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ABSTRACT
Precise axon pathfinding is crucial for establishment of
the initial neuronal network during development. Pioneer axons navigate without the help of preexisting
axons and pave the way for follower axons that project
later. Voltage-gated ion channels make up the intrinsic
electrical activity of pioneer axons and regulate axon
pathfinding. To elucidate which channel molecules are
present in pioneer axons, immunohistochemical analysis
was performed to examine 14 voltage-gated ion channels (Kv1.1–Kv1.3, Kv3.1–Kv3.4, Kv4.3, Cav1.2, Cav1.3,
Cav2.2, Nav1.2, Nav1.6, and Nav1.9) in nine axonal
tracts in the developing rat forebrain, including the
optic nerve, corpus callosum, corticofugal fibers, thalamocortical axons, lateral olfactory tract, hippocamposeptal projection, anterior commissure, hippocampal
commissure, and medial longitudinal fasciculus. We
found A-type Kþ channel Kv3.4 in both pioneer axons

and early follower axons and L-type Ca2þ channel
Cav1.2 in pioneer axons and early and late follower
axons. Spatially, Kv3.4 and Cav1.2 were colocalized
with markers of pioneer neurons and pioneer axons,
such as deleted in colorectal cancer (DCC), in most
fiber tracts examined. Temporally, Kv3.4 and Cav1.2
were expressed abundantly in most fiber tracts during
axon pathfinding but were downregulated beginning in
synaptogenesis. By contrast, delayed rectifier Kv channels (e.g., Kv1.1) and Nav channels (e.g., Nav1.2) were
absent from these fiber tracts (except for the corpus
callosum) during pathfinding of pioneer axons. These
data suggest that Kv3.4 and Cav1.2, two high-voltageactivated ion channels, may act together to control
Ca2þ-dependent electrical activity of pioneer axons and
play important roles during axon pathfinding. J. Comp.
Neurol. 520:3650–3672, 2012.
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The formation of neuronal circuitry includes, in order,
neuron generation/migration, axon pathfinding, synaptogenesis, and the refinement of synaptic connections with
target selection (Wolpert et al., 2007). Axon pathfinding
is initiated by a small number of early neurons, the pioneer neurons. Pioneer axons extend from pioneer neurons with growth cones on their leading tips, navigate
without the aid of preexisting axons, and lay down scaffolds. Follower axons can thus be guided by selective fasciculation with pioneer axons, and together they form a
fiber tract (Chedotal and Richards, 2010). Although it is
difficult to separate pioneer axons from follower axons in
a single fiber bundle after fasciculation, pioneer axons
can be distinguished because they appear earlier than follower axons. For example, pioneer neurons of the corpus
C 2012 Wiley Periodicals, Inc.
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callosum project axons at least 1 day earlier than follower
neurons (Rash and Richards, 2001).
Axon pathfinding depends on two factors, extrinsic
guidance cues and intrinsic electrical activity on growing
axons, and these two factors interact with each other.
Guidance cue binding to receptors on growth cones leads
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to either membrane depolarization for attraction or hyperpolarization for repulsion. For example, axon guidance
cue netrin-1 binding to its receptor, deleted in colorectal
cancer (DCC), causes membrane depolarization and
results in chemoattraction (Nishiyama et al., 2008). Conversely, electrical activity on growing axons can modulate
the effect of guidance cues. For example, Ca2þ-dependent spontaneous electrical activity modulates responses
of growth cones after guidance cue binding to its receptors (Gomez and Zheng, 2006) and the expression levels
of guidance cue receptors and cell adhesion molecules in
growing axons (Hanson and Landmesser, 2004; Hanson
et al., 2008). Electrical activity in axons is regulated
mainly by voltage-gated ion channels (Moody and Bosma,
2005), but the channel molecules in pioneer axons have
not been identified.
A previous study showed that axon extension and turning of Xenopus retinal ganglion cells (RGCs) in explant culture was disrupted when voltage-gated Kþ (Kv) channels
were blocked (McFarlane and Pollock, 2000), and several
Kv channel-like proteins were detected in RGCs and their
axons in dissociated culture (Pollock et al., 2002). Furthermore, Ca2þ concentration in growth cones directly
regulates axon pathfinding, and intracellular Ca2þ concentration is controlled mainly by voltage-gated Ca2þ
(Cav) channels. L-type Ca2þ channels, which regulate
axon outgrowth and pathfinding in cultured neurons, have
been suggested to be the downstream effectors of the
netrin-1–DCC complex (Tang et al., 2003; Gomez and
Zheng, 2006). Thus, it is possible that Kv and Cav channels are expressed in pioneer axons.
The aim of this study was to identify voltage-gated ion
channels in pioneer axons. Because the developmental
profiles of many axonal tracts in rodent forebrain are well
documented (Chedotal and Richards, 2010), we analyzed
the spatial and temporal expression profiles of 14 channel molecules in the developing rat forebrain. Our data
show that only Kv3.4 and Cav1.2 are expressed in pioneer axons, and their possible functions during axon
pathfinding are discussed. This report will facilitate future
studies on the functions of neuronal activities in the
development of different axonal tracts.

MATERIALS AND METHODS
Animals
Sprague-Dawley rats (P2, P7, and adult) and embryos
(E12.5–E21.5 each day) in pregnant females were provided
by the Animal Center, National Yang-Ming University.
National guidelines on animal care were followed, and all
the experiments were approved by the local ethics committee of the National Yang-Ming University. The day of birth
was defined as P1. Timed pregnancies were established by

checking for vaginal smears on the morning following mating, and noon on the day sperm was detected was designated as E0.5. In this study, 30 pregnant female rats, 10
postnatal rats, and six adult male rats were used.

Tissue processing
Postnatal and adult rats were anesthetized by intraperitoneal injection of sodium pentobarbital (100 mg/kg) and
briefly perfused transcardially with normal saline, followed by cold 4% paraformaldehyde in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 2 mM KH2PO4, pH 7.4) for 15 minutes (P2 and
P7 rats) or 20 minutes (adult rats). On the required day of
gestation, after pregnant female rats had been deeply
anesthetized by sodium pentobarbital, embryos were
removed from the uterus, placed in cold PBS, and perfused transcardially with 4% paraformaldehyde plus
0.25% glutaraldehyde in cold PBS for 10 minutes. After
perfusion, brains were removed from skulls and
immersed in the same fixative at 4 C for 20 minutes
(E12.5–E20.5), 30 minutes (P2 and P7), or 2 hours
(adult). All specimens were cryoprotected in 30% (w/v)
sucrose in 0.1 M phosphate buffer (PB; 0.08 M K2HPO4,
0.02 M NaH2PO4, pH 7.4), with two changes.

