibody-positive

signals did not overlap, and the Navl.2-positive and the NFH-positive axons were

observed in the CC and the cingulate gyrus, respectively. Because the Nav1.2-positive

axons were cut on the cross-sections (Fig. 9b), it was difficult to determine whether the
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nodes of Ranvier were present on the Navl.2-positive axons (Fig. 9¢). On the NFH-
positive axons, the nodes of Ranvier were identified (Fig. 9d).

The EM and immuno-EM analyses showed that the fascicles of axons in the CC
were composed of many unmyelinated axons (Fig. 10a). The surface and the interior part
of unmyelinated axons were labeled by the anti-Nav1.2 antibody (Fig. 10b, left), and the
internal part covered by the myelin sheaths was labeled by the anti-NFH antibody (Fig.
10b, right). Taken together, I demonstrated that the Nav1.2-positive unmyelinated axons

exist in the CC.
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Figure 9. Characterization of the Nav1.2-expressing axons in the sagittal sections of

the corpus callosum.

(a-d) The sagittal CC sections of the 8-week-old mice were stained with the (a) anti-
Navl.2, (b) anti-Nav1.2 (green) and anti-NFH (red), (c) anti-Nav1.2 (green), anti-Caspr
(red) and anti-Nav1.6 (blue), and (d) anti-NFH (green), anti-Caspr (red) and anti-Nav1.6
(blue) antibodies. (a) The region between the two blue dotted lines refers to the cingulate
gyrus (cg). The region between the two black lines indicates the CC. (b-d) The panels
show a higher magnification of the boxed area in (a). (a-d) The areas below the dotted

lines show the CC. Scale bars: 100 um (a), 20 pm (b-d).

Navl.2 NFH

Figure 10. The Nav1.2-positive unmyelinated axons in the corpus callosum.

(a) The EM analysis in the sagittal CC sections. (b) The immuno-EM analysis using the

anti-Nav1.2 (left) and anti-NFH (right) antibodies. Arrows indicate the Nav1.2- (left) or

NFH- (right) labeled axons. Scale bars: 0.5 pm.
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2.4. The Navl.2-expressing axons in the stria terminalis are unmyelinated.

Next, using the same methods, [ examined whether the Nav1.2-positive axons
were present in the ST and whether they were unmyelinated. The axons in the ST form
arc-shaped fiber bundles, which come from the amygdala and go back to the bed nucleus
of the ST (BST) (Fig. 11a). In the coronal ST sections, both types of axon bundles, which
were cut into rings or sectioned along with the fibers, were detected. In the ST, bundles
of the Nav1.2-positive fibers and only a few NFH-positive fibers were observed (Fig.
11b). To detect the nodes of Ranvier, the sections were stained with the anti-Nav1.6 and
anti-Caspr antibodies. The nodes of Ranvier were not identified on the Nav1.2-positive
axons (Fig. 11¢). On the contrary, they were observed on the NFH-positive axons (Fig.
11d). These results suggest that the Nav1.2-expressing ST axons might be unmyelinated.
To further confirm this, I performed EM and immuno-EM analyses. The EM showed that
the fascicles of axons in the ST were composed of many unmyelinated axons (Fig. 12a).
The anti-Nav1.2 antibody stained the surface and the interior part of the unmyelinated
axons but not the myelinated axons (Fig. 12b, left). On the contrary, the internal part
covered by the myelin sheaths was labeled with the anti-NFH antibody (Fig. 12b, right).

Taken together, I demonstrated that Nav1.2-positive unmyelinated axons exist in the ST.
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Figure 11. Characterization of the Navl.2-expressing axons in the stria terminalis.

(a) a schematic diagram of the ST pathway. (b) The areas circled in white and the regions
between the two white lines refer to the ST. (b-d) The coronal ST sections of the 8-week-
old mice were stained with the following sets of antibodies: (b) anti-Nav1.2 (green) and
anti-NFH (red), (c) anti-Nav1.2 (green), anti-Caspr (red) and anti-Nav1.6 (blue), and (d)
anti-NFH (green), anti-Caspr (red) and anti-Nav1.6 (blue) antibodies. Arrows indicate the

NFH-, Caspr- and Nav1.6-labeled axons. Scale bars: 100 pm (b, ¢), 20 pm (d).

Figure 12. Unmyelinated axons in the stria terminalis.