Antibody characterization
Antibodies used in the present study are commercially
available. Table 1 provides antibody information, including immunogens, host species, commercial sources, catalog numbers, and dilutions for single antigen
immunohistochemistry.
Goat anti-calbindin D28K (C-20) was raised against a
peptide in the C-terminus of human calbindin D28K. This
antibody recognized a single band of 28 kDa (m.w. of
calbindin) in adult mouse brain lysate analyzed by Western blot (manufacturer’s information). Calbindin immunoreactivity (-IR) was detected in the pioneer neurons and
their axons in the neocortical preplate of the developing
rat brain (Meyer et al., 1998). The immunostaining pattern of calbindin in the developing rat brain was the same
as that reported by Meyer et al.
Mouse anti-calretinin was raised against recombinant
human calretinin-22k. The specificity of the antibody was
confirmed by the absence of calretinin-IR in the neocortical interneurons of calretinin knockout mice (manufacturer’s information). Calretinin-IR was detected in the pioneer neurons situated in the neocortical preplate of the
developing rat brain (Meyer et al., 1998; Espinosa et al.,
2009). The immunostaining pattern of calretinin in the
developing rat brain was the same as reported earlier.
Rabbit anti-Cav1.2 was raised against a peptide containing amino acid residues 848–865 of rat Cav1.2.
Cav1.2-IR was detected on the cell body surfaces of
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TABLE 1.
Primary Antibodies Used
Antigen
Calbindin
Calretinin
Cav1.2
Cav1.3
Cav2.2
DCC
Kv1.1
Kv1.2

Kv1.3

Kv3.1b
Kv3.2
Kv3.3
Kv3.4
Kv4.3
L1
Nav1.2
Nav1.6
Nav1.9
Neuropilin-1
Reelin
Satb2

Immunogen

Host species

C-terminus of calbindin D28K of human
Recombinant human calretinin-22k
Amino acid residues 848–865 of rat
Cav1.2 (C)TTKINMDDLQPSENEDKS
Amino acid residues 859–875 of rat
Cav1.3 (C)DNKVTIDDYQEEAEDKD
Amino acid residues 851–867 of rat
Cav2.2 (C)RHHRHRDRDKTSASTPA
Amino acid residues 1123–1447 of
human DCC
Amino acids residues 458–476 of
rat Kv1.1 EEDMNNSIAHYRQANIRTG
Amino acid residues 417–499 of rat
Kv1.2 YHRETEGEEQAQYLQVTSCPKIPSSPDLKK
SRSASTISKSDYMEIQEGVNNSNEDFREEN
LKTANCTLANTNYVNITKMLTDV
Amino acid residues 523–575 of human Kv1.3
TLSKSEYMVIEEGGMNHSAFPQTPFKTGNS
TATCTTNNNPNSCVNIKKIFTDV
Amino acid residues 567–585 of rat Kv3.1b
CKESPVIAKYMPTEAVRVT
Amino acid residues 184–204 of rat Kv3.2
DLGGKRLGIEDAAGLGGPDGK(C)
Amino acid residues 701–718 of rat Kv3.3
KSPITPGSRGRYSRDRAC
Amino acid residues 177–195 of rat Kv3.4
EAGDDERELA LQRLGPHEG(C)
Amino acid residues 415–636 of rat Kv4.3
C-terminal cytoplasmic domain of human NCAM-L1
Amino acid residues 1882–2005 of rat Nav1.2
Amino acid residues 1042–1061 of rat
Nav1.6 CIANHTGVDIHRNGDFQKNG
Amino acid residues 1748–1765 of rat
Nav1.9 CNGDLSSLDVAKVKVHND
Rat neuropilin-1 extracellular domain
Amino acid residues 164–496 of rodent reelin
Recombinant fragment C-terminal (human)

Goat polyclonal
Mouse monoclonal
Rabbit polyclonal

Santa Cruz/sc7691
Swant/6B3
Alomone/ACC-003

1:100
1:200
1:400

Rabbit polyclonal

Alomone/ACC-005

1:100

Rabbit polyclonal

Alomone/ACC-002

1:250

Mouse monoclonal

BD pharmingen/G97-449

1:400

Mouse monoclonal

NeuroMab/K20/78

1:100

Rabbit polyclonal

Alomone/ACC-010

1:200

Rabbit polyclonal

Alomone/ACC-002

1:100

Rabbit polyclonal

Alomone/ACC-014

1:100

Rabbit polyclonal

Alomone/ACC-011

1:100

Rabbit polyclonal

Alomone/ACC-102

1:100

Rabbit polyclonal

Alomone/ACC-019

1:100

Mouse monoclonal
Goat polyclonal
Mouse monoclonal
Rabbit polyclonal

NeuroMab/K75/41
Santa Cruz/sc1508
NeuroMab/K69/3
Alomone/ASC-009

1:100
1:400
1:500
1:100

Rabbit polyclonal

Alomone/ASC-017

1:100

Goat polyclonal
Mouse monoclonal
Mouse monoclonal

R&D/AF566
Calbiochem/553731
Abcam/ab51502

1:400
1:200
1:20

hippocampal and neocortical pyramidal neurons in the
adult rat brain (Hell et al., 1993; Tippens et al., 2008).
The specificity of this antibody was confirmed by the absence of Cav1.2-IR in the anterior cingulate cortex of
Cav1.2 knockout mice (Jeon et al., 2010). The immunostaining pattern of Cav1.2 in the adult rat brain was the
same as reported earlier.
Rabbit anti-Cav1.3 was raised against a peptide containing amino acid residues 859–875 of rat Cav1.3.
Cav1.3-IR was detected on the cell body surfaces of hippocampal and neocortical pyramidal neurons in the adult
rat brain (Hell et al., 1993). The immunostaining pattern
of Cav1.3 in the adult rat brain was the same as reported
elsewhere.
Rabbit anti-Cav2.2 was raised against a peptide containing amino acid residues 851–867 of rat Cav2.2.
Cav2.2-IR was detected in the cell bodies of pyramidal
cells in the hippocampus and neocortical layers II, III, and
V in the adult rat brain (Westenbroek et al., 1992) and the
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Source/catalog No.

Dilution

cell bodies of adult mouse hippocampal inhibitory interneurons (Vinet and Sı́k, 2006). The immunostaining pattern of Cav2.2 in the adult rat brain was the same as
reported earlier.
Mouse anti-DCC antibody was raised against a truncated recombinant protein containing the intracellular
domain of human DCC. This antibody recognized a single
band of 185 kDa (m.w. of DCC) in human brain neuroblastoma IMR-32 cell lysate analyzed by Western blot
(manufacturer’s information). DCC-IR was detected in the
axonal tracts of embryonic mouse brain (Shu et al, 2000).
The immunostaining pattern of DCC in the embryonic rat
brain was the same as reported earlier.
Mouse anti-Kv1.1 was raised against a peptide containing amino acid residues 458–476 of rat Kv1.1. This antibody recognized a major band of 85 kDa (m.w. of Kv1.1
protein) in adult rat brain membranes analyzed by Western blotting (manufacturer’s information). Kv1.1-IR was
detected in the axon terminals of basket cells that
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ensheath the base and initial axon segment of Purkinje
cells in the adult mouse cerebellum (Wang et al., 1993)
and the juxtaparanodes adjacent to the nodes of Ranvier
in adult rat sciatic nerves (Mi et al., 1995) and optic nerve
(Rasband et al., 1999). The immunostaining pattern of
Kv1.1 in the adult rat cerebellum, sciatic nerves, and
optic nerve was the same as reported elsewhere.
Rabbit anti-Kv1.2 was raised against a glutathione-Stransferase (GST) fusion protein conjugated with a peptide containing the amino acid residues 417–499 of rat
Kv1.2. Kv1.2-IR was prominent in the corpus callosum
and the axon terminals of cerebellar basket cells in the
adult rat brain (Sheng et al., 1994). The immunostaining
pattern of Kv1.2 in the adult rat brain was the same as
reported earlier.
Rabbit anti-Kv1.3 was raised against a GST fusion protein conjugated with a peptide containing the amino acid
residues 523–575 of human Kv1.3. This antibody recognized a band of 67 kDa (m.w. of Kv1.3) in cultured
mouse bone marrow-derived macrophages analyzed by
Western blotting (Vicente et al., 2006). Kv1.3-IR was
detected in the stratum pyramidale of the mouse hippocampal CA3 region (Grosse et al., 2000) and the cell
bodies of rat cerebellar Purkinje cells (Veh et al., 1995).
The immunostaining pattern of Kv1.3 in the adult rat hippocampus and cerebellum was the same as previously
reported.
Rabbit anti-Kv3.1b was raised against a peptide containing amino acid residues 567–585 of rat Kv3.1b (lot
No AN-03). Kv3.1b-IR was detected in hippocampal interneurons, the reticular thalamic nucleus, and the zona
incerta of the adult mouse brain (Chang et al., 2007). The
immunostaining pattern of Kv3.1b in the adult rat brain
was the same as reported elsewhere.
Rabbit anti-Kv3.2 was raised against a peptide containing amino acid residues 184–204 of rat Kv3.2. Kv3.2-IR
was detected in the hippocampal interneurons and reticular thalamic nucleus of the adult mouse brain (Chang
et al., 2007). The immunostaining pattern of Kv3.2 in the
adult rat brain was the same as reported elsewhere.
Rabbit anti-Kv3.3 was raised against a peptide containing amino acid residues 701–718 of rat Kv3.3. Kv3.3-IR
was detected in the hippocampus, reticular thalamic nucleus, and ventrobasal thalamus of the adult mouse brain
(Chang et al., 2007). The immunostaining pattern of
Kv3.3 in the adult rat brain was the same as reported
earlier.
Rabbit anti-Kv3.4 was raised against a peptide containing amino acid residues 177–195 of rat Kv3.4. In adult
mouse brain lysate analyzed by Western blot, this antibody recognized a band of 110 kDa (Boda et al., 2011),
corresponding to the native glycosylated form of Kv3.4
(Cartwright et al., 2007). The 110-kDa band was blocked

by preadsorption with the immunogenic peptide (Boda
et al., 2011). In the adult rat brain, consistent with Kv3.4
mRNA in the hippocampal granule cells (Weiser et al.,
1994), Kv3.4-IR was detected in their axons (mossy
fibers; Veh et al., 1995). Kv3.4-IR was also detected in
the axon terminals of cerebellar basket cells (Laube
et al., 1996). The immunostaining pattern of Kv3.4 in
adult rat hippocampus and cerebellum was the same as
reported earlier.
Mouse anti-Kv4.3 was raised against a fusion protein
containing amino acids 415–636 of rat Kv4.3. The specificity of the antibody has been confirmed by the absence
of Kv4.3-IR in Kv4.3 knockout mice (Burkhalter et al.,
2006). Kv4.3-IR was detected in the somatodendritic domain of dentate granule cells and interneurons in the
adult rat hippocampus (Rhodes et al., 2004). The immunostaining pattern of Kv4.3 in the adult rat hippocampus
was the same as previously reported.
Goat anti-L1 was raised against a peptide in the C-terminal cytoplasmic domain of human NCAM-L1. The antibody recognized a major band of 200 kDa (m.w. of L1)
in murine embryonal carcinoma F9 cell lysate analyzed by
Western blot (manufacturer’s information). L1-IR was
detected in the thalamocortical projection of the embryonic rat brain (Kawano et al., 1999). The immunostaining
pattern of L1 in the embryonic rat brain was the same as
reported earlier.
Mouse anti-Nav1.2 was raised against a fusion protein
containing amino acids 1,882–2,005 of rat Nav1.2.
Nav1.2-IR was detected in the hippocampal mossy fibers
and cerebellar molecular layer of the adult rat brain
(Gong et al., 1999). The immunostaining pattern of
Nav1.2 in the adult rat brain was the same as reported
earlier.
Rabbit anti-Nav1.6 was raised against a peptide containing amino acid residues 1042–1061 of rat Nav1.6 in
the intracellular loop between domains II and III. Nav1.6IR was detected in the nodes of Ranvier along the sciatic
nerve of the adult rat (Caldwell et al, 2000). The immunostaining pattern of Nav1.6 in the adult rat sciatic nerve
was the same as reported elsewhere.
Rabbit anti-Nav1.9 was raised against a peptide containing amino acid residues 1,748–1,765 of rat Nav1.9.
Nav1.9-IR was detected in small neurons and unmyelinated fibers in the dorsal root ganglion of the adult rat
(Amaya et al., 2000). The immunostaining pattern of
Nav1.9 in the adult rat dorsal root ganglion was the same
as previously reported.
Goat anti-neuropilin-1 was raised against the extracellular domain of recombinant rat neuropilin-1. Neuropilin1-IR was detected in developing corticofugal fibers and
pioneer axons of the corpus callosum in mice (Chauvet
et al., 2007; Piper et al., 2009). The immunostaining

The Journal of Comparative Neurology | Research in Systems Neuroscience

3653

Huang et al.

pattern of neuropilin-1 in the embryonic rat brain was the
same as reported earlier.
Mouse anti-reelin was raised against a recombinant
fusion protein consisting of amino acid residues 164–496
of rodent reelin. Reelin-IR was detected in Cajal-Retzuis
cells located in the marginal zone of the embryonic
mouse neocortex (Cabrera-Socorro et al., 2007). The immunostaining pattern of reelin in the embryonic rat neocortex was the same as reported elsewhere.
Mouse anti-Satb2 was raised against the C-terminal
segment of recombinant human Satb2. The antibody recognized a band of 85 kDa (m.w. of Satb2) in human fibrosarcoma HT-1080 cell lysate analyzed by Western blot
(manufacturer’s information). Satb2-IR was detected in
callosal neurons, which extend axons that cross the midline in the developing mouse brain (Alcamo et al., 2008).
The immunostaining pattern of Satb2 in callosal neurons
of the embryonic rat brain was the same as previously
reported.