(a) The EM analysis in the ST of the 8-week-old mice. (b) The immuno-EM analysis
using the anti-Nav1.2 (left) and anti-NFH (right) antibodies in the ST fibers. Arrows
indicate the Nav1.2- (left) and NFH- (right) labeled axons. Scale bars: 20 pm (a), 0.5 pm
(b, left), 1.0 um (b, right).
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3. Discussion

In Chapter I, I examined the localization of unmyelinated fibers using the anti-
Navl.2 antibody in mouse brains with a hypothesis that Nav1.2 could be a marker of
unmyelinated fibers.

A previous report of the localization of Nav1.2 on AIS and axon terminals of
myelinated fibers (Ogiwara et al., 2018) raised questions about the specificity of the
localization of Navl.2 on the unmyelinated fibers. I demonstrated in CC and ST, the
diffuse distribution of Navl.2 on adult mouse mid-axons, which form axon bundles
excluding AIS and axon terminals. Nav1.2 is diffusely localized on the axons in early
stage of development and is progressively replaced by Nav1.6 during myelination (Boiko
et al., 2001). I suppose in the Nav1.2-positive unmyelinated axons of early stage, the
clustering of Nav1.6 occurs at the nodes of Ranvier only in the myelinated mid-axons
(Fig. 13). Recently, the connectome study revealed partial myelination along axons of
pyramidal neurons (Tomassy et al., 2014). We do not know whether in those axons Nav
1.2 is localized diffusely or other Navs exist. The relationship between those axons and

the identified unmyelinated axons in this study should be further investigated.
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I focused on the CC and ST in particular, the part of which were stained diffusely
by the anti-Nav1.2 antibody. Then, [ investigated the distribution of Nav1.2 on the
unmyelinated fibers in the CC and ST by IHC and immuno-EM. Diffuse distribution of
Navl.2 in the CC and ST fibers, without the presence of the nodes of Ranvier, was
observed. This suggests that the diffuse localization of Nav1.2 on the mid-axonal regions
could be a useful marker of unmyelinated fibers in the CC and ST. However, Nav].2-
negative unmyelinated fibers were also observed by immuno-EM. Whether this is due to
partial permeation of antibody through the membrane or unmyelinated axons expressing
other types of Navs exist in the CC and ST should be studied further. The protemomic
analysis of the axons of unmyelinated fibers may reveal whether Navl.2 can be a
universal marker for unmyelinated fibers or other Navs could be markers for specific
types of unmyelinated axons.

While there have been many reports on myelinated axons, the roles of
unmyelinated axons in the brain have not been well elucidated. To investigate the roles
of unmyelinated axons in the brain network, I next searched for the origins of these

unmyelinated axons in the CC and ST.
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Figure 13. Changes in the structure of a mid-axon during the growth process.
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Chapter II. Searching for the cell bodies of neurons
with unmyelinated axons in the corpus callosum and

stria terminalis
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1. Introduction

1.1. Estimating the location of the cell bodies of neurons with unmyelinated fibers.

In order to investigate the role of unmyelinated fibers in the brain network, the
cell bodies of neurons with unmyelinated fibers should be identified first. I explored
where the cell bodies of neurons with unmyelinated fibers of the CC and the ST come
from. The part of the CC fibers is derived from the neurons in the cerebral cortex, and the
ST fibers are projected from the amygdala (Ku and Torii, 2020, Dong et al., 2001).
However, there are too many candidate regions for both the cereBral cortex and amygdala.
To narrow it down, [ hypothesized that the cell body diameter of unmyelinated fibers
would be relatively small. There is a report that neuronal soma diameter correlates with
axonal diameter in the callosal connections of the monkey (Fig. 14) (Tomasi et al., 2012).
Also, the small neuronal cell bodies with a diameter of approximately 10 um, granular
cells, were found at the origin of the well-known unmyelinated fibers, such as
hippocampal mossy fibers and cerebellar parallel fibers, in the CNS (Wyatt et al., 2005,
Henze et al., 2000). Moreover, the neurons extending the striatal projection fibers,
including medium spiny neurons, have a small diameter of approximately 12-13 um

(Miyazaki et al., 2014, Schmidt-Hieber et al., 2008, Wyatt et al., 2005, Bishop et al.,
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1982). Since the part of the CC fibers are derived from the neurons in the cerebral cortex,

and the ST fibers are projected from the amygdala (Ku and Torii, 2020, Dong et al., 2001),

I assumed that unmyelinated axons in the CC and the ST are projected from the neurons

with a diameter of approximately 10 pm in the cortex and amygdala, respectively.
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Figure 14. Distribution of soma diameters of the callosal projection neurons in the

motor and prefrontal areas.