Single antigen immunohistochemistry
Brains were cut with a cryostat into 40 lm (E12.5), 30
lm (E13.5–P7), or 20 lm (P14–adult) coronal sections,
with the exception of parasaggital sections that were
used for staining of the lateral olfactory tract and medial
longitudinal faciculus. Adult optic nerves were cut into
14 lm sections. Sections of E13.5–E14.5 brain and adult
optic nerve were mounted directly onto gelatin-coated
slides, whereas sections of E15.5–adult brain were processed in a floating manner. Sections were washed by lowsalt Tris-buffered saline (LTBS; 25 mM Tris, 0.85% NaCl,
pH 7.5) for 10 minutes twice, followed by washing in
LTBS containing 0.1% Triton X-100 (LTBST) twice for 10
minutes. Sections were treated with 0.2% hydrogen peroxide in LTBST for at least 30 minutes to exhaust endogenous hydrogen peroxidase activity. Nonspecific binding
was blocked by 3% normal goat or horse serum and 2%
bovine serum albumin in LTBST for 1.5 hours. Sections
were incubated at room temperature overnight with primary antibody in LTBST containing 3% normal serum.
The specificity of each primary antibody was confirmed
by its distinct immunohistochemical pattern reported previously. The primary antibodies and their dilutions applied
to floating sections are shown in Table 1. Concentrations
of primary antibodies were doubled for sections on slides.
Sections were washed for 10 minutes three times with
high-salt Tris-buffered saline containing 0.1% Triton X-100
(HTBST) and incubated with goat anti-rabbit biotinylated
secondary antibody (1:1,000; Pierce, Rockford, IL), horse
anti-mouse biotinylated secondary antibody (1:500; Vector, Burlingame, CA), or donkey anti-goat biotinylated secondary antibody (1:500; Jackson Immunoresearch, West
Grove, PA) for 1.5 hours at room temperature. After wash-
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ing three times with HTBST, avidin-biotin horseradish peroxidase complex (Pierce) in LTBS was applied in a 1:150
dilution to floating sections for 1 hour or in a 1:80 dilution
to sections on slides for 1.5 hours. Antigens were visualized by combining equal volumes of an ammonium nickel
sulfate solution (30 mg/ml in 0.1 M sodium acetate, pH
6.0) and a diaminobenzidine solution (4 mg/ml in PBS) in
the presence of 0.01% hydrogen peroxide. Floating sections were spread flat on slides, air dried, and rinsed with
LTBS for 10 minutes and distilled water for 1 minute, followed by dehydration through an ethanol gradient (70%
once, 95% twice, and 100% twice) for 1.5 minutes each,
and then washed twice in xylene for 3 minutes. Sections
were coverslipped with mounting medium (Permount;
Merck, Darmstadt, Germany).

Double-fluorescence immunohistochemistry
Sections were processed similarly to the description
under Single antigen immunohistochemistry, except that
the treatment with hydrogen peroxide before nonspecific
background blocking was omitted, and concentrations of
the primary antibodies were doubled for double-fluorescence immunohistochemistry. Sections were incubated
simultaneously with two primary antibodies from different
species: goat anti-calbindin, mouse anti-calretinin, mouse
anti-reelin, mouse anti-DCC, goat anti-L1, mouse
anti-Satb2, and rabbit anti-Kv3.4. For Satb2, antigen retrieval was performed in 10 mM citrate buffer (pH 6.0) at
95 C for 15 minutes. Secondary antibodies were Alexa
Fluor 594-conjugated goat anti-rabbit IgG and Alexa Fluor
488-conjugated goat anti-mouse IgG or Alexa Fluor 594conjugated donkey anti-rabbit IgG and Alexa Fluor 488conjugated donkey anti-goat IgG (1:200; Invitrogen,
Carlsbad, CA). Sections were spread flat on slides, air
dried, and mounted with antifading medium FluoromountG (Southern Biotechnology, Birmingham, AL) under
coverslips.

Image acquisition and processing
Images of single antigen immunohistochemistry were
acquired with a DMX1200 digital camera connected to an
Eclipse E800 light microscope (Nikon, Tokyo, Japan) or an
Olympus BX51 (Tokyo, Japan). Images of double-fluorescence immunohistochemistry were collected with an
Olympus FV300 confocal laser scanning microscope and
were acquired at a 512  512 pixel resolution. In Adobe
Photoshop CS2 software (Adobe, San Jose, CA), all
images were cropped into appropriate sizes with adjusted
brightness and contrast before assembly.

Colocalization measurement
After double-fluorescence immunohistochemistry, confocal images were acquired with an Olympus FV300
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confocal laser scanning microscope with a 60 oil objective (1.5 zoom). The cells clearly expressing the following proteins in proper subcellular localization were
counted: Kv3.4 on the surface of neuronal cell bodies,
DCC and reelin on the surface of neuronal cell bodies and
in the cytoplasm, calbindin and calretinin in the cytoplasm of neurons, and Satb2 in the nuclei of neurons.
40 ,6-Diamidino-2-phenylindole (DAPI; 1 lg/ml) was
applied to verify the presence of nuclei in the Satb2/calbindin analysis. For the analysis of DCC/Kv3.4 in the
somata of RGCs at E15.5, a coronal section with the maximum plane of one eye of an embryo was selected, and all
labeled RGCs were counted. During the development of
corticofugal fibers, for analysis of Kv3.4 and a neuronal
marker (calbindin, calretinin, or reelin) in the preplate of
the neocortex at E15.5, two coronal sections (30 lm
apart; the preplate neurons were smaller than 10 lm in
diameter at E15.5) in the rostral forebrain of an embryo
were used. For each section, three regions of the preplate
were randomly chosen in the dorsal to dorsalateral neocortex for counting. The preplate in the lateral neocortex
was excluded, because it was already partitioned into the
marginal zone and the subplate by the cortical plate at
E15.5. During the development of the corpus callosum,
for calbindin/Kv3.4 or Satb2/calbindin analysis in pioneer callosal neurons at E17.5, one coronal section in the
rostral forebrain of an embryo was used, and all labeled
neurons in the cingulate cortex were counted. For cell
counts, calbindin/Kv3.4 analysis was performed in the
neocortical preplate neurons (Table 2, coriticofugal
fibers) as an example for illustration below. In embryo A,
38 cells (merge) of 58 Kv3.4þ cells also expressed calbindin, so the percentage of merge/Kv3.4 was 38/58
(65.5%). Similarly, 38/53 (71.7%) and 43/67 (64.2%)
were counted from embryos B and C, respectively. The
average value (in percentage) of the three embryos was
presented as mean 6 SD, i.e., 67.1% 6 4.0%, and the
numbers in the parentheses are total counts pooled from
three embryos, i.e., 119/178 (merge/Kv3.4) in this
example.

RESULTS
Kv3.4 and Cav1.2 in pioneer axons of the
optic nerve
During development of the rat visual system, the axons
of RGCs in each eye fasciculate into a bundle known as
the optic nerve. The optic nerves from both eyes grow to
the midline and form an X-shaped fiber pathway, the optic
chiasm. After crossing in the optic chiasm, the axon bundle is known as the optic tract. Axon pathfinding of the
optic nerve occurs from rat E14.5 (corresponding to
mouse E12.5) to birth (postnatal day 1, P1). As illustrated

TABLE 2.
Colocalization Analysis of Kv3.4 and Markers in the
Pioneer Neurons of Developing Axonal Tracts in Rat
Forebrain1

Optic nerve
DCC
Corticofugal fibers
Calbindin
Calretinin
Reelin
Corpus callosum
Calbindin

Satb2

Merge/Kv3.4 (%)

Merge/marker (%)

99.7 6 0.4
(301/302)

99.7 6 0.4
(301/302)

67.1 6 4.0
(119/178)
52.5 6 8.4
(85/161)
8.8 6 1.2
(14/160)

91.0 6 4.3
(119/131)
88.9 6 2.1
(85/96)
46.3 6 2.7
(14/30)

96.6 6 2.2
(237/245)

99.1 6 0.8
(237/239)

Merge/calbindin (%)

Merge/marker (%)

13.2 6 3.6 (35/265)

82.7 6 4.8 (35/42)

1

Average value (in percentage) of three embryos was presented as
mean 6 SD, and the numbers in parentheses indicated the total number of cells pooled from three embryos.

schematically in Figure 1A, the somata of pioneer RGCs
are located in the dorsocentral retina, and the rest of the
RGCs in the retina are follower RGCs. The pioneer axons
extend toward the midline, pass through the optic chiasm
at E14.5, and terminate at the lateral geniculate nucleus
or superior colliculus. Subsequently, the follower axons
extend, pass through the optic chiasm at E16.5–E18.5,
and reach the targets at E19.5–P1 (Marcus and Mason,
1995; Petros et al., 2008).
Immunohistochemistry was performed in the developing rat forebrain at E13.5–E21.5, P2, P7, and adulthood.
Kv3.4-IR first appeared in some RGCs in the dorsocentral
retina and their axons at E14.5 (Fig. 1B,C). Kv3.4-IR was
detected in all RGCs at E17.5 (Fig. 1D). Kv3.4-IR in the
optic chiasm reached its peak at E16.5–E17.5, decreased
at E19.5, and was undetectable at P2 (Fig. 1E,F). DCC
has been observed in pioneer and follower RGCs and their
axons (Deiner et al., 1997). Double-immunofluorescence
staining showed colocalization of Kv3.4 and DCC in pioneer RGCs and their axons at E14.5–E15.5 (Fig. 1G–L).
All Kv3.4þ RGCs expressed DCC and vice versa (Table 2).
Thus, Kv3.4 is expressed in pioneer axons and follower
axons of the optic nerve from E14.5 to E19.5.
Cav1.2-IR was detected in the axons, but not cell
bodies, of pioneer RGCs at E14.5 (Fig. 1M). At E17.5,
Cav1.2-IR first appeared in the somata of RGCs, and its
intensity in the optic nerve reached its peak (Fig. 1N).
Cav1.2-IR remained detectable at E20.5 (Fig. 1O), in contrast to the absence of Kv3.4. It was not until P2 that
Cav1.2-IR became undetectable (Table 3). Therefore,
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Figure 1. Kv3.4 and Cav1.2 in pioneer axons of the optic nerve. A: Schematic illustration of the developing optic nerve (on). The pioneer
axons (dashed lines) originate from pioneer RGCs (solid circle) in the dorsocentral retina, and the follower axons (solid lines) project from
follower RGCs (open circles), the rest of RGCs in the retina. The pioneer axons pass through the optic chiasm (oc) at E14.5 and later terminate at the lateral geniculate nucleus (LGN) or superior colliculus (not shown). The follower axons move in the same path to reach the
targets before birth. B: Kv3.4 in pioneer RGCs (arrowhead) and their axons (arrows) that have reached the optic chiasm at E14.5. C:
Kv3.4 in pioneer RGCs at E14.5. D: Kv3.4 also in follower RGCs (arrowheads) at E17.5. E,F: Kv3.4-IR in the optic chiasm reaches its peak
at E16.5 but is undetectable at P2. G–I: Colocalization of Kv3.4 and DCC in the optic nerve at E15.5. J–L: Higher magnification of the
boxed areas in G–I. Colocalization of Kv3.4 and DCC in pioneer RGCs. M: Cav1.2 in the pioneer axons (arrow) at E14.5. N: Cav1.2 also in
follower RGCs (arrowhead) and their axons (arrow) at E17.5. O: Cav1.2þ axons in the optic chiasm at E20.5. D, dorsal; N, nasal; ot, optic
tract; T, temporal; V, ventral. Scale bar ¼ 180 lm in B; 300 lm for C; 470 lm for D; 750 lm for E; 900 lm for F; 250 lm for G–I; 62
lm for J–L; 350 lm for M; 450 lm for N; 1.0 mm for O.
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TABLE 3.
Temporal Expression Profiles of DCC and 14 Voltage-Gated Ion Channels in Developing Rat Optic Nerve1

Axon pathfinding
DCC
Cav1.2
Cav1.3
Cav2.2
Kv1.1
Kv1.2
Kv1.3
Kv3.1b
Kv3.2
Kv3.3
Kv3.4
Kv4.3
Nav1.2
Nav1.6
Nav1.9

E13.5

E14.5

E15.5

E16.5

E17.5v

E18.5

E19.5

E20.5
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E, embryonic day; P, postnatal day. The expression level is rated on an arbitrary scale according to the intensity of immunoreactivity: , no signal;
6, barely detectable; þ, weak; þþ, moderate; þþþ, strong. a, Rasband et al., 1999; b, Devaux et al., 2003; c, Boiko et al., 2001; d, Boiko et al.,
2003.

Cav1.2 is expressed in the pioneer axons and follower
axons of the optic nerve from E14.5 to P1.
A-type Kþ channel Kv4.3 was examined because it has
been detected in the growth cones of cultured Xenopus
RGC axons (McFarlane and Pollock, 2000). However,
Kv4.3-IR was not observed in developing rat RGCs (Table
3). We also examined six delayed rectifier Kv channels
(Kv1.1, Kv1.2, Kv1.3, Kv3.1b, Kv3.2, and Kv3.3), one Ltype voltage-gated Ca2þ channel (Cav1.3), one N-type
voltage-gated Ca2þ channel (Cav2.2), and three voltagegated Naþ channels (Nav1.2, Nav1.6, and Nav1.9),
because of their documented presence in axons and/or
nerve terminals (Rasband et al., 1999; Boiko et al., 2001,
2003; Devaux et al., 2003). These 11 channels were
detected in developing RGCs, but the day on which they
first appeared was at least one day later than Kv3.4 and
Cav1.2 (Table 3), suggesting that they are not expressed
in pioneer axons during pathfinding.
In summary, after mapping 14 voltage-gated ion channels, we found only Kv3.4 and Cav1.2 in pioneer axons of
the optic nerve. Kv3.4 was also expressed in the somata
of pioneer RGCs, but Cav1.2 was not. Although Kv3.4 and
Cav1.2 were coexpressed in pioneer and follower axons
of the optic nerve, Kv3.4 disappeared earlier than Cav1.2.

Kv3.4, Cav1.2, Kv1.1, Kv3.3, and Nav1.2 in
pioneer axons of the corpus callosum
The corpus callosum, the largest fiber bundle in the
brain, is made up of axons connecting the left and right
cerebral hemispheres. Axon pathfinding of the corpus callosum starts at rat E17.5 ( mouse E15) and continues
to P12 (Rash and Richards, 2001; Wang et al., 2007). In