The callosal projection neurons were retrogradely labeled with biotinylated dextran amine

(BDA). BDA, MW 3000 was injected in the corresponding contralateral sides in the
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motor cortex and prefrontal cortex. The soma size and axon diameters of the labeled
neurons were measured. Inset shows the relations between soma and axon diameters in
individual callosal projection neurons in both areas, which are linearly correlated

(Pearson = 0.73; P<0.001). The image was modified from (Tomasi et al., 2012).

1.2 Callosal projections.

The CC is the largest white matter tract that connects two cerebral hemispheres
of placental animals. The communication via approximately two hundred million callosal
axons allows efficient information exchange between the two hemispheres, coordinating
our higher-order motor, sensory, and cognitive tasks (Paul et al., 2007, Paul, 2011). The
human CC is anatomically divided into several regions that topographically connect two
hemispheres: the anterior-most rostrum, genu, body, isthmus and splenium at the
posterior end, while the mouse CC is usually divided into three regions: genu, body and
splenium (Fig. 15 a, b). Along the anterior-posterior axis, the genu and rostrum connect
the frontal and premotor regions of the cerebral cortex, the body conjoins the motor,
somatosensory and parietal regions, while the splenium links the temporal and occipital

cortices on both sides (Park et al., 2008, Putnam et al., 2010, Wahl et al., 2007). For
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example, neuronal signals for the motor function pass through the genu, while
somatosensory inputs go through the posterior body of the CC. Axons in isthmus are in
charge of transmitting auditory signals, and visual information via splenium (Funnell et
al., 2000, Blaauw and Meiners, 2020). Dorsal and ventral parts of the CC then connect

the medial and lateral cortical regions, respectively (Fig. 15c).

a Dorsal b Midsagittal c Coronal

Genu  Body Splenium

Figure 15. The organization of the mouse corpus callosum.

Dorsal (a), midsagittal (b), and coronal (c) views of the CC. Callosal axon projections

from each cortical hemisphere cross the midline and primarily connect with homotopic

cortical regions in a topographic manner, by which projections from anterior and posterior

cortical regions form anterior and posterior parts of the CC, respectively (represented by

rainbow colors in a and b). Callosal projections from the medial and lateral regions of the

47



cortex form the dorsal and ventral portions of the CC, respectively (c). The front part of
the CC towards the frontal lobes is called the genu. The end part of the CC towards the
cerebellum is called the splenium. V1, the primary visual cortex. The image was modified

from (Ku and Torii, 2020).

1.3 Stria terminalis projections.

BST is a heterogeneous limbic forebrain structure comprising 12 subnuclei with
distinct cytoarchitectural features and anatomical connectivity. In general, connections
between the amygdala and the BST are topographically organized such that the
anterolateral group of BST subnuclei is reciprocally connected with the central nucleus
of the amygdala (CEA), comprising the “central extended amygdala” (Bienkowski and
Rinaman, 2013, de Olmos and Heimer, 1999), whereas the anteromedial and posterior
groups of BST subnuclei are reciprocally connected with the medial nucleus of the
amygdala (Fig. 16), comprising the “medial extended amygdala” (de Olmos and Heimer,

1999).
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Figure 16. The amygdala and bed nucleus of the stria terminalis are densely

interconnected.

The amygdala and BST coordinate autonomic, neuroendocrine, and somatomotor
responses to internal and external stimuli and events (left). Results from anterograde
tracing studies support the existence of topographically organized reciprocal connections
between the amygdala and BST subnuclei (right). The CEA (red) is reciprocally
connected to the anterolateral group of BST subnuclei (algBST), whereas the MEAad
(green) and MEApd (blue) are reciprocally connected to complementary subregions of
the posterior BST (pBST) and the anteromedial BST subnuclei group (amgBST). MEAad,
medial nucleus of the amygdala, anterodorsal subnucleus; MEApd, medial nucleus of the
amygdala, posterodorsal subnucleus. The image was modified from (Bienkowski et al.,

2013).
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1.4. The aim of this chapter.

While there have been many reports on myelinated fibers, the roles of
unmyelinated fibers in the brain have not been well elucidated.