Figure 2A, pioneer callosal axons projecting from the pioneer callosal neurons in the cingulate cortex are ready to
cross the midline at E17.5 and terminate at the contralateral cingulate cortex by E19.5. Follower callosal axons,
which project from the follower callsoal neurons in the
deep layers of the frontal cortex and parietal cortex, pass
through the midline and the contralateral cingulate cortex
and terminate at the contralateral frontal cortex and parietal cortex, respectively, by E20.5–E21.5 (Koester and
O’Leary, 1994; Fame et al., 2011). Spatially, pioneer callosal axons and follower callosal axons originating from
the frontal cortex invade the upper part of the corpus callosum, whereas follower callosal axons originating from
the parietal cortex run in the lower part (Fig. 2A; Niquille
et al., 2009).
Kv3.4-IR first appeared in some neurons in the cingulate cortex at E17.5, and Kv3.4þ axons projecting from
these neurons were about to cross the midline (Fig. 2B–
D). Calbindinþ neurons have been detected in the cingulate cortex at mouse E15 ( rat E17.5; Liu and Graybiel,
1992), and Satb2 (a DNA-binding protein) labels the
nuclei of pioneer callosal neurons (Alcamo et al., 2008).
We found that almost all Kv3.4 þ neurons expressed calbindin and vice versa (Fig. 2K–M, Table 2), and some
calbindinþ neurons started to express Satb2 at E17.5
(Fig. 2N–P, Table 2). These data indirectly demonstrated
the presence of Kv3.4 in pioneer callosal neurons. DCC
labels both pioneer callosal axons and follower callosal
axons in the upper part of the corpus callosum (Shu
et al., 2000), and neuropilin-1 (a membrane-bound receptor) has been detected selectively in pioneer callosal
axons (Piper et al., 2009). At E19.5, Kv3.4-IR was
observed in the upper part of the corpus callosum
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TABLE 4.
Temporal Expression Profiles of DCC and 14 Voltage-Gated Ion Channels in Developing Rat Corpus Callosum1

Axon pathfinding
DCC
Cav1.2
Cav1.3
Cav2.2
Kv1.1
Kv1.2
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Kv3.2
Kv3.3
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1
E, embryonic day; P, postnatal day. The expression level is rated on an arbitrary scale according to the intensity of immunoreactivity: , no signal;
6, barely detectable; þ, weak; þþ, moderate; þþþ, strong. a, Savvaki et al., 2008; b, Sheng et al., 1994.

between the bilateral cingulate cortices (Fig. 2E), and
colocalization with DCC and neuropilin-1 confirmed Kv3.4
expression in pioneer callosal axons (Fig. 2Q–V). Kv3.4-IR
was also detectable in follower callosal axons projecting
from the frontal cortex at E20.5 (Fig. 2F). Kv3.4-IR in this
tract was reduced at P1 and became undetectable by P2
(Table 4). Thus, Kv3.4 is expressed in pioneer callosal
axons and follower callosal axons from the frontal cortex
from E17.5 to P1.
Cav1.2-IR first appeared in pioneer callosal axons at
E17.5 (Fig. 2G). By E20.5, Cav1.2-IR was also observed in
follower callosal axons from the frontal cortex and parietal cortex, which occupied the entire corpus callosum
(Fig. 2H,I). Cav1.2-IR in this tract remained detectable at
P7 (Fig. 2J), at P12 (data not shown), and throughout
adulthood (Table 4). The data indicate that Cav1.2 is
expressed in both pioneer callosal axons and follower callosal axons from the frontal cortex and parietal cortex.

Kv1.1-, Kv3.3-, and Nav1.2-IR first appeared in pioneer
callosal neurons at E17.5, and they were also observed in
pioneer callosal axons running in the upper part of the
corpus callosum at E19.5 (Table 4).
In summary, Kv3.4, Cav1.2, Kv1.1, Kv3.3, and Nav1.2
were expressed in pioneer axons of the corpus callosum.
In addition, Kv3.4 was expressed in the group of follower
callosal axons projecting from the frontal cortex, and
Cav1.2 was expressed in two groups of follower callosal
axons, one projecting from the frontal cortex and the other
from the parietal cortex. Spatially, Cav1.2þ callosal axons
occupied the entire corpus callosum, whereas Kv3.4þ,
Kv1.1þ, Kv3.3þ, and Nav1.2þ callosal axons occupied
only the upper part. Temporally, Kv3.4, Kv1.1, and Kv3.3
were transiently expressed in the corpus callosum during
axon pathfinding, whereas Cav1.2 and Nav1.2 were persistently expressed in the corpus callosum during axon
pathfinding and throughout adulthood (Table 4).

Figure 2. Kv3.4 and Cav1.2 in pioneer axons of the corpus callosum. A: Schematic illustration of the developing corpus callosum (cc).
Pioneer callosal axons (dashed line) project from pioneer callosal neurons (solid circle) in the cingulate cortex (CgC) to the contralateral
cingulate cortex at E17.5–E19.5. Two groups of follower callosal axons (solid lines) project from follower callosal neurons (open circles) in
the deep layers of the frontal cortex (FC) and parietal cortex (PC) to the corresponding contralateral sides at E20.5–E21.5, respectively.
B–D: Kv3.4 in pioneer callosal neurons (higher magnification of the upper boxed area in B is shown in C) and their axons (higher magnification of the lower boxed area in B is shown in D) at E17.5. E: Kv3.4 in pioneer callosal axons at E19.5. F: Kv3.4 also in follower callosal
axons at E20.5. G: Cav1.2 in pioneer callosal neurons (arrowhead; higher magnification in the inset) and their axons (arrow) at E17.5. H:
Cav1.2 also in the follower axons at E20.5. I: Higher magnification of the boxed area in H. Cav1.2-IR in the entire corpus callosum, including the upper part (flanked by two dotted lines) and the lower part. J: Cav1.2 in the corpus callosum at P7. K–M: Calbindinþ neurons in
the cingulate cortex express Kv3.4 at E17.5. N–P: Some calbindinþ neurons in the cingulate cortex express Satb2 at E17.5. Q–S: Colocalization of Kv3.4 and DCC in pioneer callosal axons (arrow) at E19.5. DCC also labels the fornix (fo), a fiber tract beneath the corpus callosum. T–V: Colocalization of Kv3.4 and neuropilin-1 (Npn-1) in pioneer callosal axons (arrow) at E19.5. ac, Anterior commissure; iz,
intermediate zone; LV, lateral ventricle; pia, pia mater. Scale bar ¼ 600 lm in B; 110 lm for C; 94 lm for D; 1.2 mm for E; 1.0 mm for
F; 690 lm for G; 85 lm for the inset; 850 lm for H; 240 lm for I; 620 lm for J; 20 lm for K–P; 380 lm for Q–S; 400 lm for T–V.
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Kv3.4 in pioneer axons of corticofugal fibers
Corticofugal fibers, which are axonal projections from
the neocortex, connect the cerebral cortex and many
subcortical regions, such as the thalamus and spinal cord
(Molyneaux et al., 2007). Axon pathfinding of corticofugal
fibers occurs during rat E14.5–E21.5 (De Carlos and
O’Leary, 1992). The pioneer neurons accumulate in the
superficial neocortex, known as the ‘‘preplate.’’ Calbindin
and calretinin (another calcium-binding protein) label two
separate groups of pioneer neurons in the preplate
(Meyer et al., 1998; Espinosa et al., 2009). Reelinþ CajalRetzius cells are also found in the preplate (CabreraSocorro et al., 2007). As shown in Figure 3A, after the
preplate is split into the marginal zone and the subplate
by the cortical plate at E16.5, the pioneer neurons are
found in the marginal zone and the subplate and the follower neurons in the cortical plate. The pioneer axons
enter the nascent internal capsule at E14.5 and reach the
thalamus at E16.5. Subsequently, the follower axons
arrive at the thalamus and spinal cord at E17.5 and
E21.5, respectively (De Carlos and O’Leary, 1992). DCC
labels both the pioneer and follower axons of corticofugal
fibers (Shu et al., 2000).
Kv3.4-IR first appeared in some neuronal somata and
their fibers in the preplate of the neocortex at E14.5 (Fig.
3B,C). At E15.5, in the preplate of the dorsal neocortex,
67.1% of Kv3.4þ neurons expressed calbindin, and 91.0%
of calbindinþ neurons expressed Kv3.4 (Fig. 3H–J, Table
2). In addition, 52.5% of Kv3.4þ neurons expressed calretinin, and 88.9% of calretininþ neurons expressed Kv3.4
(Table 2). By contrast, only 8.8% of Kv3.4þ neurons
expressed reelin (Table 2). These data indicate that Kv3.4
was expressed mainly in calbindinþ and calretininþ pioneer neurons. The bundle of Kv3.4þ corticofugal fibers
became most evident at E17.5 (Fig. 3D). DCCþ fibers
occupied the entire intermediate zone of the neocortex,
whereas Kv3.4þ fibers were segregated in the upper part
(Fig. 3E,F,K–M). Kv3.4-IR in this tract decreased after
E18.5 and became undetectable at E20.5–E21.5 (Fig.

3G). Thus, Kv3.4 is transiently expressed in corticofugal
fibers when their pioneer and follower axons are
projecting.
Cav1.2-IR was absent from the neocortex during
E14.5–E16.5 (Fig. 3N). Nevertheless, at E17.5, we
detected a bundle of Cav1.2þ corticofugal fibers (Fig.
3O), which occupied the upper part of the intermediate
zone of the neocortex (Fig. 3P), similarly to Kv3.4.
Cav1.2-IR in this tract declined at E20.5 and became
undetectable at P2 (Table 5). Thus, Cav1.2 is transiently
expressed in corticofugal fibers when their follower axons
are projecting.
Kv1.1- and Nav1.2-IR first appeared in some neuronal
somata and their fibers in the preplate of the neocortex
at E15.5, 1 day later than Kv3.4. They were also detected
in corticofugal fibers at E17.5 (Table 5), when the follower
axons were projecting. In summary, Kv3.4 was expressed
in corticofugal fibers when the pioneer and follower axons
were projecting, whereas Cav1.2, Kv1.1, and Nav1.2
were expressed only when the follower axons were
projecting.

Kv3.4 and Cav1.2 in pioneer
thalamocortical axons
Thalamocortical axons connect the thalamus and cerebral cortex (Lopez-Bendito and Molnar, 2003). The development of thalamocortical axons to the occipital cortex is
illustrated in Figure 4A. The somata of pioneer neurons
are located in the dorsolateral thalamus. The pioneer
axons have traversed the ventral thalamus to reach the
internal capsule at E14.5–E15.5, and then the follower
axons move along the same pathway paved by the pioneer axons. The thalamocortical axons furthermore run
through the medial and lateral ganglionic eminences (the
primitive striatum) as well as the intermediate zone of the
ventrolateral neocortex to reach the occipital cortex at
E16.5, before completing pathfinding by E20.5 (Fig. 4A;
Molnar et al., 1998). The neural cell adhesion molecule

Figure 3. Kv3.4 but not Cav1.2 in pioneer axons of corticofugal fibers. A: Schematic illustration of developing corticofugal fibers. The pioneer axons (dashed lines) originate from the pioneer neurons (solid circles) in the marginal zone (mz) and subplate (sp) of the neocortex
(NCx), whereas the follower axons (solid line) originate from the follower neurons (open circle) in the cortical plate (cp). The pioneer axons
extend to the internal capsule (ic) at E14.5 and later fasciculate with the follower axons running in the intermediate zone (iz) of the neocortex. B: Kv3.4 in the neocortex at E14.5. C: Higher magnification of the boxed area in B. Kv3.4 in the pioneer neurons (arrowheads) and
their axons (arrows). D: A bundle of Kv3.4þ corticofucal fibers at E17.5. E: Higher magnification of the boxed area in D. Kv3.4þ fibers in
the upper part of the intermediate zone (iz) of the neocortex. F: DCC in the whole intermediate zone at E17.5. G: Disappearance of Kv3.4
from corticofugal fibers (arrow) at E21.5. H–J: Kv3.4þ/calbindinþ pioneer neurons (arrowheads) in the marginal zone of the dorsal neocortex at E15.5. K–M: Coexpression of Kv3.4 and DCC in corticofugal fibers running in the upper part of the intermediate zone at E17.5. N:
Absence of Cav1.2-IR in the neocortex at E15.5. O: Cav1.2 in corticofucal fibers at E17.5. P: Higher magnification of the boxed area in O.
Cav1.2þ corticofugal fibers moving in the upper part of the intermediate zone. H, hippocampus; LV, lateral ventricle; svz, subventricular
zone; vz, ventricular zone. Scale bar ¼ 650 lm in B; 34 lm for C; 640 lm for D; 120 lm for E; 130 lm for F,P; 940 lm for G; 12 lm for
H–J; 90 lm for K–M; 550 lm for N; 730 lm for O.
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L1 labels the full length of the thalamocortical axons during E16.5–E21.5 (Kawano et al., 1999).
Kv3.4-IR first appeared in the dorsolateral thalamus at
E14.5 in some neurons and their axons that had reached

the internal capsule (Fig. 4B–D). The axonal segment
between the dorsolateral thalamus and the internal capsule was designated as the thalamic segment of the thalamocortical axons. Colocalization of Kv3.4 and L1 in the

Figure 3.
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TABLE 5.
Temporal Expression Profiles of DCC and 14 Voltage-Gated Ion Channels in Developing Rat Corticofugal Fibers1

Axon pathfinding
DCC
Cav1.2
Cav1.3
Cav2.2
Kv1.1
Kv1.2
Kv1.3
Kv3.1b
Kv3.2
Kv3.3
Kv3.4
Kv4.3
Nav1.2
Nav1.6
Nav1.9

E13.5
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E, embryonic day; P, postnatal day. The expression level is rated on an arbitrary scale according to the intensity of immunoreactivity: , no signal;
6, barely detectable; þ, weak; þþ, moderate; þþþ, strong.