Figuring out whether the unmyelinated fibers are responsible for projection will
help us understand the roles of the unmyelinated fibers. The part of the CC fibers is
derived from the neurons in the cerebral cortex, and the ST fibers are projected from the
amygdala. However, the exact area, where the unmyelinated fibers are projected from,
has not been studied. To investigate the roles of unmyelinated fibers in the brain network,

I next searched for the cell bodies of neurons with unmyelinated fibers in the CC and ST.
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2. Results

2.1. The Navl.2-positive fibers in the corpus callosum contain projection fibers from
the primary visual cortex.

To estimate the location of the cell bodies of neurons with unmyelinated fibers,
the anti-Nav1.2 antibody does not stain the cell body, I followed the Navl.2-positive
fibers before the cell body in the CC. The mouse brain sagittal secﬁons were cut at 500
pm sequentially from the center to the lateral side. The bundles of the Nav1.2-positive
fibers were separated up and down as they headed toward the lateral side of the brain (Fig.
17a). In the upper bundles, the Nav1.2-positive fibers were observed in the primary visual
cortex (V1), which is the first cortical region that receives visual input (Fig. 17b)
(Felleman and Van Essen, 1991). Therefore, the cell bodies of neurons with unmyelinated
fibers could be detected as if they are located in the V1. The location of the cell bodies of

neurons with unmyelinated fibers of the bottom bundles could not be examined.
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Figure 17. The Nav1.2-positive axons in the corpus callosum.

(a) The sagittal CC sections of the 8-week-old C57BL/6]J mice were cut at 500 pm
sequentially from the center (image 1) to the lateral side (image 11), and each section was
stained with the anti-Nav1.2 antibody. The estimated location of the cell bodies of
neurons with unmyelinated fibers was shown in the boxed area. (b) The image shows a
higher magnification of the boxed area of image 8 in (a), which indicates the V1. Scale

bars: 500 pm (a), 200 um (b).
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Then, 1 observed the projection of the neurons from the V1 after injecting BDA,

an anterograde tracer, into the V1. BDA from the neuronal cell bodies with the size of 10

um at the injection site traveled down the axons toward the terminal processes (Fig. 18a).

However, it remained unclear which layer the BDA-injected cell bodies are located. In

the V1, BDA in the cell bodies projected toward the contralateral side through the upper

side of the CC (Fig. 18b). The location of the injection was in 3.5 mm caudal to the

bregma, but the BDA-positive projection fibers were observed in the center of the CC

bundles in 1.79 mm caudal to the bregma as well as in the contralateral side (Fig. 18c).

Since the BDA-labeled fibers co-localized with the Nav1.2-positive fibers, I suggest that

a part of the Nav1.2-positive fibers come from the V1 and project toward the contralateral

side of the brain.
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Figure 18. Projection from the primary visual cortex in the corpus callosum.

(a-c) BDA was injected into the V1 of the 8-week-old C57BL/6J mice. The injection site

at (a, b) 3.5 mm caudal to the bregma and (c) 1.79 mm caudal to the bregma. (a) The

immunostaining images of BDA. The right panel shows a higher magnification of the

boxed area in the left panel. (b, ¢) The fluorescence images of the BDA (green) and the

anti-Nav1.2 (red) antibody are shown. The areas circled in white dot lines refer to the

BDA containing and the Nav1.2-labeled axons. Scale bars: 500 pm (a, left), 100 pm (a,

right), 50 pm (b), 200 pm (c).
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2.2. The tdTomato-positive neurons in the Scnnla®*-tdTomato mice project
unmyelinated and thin myelinated axons.

Next, I examined which cell layers the projection fibers came from. Because the
fourth layer of the V1 (V1L4) is a thick granular cell layer, I hypothesized that the
unmyelinated axons in the CC were projected from the V1L4. I prepared a mouse
expressing Sennla®*-tdTomato which labeled the granular cells at the cortical L4 (Fig.
19a) (Harris et al., 2014). The SCNNIA gene encodes the a-subunit of the epithelial
sodium channel, which is constitutively active and is not voltage-dependent. The function
of SCNN1A in the brain has not been well elucidated. I observed the excitatory neurons
labeled with tdTomato in the V1L4. The cells labeled with tdTomato had a small soma
diameter of about 10 um (Fig. 19b). Using this mouse, I examined whether these fibers
from the cortical L4 were unmyelinated and found that most of the fibers projected
through the bottom side of the fiber bundles in the CC (Fig. 19¢, d). The Nav1.2-positive
fibers and the projection fibers from the cortical L4 co-localized in a part of the fiber
bundles in the center of the CC, suggesting that these fibers might be unmyelinated.

However, other fiber bundles co-localized with NFH (Fig. 19e, ). Taken together, these
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results suggest that both myelinated and unmyelinated fibers exist in the tdTomato-

positive fibers.

Immuno-EM was performed to directly examine whether the tdTomato-positive

fibers, which should come from the Scnnla-expressing neurons, were unmyelinated. As

a result, the tdTomato-positive fibers were detected in both myelinated and unmyelinated

axons (Fig. 20a). The fibers from the V1L4 were not limited to the unmyelinated axons.

Also, I focused on the thickness of axons to investigate which kind of neurons were

tdTomato-positive. In the CC, some thick myelinated axons had a diameter of more than

1 um, while some relatively thin myelinated axons had a diameter of 0.5 um (Fig. 20b).

The diameters of the tdTomato-positive axons were less than 0.5 pm regardless of

whether they are myelinated or unmyelinated (Fig. 20c). Taken together, I suggest that

the tdTomato-positive excitatory neurons project either thin myelinated or unmyelinated

axons.
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Figure 19. Projection fibers of the tdTomato-positive neurons in the corpus callosum.

(a) A schematic representation of a Scnnla®™-tdTomato mouse. (b-f) The coronal sections
of the 8-week-old Scnnla®c-tdTomato mice were observed. (b) The tdTomato-positive
neurons in the V1L4. The right panel shows a higher magnification of the boxed area in

Cre_tdTomato mice were stained with

the left panel. (c-f) The brain sections of the Scnnla
the (c, d) anti-Nav1.2 (green) and anti-tdTomato (red) antibodies, and (e, f) anti-NFH
(green) and anti-tdTomato (red) antibodies. (d) The panels show a higher magnification
of the boxed area in the merged image in (c). (f) The panels show a higher magnification

of the boxed area in the merged image in (e). Scale bars: 300 pm (b, left), 30 um (b, right,

d, ), 200 um (¢, e).
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Figure 20. The diameters of axons in the corpus callosum of the Scnnla®r-tdTomato

mice.

(a) The EM analysis in the sagittal CC brain sections of the 8-week-old C57BL/6] mice
was performed. The left side from the dotted line shows myelinated axons, and the right
side from the dotted line shows thin myelinated axons. (b) The immuno-EM analysis in
the sagittal CC brain sections of the 8-week-old Scnnla“™-tdTomato mice was performed

using the anti-RFP (red fluorescent protein) antibody. Arrows indicate the tdTomato-
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positive unmyelinated axons (black) and the thin myelinated axons (blue). (¢) The

diameters of the myelinated, thin myelinated and unmyelinated axons. **P<0.01,

***¥P<0.001, ****P<0.0001. Scale bars: 5 pm (a), 0.5 um (b).

2.3. The Navl.2-positive fibers in the stria terminalis contain projection fibers from the

central amygdala.

[ next investigated the cell bodies of neurons with unmyelinated fibers, following

the path of the Nav1.2-positive fibers in the ST. The sagittal brain sections were cut at

500 um sequentially from the center to the lateral side of the brain. The Navl.2-positive

fibers were projected from the CEA, went through the medial in an arc shape (the boxed

area of panel 9 in Fig. 21a, Fig 21b) and finally headed toward the BST. As previously

reported, the CEA projects the BST (Fig. 16) (Bienkowski et al., 2013). Therefore, I

assumed that the cell bodies of neurons with unmyelinated fibers came from the CEA.
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Figure 21. The Nav1.2-positive axons in the stria terminalis.

(a) The sagittal ST sections of the 8-week-old C57BL/6] mice were cut at 500 um
sequentially from the center (image 1) to the lateral side (image 11), and each section was
stained with the anti-Nav1.2 antibody. The estimated location of the cell bodies of
neurons with unmyelinated fibers was shown in the boxed area. The areas circled in black
refer to the ST, and the regions circled in blue dot lines refer to the nucleus area. (b) The

image shows a higher magnification of the boxed area of image 9 in (a). ST, stria



terminalis; BST, bed nucleus of the stria terminalis; CEA, central amygdala; STIA, bed

nucleus of the stria terminalis, intraamygdaloid division. Scale bars: 1 mm (a), 200 pm

(b).
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3. Discussion

In Chapter II, I estimated the location of the cell bodies of neurons with
unmyelinated fibers, following the path of the Nav1.2-positive fibers in the CC and ST,
with a hypothesis that unmyelinated axons in the CC and the ST are projected from the
neurons with a diameter of approximately 10 um in the cortex and amygdala.

To identify the projection pathways, I first injected BDA, the anterograde tracer,
into the V1 of the CC and observed the specifically fluorescence-labeled axons and somas
of the V1. Since the BDA-labeled fibers co-localized with the Nav1.2-positive fibers, a
part of the Navl.2-positive fibers might come from the V1 and project toward the
contralateral side of the brain. Next, to examine which cell layers the projection fibers
came from, I prepared a mouse expressing Scanla“™-tdTomato which labels the granular
cells at the cortical L4. However, the immuno-EM analysis suggested that the tdTomato-
positive excitatory neurons project either thin myelinated or unmyelinated axons. In the
ST, the cell bodies of neurons with unmyelinated fibers might come from the CEA,
following the path of the Navl.2-positive fibers. Taken together, the cell bodies of
neurons with unmyelinated fibers in the CC and ST include small neurons in the cortex

and amygdala. Allen Mouse Brain Connectivity Atlas showed that the V1 of the
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Cre

Scnnla*"-tdTomato mice project axons through CC, which could be unmyelinated. To

identify the original neurons of these unmyelinated fibers, further studies using a virus

and Scnnla®e

mice specifically expressing a marker in the limited cell types are necessary.

There are a lot of Nav1.2-positive and tdTomato-negative axons in the CC in the
Scnnla-Tg3-Cre mouse. It is estimated that 80% of callosal axons come from neurons in
layer II/II1, and 20% are from neurons in layer V in the mature brain (Fame et al., 2011).
These layers of the cerebral cortex should also be observed.

Navl1.2 is expressed in many regions of the mammalian brain including the
hippocampus, cerebellum and striatum (Gong et al., 1999, Yamagata et al., 2017). The
clustering of sodium channels to generate action potentials at AIS evolved before the
divergence of jawed and jawless vertebrates approximately 560 million years ago (Fig.
22) (Hill et al., 2008). Most fast-transmitting axons in jawed vertebrates (gnathostomata)
are myelinated. On the contrary, jawless vertebrates (agnatha/ cyclostomata) including
lamprey do not possess myelin and thus represent an ancestral stage in the vertebrate
nervous system evolution (Bullock et al., 1984). Even though axonal myelination in the
CNS began more than 500 million years ago, there must be an advantage to unmyelinated

fibers to remain until today. However, the role of unmyelinated fibers in the CNS is still

not well understood. In the CC, the vesicular release of glutamate from the unmyelinated
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fibers was discovered (Fig. 23) (Kukley et al., 2007). The newly discovered unmyelinated

fibers are all axon bundles. The bundling of many axons together and the exchange of

vesicles between axons must have some inherent benefit in information transmission.

Myelin;jaws. S\ ([ Mammals(mouse)
: Amphibians/reptiles (clawed frog) Tetrapods
Neural crest, notochor{\ Bony fish (zebrafish) P
Elasmobranchs (shark) Gnathostomes
Agnathans (lamprey) Craniates/vertebrates
Invertebrates

Figure 22. Evolutionary relationships of representative model species.

Consequential evolutionary innovations are indicated (red arrowheads). The image was

modified from (Weil et al., 2018).
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Figure 23. Unmyelinated axons contain synapse-like vesicles at contact sites with

oligodendrocyte precursor cells.

The EM analysis of the relationship of biocytin-filled processes (Bio) of oligodendrocyte
precursor cells with neighboring axons. The axon forms a small varicosity containing
many vesicles (Ves). Note that small protrusions of the axonal membrane_z form glial
invaginations (arrows). This shows a magnified view of invaginations between the white

bars (inset scale bar: 50 nm). The image was modified from (Kukley et al., 2007).

Mutations of the SCN24 gene are associated with neurological disorders such as
epilepsy, autism spectrum disorders, intellectual disabilities and schizophrenia (Hoischen
et al., 2014). Nav1.2 is well expressed in excitatory neurons such as neocortical and
hippocampal pyramidal cells, and therefore it can be naturally assumed that gain-of-
function mutations of SCN24 lead to hyper-excitabilities of those excitatory neurons and
result in epileptic seizures. Nav1.2 is densely expressed in unmyelinated axons of neurons
in hippocampal dentate and cerebellar granule cells, while in striatum Nav1.2 is present

at unmyelinated axons of GABAergic medium spiny neurons. Nav1.2 is also expressed
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in neocortical somatostatin-positive inhibitory neurons but not in the parvalbumin-

positive neurons (Ogiwara et al., 2018, Yamagata et al., 2017).

The CEA is a striatum-like output of the amygdala, consisting almost exclusively

of GABAergic medium spiny neurons. Therefore, Navl.2-positive axons might be

GABAergic medium spiny neurons (Liu et al., 2021). The CEA has been proved to play

a key role in the control of anxiety, stress and fear-related behaviors. The symptoms

related to emotions of neurological disorders might be caused by mutations of the SCN24

gene in the CEA. The pathological role of Nav1.2 mutations or loss in unmyelinated fibers

should be further investigated. I hope that investigating the localization and function of

unmyelinated fibers in the CNS could contribute to elucidating the pathogenesis of the

diseases and further developing treatments for the diseases.
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Materials and Methods

Animals: The mouse experiments were approved by the animal experiment committee at
Doshisha University. Mice were maintained and bred in accordance with the guidelines
of Doshisha University. 8-week-old C57BL/6J mice were obtained from CLEA Japan,

Inc. Only male mice were used for this study.

Scnnla®e-tdTomato mice: Adult Scnnla-Tg3-Cre (B6; C3-Tg (Scnnla-cre)3Aibs/],
RRID: IMSR_JAX:009613) and Ail4-reporter mice (B6; Cg-Gt (ROSA)26Sor'™m!* (CAG-
«dTomato) Hze /5 RRID: IMSR_JAX:007914) were purchased from Jackson Labs.
Heterozygous Scnnla-cre mice were bred with homozygous Ail4-reporter mice. Scnnla
x Ail4 positive offspring constitutively expressed tdTomato in all cre-positive cells

(Sennla®*-tdTomato).

Generation of an anti-Navl.2 antibody: Rat monoclonal anti-Nav1.2 (1B6-1C1)
antibody was generated against KLH-conjugated oligopeptides corresponding to the C-
terminal region of human Nav1.2 (amino acids 466-485). Hybridoma supernatants were

screened by ELISA, and then selected subclones were further analyzed by Western blot

68



and THC. Conditioned media of a selected clone (1B6-1C1) were harvested from the
stable hybridoma cultures, and the antibody was purified using a HiTrap SP HP column
(GE Healthcare) by Cell Engineering Corporation (Osaka, Japan). The precise
characterization of this monoclonal antibody (1B6-1C1) will be published elsewhere
(Miyazaki, et al. unpublished). The antibody recognized the ~260KDa sized band, and
IHC confirmed that the staining of striatal projection fibers disappeared in the SCN24

conditional knockout mouse.

Antibodies: The following primary antibodies were used: anti-NFH (1:1,000 for IHC and
IF, 1:10,000 for immuno-EM, AB5539, Chemicon), anti-Nav1.2 (1:1,000 for IHC and IF,
1:500 for immuno-EM), anti-Nav1.6 (1:700 for IHC and IF), anti-Caspr clone K65/35
(1:1,000 for IHC and IF, 75-001, NeuroMab), anti-RFP (1:3000 for immuno-EM #M155-
3, MBL International Corporation) antibodies.

For IHC and immuno-EM, the following secondary antibodies were used: Biotinylated
anti-rat IgG (1:300 for IHC, 1:500 for immuno-EM, BA-9400, Vector), Biotinylated anti-
mouse IgM (1:300 for THC, 1:500 for immuno-EM, BA-2020, Vector) and Biotinylated
anti-chicken IgY (IgG) (1:500 for immuno-EM, 703-065-155, Jackson ImmunoResearch)

antibodies.
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For IF, the following secondary antibodies were used after diluted by 1:300: Alexa Fluor
488 anti-rat IgG (A-11006, Invitrogen), Alexa Fluor 488 anti-chicken IgG (A-11039,
Invitrogen), Alexa Fluor 546 anti-chicken IgG (A-11040, Invitrogen), Alexa Fluor 546
anti-mouse IgG (A-11030, Invitrogen) and Alexa Fluor 647 anti-rabbit IgG (A-21246,

Invitrogen) antibodies.

Immunohistochemistry: Mice (C57BL/6J, N = 5; Scnnla“"-tdTomato, N = 3) were
perfused with phosphate buffered saline (PBS) and subsequently with 4%
paraformaldehyde (PFA) in PBS. To prepare paraffin sections, brains were postfixed,
dehydrated and embedded in paraffin wax. 5-um-thick sections were cut with an HM430
sliding microtome (PHC). Autoclaved paraffin sections were quenched with 3% H202 in
methanol for 30 min before blocking with 5% skim milk in TBST. The sections were then
incubated in the primary antibodies diluted in TBST overnight at 4°C, followed by the
secondary antibody incubation at room temperature for 30 min. The sections were then
incubated with VECTASTAIN Elite ABC Kit (Vector Laboratories) for 30 min. The
signals were developed with substrate solution containing 0.1% diaminobenzidine (DAB),

0.015% H20» and 0.05 M Tris-HCI (pH 7.6). Images were taken with BIOREVO BZ-
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9000 (KEYENCE), and we captured approximately the same area in each comparative

sample.

Immunofluorescence: Mice (C57BL/6J, N = 5; Scnnla“-tdTomato, N = 5) were
perfused with PBS and subsequently with 4% PFA in PBS. To prepare frozen sections,
brains were postfixed by 4% PFA in PBS overnight, immersed in 30% sucrose in PBS,
embedded in OCT compound, immediately frozen by liquid N2 and stored at -80°C. The
brains were sectioned at 20 pm with a cryostat (CM1860, Leica). The sections were
blocked with 5% skim milk in TBST for 1 h and incubated with the primary antibodies
diluted in TBST overnight at 4°C, followed by the secondary antibody incubation at room
temperature for 30 min. All images were taken with BIOREVO BZ-9000 (KEYENCE),

and we captured approximately the same area in each comparative sample.

Analysis of axon distribution from the V1: 5% BDA (D1956, Invitrogen) in PBS was
injected into the V1 (AP: 3.5 mm caudal to the bregma, LM: 2.16 mm lateral from the
midline, depth: 0.5 mm from the pial surface) using a glass pipette (tip diameter, 15-20
um). 3 days after the tracer injection, each mouse (C57BL/6J, N = 15) was perfused with

PBS and subsequently with 4% PFA in PBS. To prepare frozen sections, brains were
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postfixed by 4% PFA in PBS overnight, immersed in 30% sucrose in PBS, embedded in
OCT compound and immediately frozen by liquid Nz and stored at -80°C. The brains
were sectioned at 50 pm with an electro freeze (MC-802C, yamatokoki) on the HM430
sliding microtome (PHC). The slices were incubated with 0.3% H2O in PBS (0.2%
TritonX-100) for 30 minutes, followed by the incubation in blocking solution (2% BSA
in TBST) for 1 h. The slices were then transferred to the primary antibody solution
containing 2% BSA in TBST overnight at 4°C, incubated with the biotinylated secondary
antibody solution containing 2% BSA in TBST for 3 h, and then incubated with

streptavidin conjugated with CF488 (1:4000, #29034, Biotium) for 5 h at 4°C.

Transmission EM: For EM, mice (C57BL/6J, N = 4) were perfused with 2% PFA, 2.5%
glutaraldehyde and 0.1 M sodium cacodylate (pH 7.4). The coronal sections of the ST
and the sagittal sections of the CC (500-um-thick) were cut with a vibratome, followed
by the post-fixation with 2% OsOy4 in the same buffer. Fixed specimens were dehydrated
with a graded series of ethanol and embedded in Epok812 (Oken shoji). Ultrathin sections
were cut and stained with lead citrate. These sections were examined with an HT7700

transmission electron microscope (Hitachi).
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Pre-embedding immuno-EM: For immune-EM, mice (C57BL/6], N = 4; Scnnla®-
tdTomato, N = 4) were perfused with 2% PFA, 1% glutaraldehyde and 0.1 M sodium
cacodylate (pH 7.4). The coronal sections of the ST and the sagittal sections of the CC
(200-pum-thick each) were cut with a vibratome. The slices were frozen and thawed with
TBS three times and incubated with 0.1% H20; in TBS for 1.5 h, followed by the
incubation in blocking solution (2% BSA in TBS) for 2 h. The slices were transferred to
the prirriary antibody solution containing 2% BSA in TBS overnight at 4°C, incubated
with the biotinylated secondary antibody solution containing 2% BSA in TBS for 3 h, and
then incubated with ABC reagent of VECTASTAIN Elite ABC Kit (Vector Laboratories)
for 2 h and subsequently developed with DAB substrate solution (5 mg DAB and 1.2 pl
30% H20: in 40 ml 0.05M Tris—HCI (pH 7.4)) for 20 min. Post-fixation was performed
with 2% OsQOs in the same buffer. The fixed specimens were dehydrated with a graded
series of ethanol and embedded in Epok812 (Oken shoji). Ultrathin sections were cut and
stained with lead citrate. These sections were examined with an HT7700 transmission

electron microscope (Hitachi).
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Data analysis: Multiple comparisons were conducted by one-way ANOVA followed by
Tukey’s posttest. P-values less than 0.05 were evaluated as statistically significant. Data

were analyzed by GraphPad Prism 7.0 software (SanDiego, CA, USA).
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