thalamic segment at E14.5–E15.5 confirmed Kv3.4 in pioneer thalamocortical axons (Fig. 4E,F,N–P). Kv3.4-IR in
this segment remained visible at E16.5 (Fig. 4G) but
became invisible after E17.5 (Fig. 4H, Table 6). Interestingly, Kv3.4-IR was never detected in the segment of thalamocortical axons between the internal capsule and neocortex at any developmental stage examined. Thus, Kv3.4
is expressed in the thalamic segment of the thalamocortical axons when the pioneer and follower axons are
projecting.
Cav1.2-IR first appeared in the thalamic segment of
the thalamocortical axons at E14.5 (Fig. 4I), similarly to
L1 (Fig. 4J). After more Cav1.2þ axons had reached the
internal capsule at E15.5–E16.5, Cav1.2-IR in the thalamic segment became more evident at E17.5 (Fig. 4K).
At E20.5, Cav1.2-IR was detected in the full length of the
thalamocortical axons, similarly to DCC (Fig. 4L,M).
Cav1.2-IR in the thalamocortical axons declined at birth
and became undetectable after P2 (Table 6). During
E17.5–P1, in addition to Cav1.2þ thalamocortical axons,
Cav1.2-IR in the internal capsule also came from
Cav1.2þ corticofugal fibers, such as the corticothalamic
axons and the corticospinal axons (a type of the subcerebral axons; data not shown). Thus, from E14.5 to
P1, Cav1.2 is expressed in the thalamocortical axons,
first in the thalamic segment and then in the full
length, when the pioneer and follower axons are
projecting.
In summary, Kv3.4 and Cav1.2 were expressed in the
thalamocortical axons when the pioneer and follower
axons were projecting, but Kv3.4 was observed only in the
thalamic segment. The other 12 channels were absent
from the thalamocortical axons when the pioneer axons
were projecting from the dorsolateral thalamus (Table 6).
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Kv3.4 and Cav1.2 in pioneer axons of the
lateral olfactory tract
The lateral olfactory tract is a fiber bundle connecting
the olfactory bulb to the primary olfactory cortex and anterior olfactory nucleus. The development of the lateral olfactory tract to the primary olfactory cortex is illustrated
in Figure 5A. The pioneer axons extend caudally along the
ventrolateral telencephalon at E13.5–E14.5, reach the
primary olfactory cortex at E14.5–E15.5, and then fasciculate with the follower axons into a compact fiber bundle
at E16.5–E20.5 (Fig. 5A; Lopez-Mascaraque et al., 1996).
L1 and DCC label pioneer axons of the lateral olfactory
tract (Inaki et al., 2004; Kawasaki et al., 2006). Kv3.4-IR
first appeared in axons moving in the bottom of the forebrain at E14.5 (Fig. 5B) and was colocalized with L1- and
DCC-IR (Fig. 5E–G,H–J), indicating the presence of Kv3.4
in pioneer axons of the lateral olfactory tract. Kv3.4-IR
remained visible at E16.5–E18.5, a time for extension of
the follower axons, and became undetectable at E19.5
(Fig. 5C,D). Cav1.2-IR was first observed in pioneer axons
of the lateral olfactory tract at E14.5 and remained detectable in this fiber tract during E17.5–E20.5 (Fig. 5K–
M) but became undetectable at P2 (Table 7). The other
12 channels were not detected in the pioneer axons of
the lateral olfactory tract (data not shown). Thus, Kv3.4
and Cav1.2 are expressed in the lateral olfactory tract
when its pioneer and follower axons are projecting.

Kv3.4 in pioneer axons of the
hippocamposeptal projection
The hippocamposeptal projection is an axonal tract
extending from the hippocampus to the septum via the
fimbria–fornix complex. The development of the
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Figure 4. Kv3.4 and Cav1.2 in pioneer thalamocortical axons. A: Schematic illustration of the developing thalamocortical axons. The
somata of pioneer neurons (solid circle) and follower neurons (open circle) are located in the dorsolateral thalamus (dT). The pioneer axons
(dashed line) pass though the internal capsule (ic) at E14.5–E15.5 and guide the follower axons (solid line) to the neocortex (NCx) at
E16.5–E20.5. B: Kv3.4 in the pioneer axons projecting from the dorsolateral thalamus to the internal capsule at E14.5. C,D: Higher magnifications of the two boxed areas in B show Kv3.4 in the pioneer neurons and their axons. E,F: Kv3.4 has a similar pattern as L1 in the pioneer axons (arrow) at E15.5. G: Kv3.4 in the thalamocortical axons at E16.5. H: Disappearance of Kv3.4-IR from the thalamocortical axons
since E17.5. I,J: Cav1.2 and L1 in the pioneer axons (arrows) at E14.5. K: Cav1.2 in the thalamocortical axons (arrow) at E17.5. L,M:
Cav1.2 and DCC in the full length of the thalamocortical axons (arrow) at E20.5. N–P: Colocalization of Kv3.4 and L1 in the pioneer axons
(arrow) at E14.5. LGE; lateral ganglionic eminence; LV, lateral ventricle; MGE; medial ganglionic eminence; TE, thalamic eminence; vT, ventral thalamus. Scale bar ¼ 750 lm in B; 38 lm for C; 78 lm for D; 650 lm for E; 800 lm for F; 700 lm for G; 790 lm for H; 620 lm
for I; 590 lm for J; 950 lm for K; 1.0 mm for L,M; 400 lm for N–P.

hippocamposeptal projection to the medial septum is
illustrated in Figure 6A. The earliest (pioneer) axons
extend from a small population of calbindinþ neurons

(presumably the pioneer neurons) in the hippocampal
preplate at rat E14.5, run rostrally to reach the fimbria–
fornix complex at E15.5, and terminate in the medial
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TABLE 6.
Temporal Expression Profiles of DCC and 14 Voltage-Gated Ion Channels in Developing Rat Thalamocortical Axons1

Axon pathfinding
DCC
Cav1.2
Cav1.3
Cav2.2
Kv1.1
Kv1.2
Kv1.3
Kv3.1b
Kv3.2
Kv3.3
Kv3.4
Kv4.3
Nav1.2
Nav1.6
Nav1.9

E13.5

E14.5

E15.5

E16.5
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E18.5
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E20.5

















þþ
þþ








þþ





þþ
þþ








þþþ

þþ



þþ
þþ

6
6

6



þþþ

þ



þþþ
þþþ




6

6

6

6



þþþ
þþþ

6
6


6








þþþ
þþ

þ
6







þ



þþ
þþ










þ



"

P2
(E14.5–E20.5)
þþ



þ







6



P7













1
E, embryonic day; P, postnatal day. The expression level is rated on an arbitrary scale according to the intensity of immunoreactivity: minus;, no
signal; 6, barely detectable; þ, weak; þþ, moderate; þþþ, strong.

septum by E16.5–E17.5 (Fig. 6A; Linke et al., 1995; Supèr
et al., 1998). Kv3.4-IR first appeared in some neurons in
the hippocampal preplate at E14.5 (Fig. 6B,C) and was
colocalized with calbindin-IR (Fig. 6H–J), indicating the
presence of Kv3.4 in the pioneer neurons. At E16.5–
E17.5, Kv3.4-IR was also detected in axons projecting
from the hippocampus to the fimbria–fornix complex and
then to the medial septum (Fig. 6D–G). Colocalization of
Kv3.4 and DCC in the fornix is shown in Figure 6K–M.
These results indicated Kv3.4 in pioneer axons of the hippocamposeptal projection. Kv3.4-IR in this fiber tract
soon decreased and became barely detectable at E19.5
(Table 7). By contrast, Cav1.2 and the other 12 channels
were not detected in the pioneer neurons and their axons
at E14.5 (data not shown). Thus, Kv3.4 is expressed in
pioneer neurons and pioneer axons of the hippocamposeptal projection, but Cav1.2 and the other 12 channels
are not.

Kv3.4 and Cav1.2 in early axons of the
anterior commissure, hippocampal
commissure, and medial longitudinal
fasciculus
The anterior commissure is a bipartite tract interconnecting the olfactory structures/anterior piriform cortex
and the posterior piriform cortex of the temporal lobes. In
the hamster (E16 ¼ P1 ¼ day of birth), pioneer axons of
the anterior commissure navigate toward the opposite
hemisphere at E12 (approximately rat E16.5), cross the
midline at E13.5–E14 (approximately rat E18–E18.5), and
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fasciculate with the follower axons to invade the targets
at E14.5–E16 (approximately rat E19–E21.5; Pires-Neto
and Lent, 1993). In the rat, Kv3.4- and Cav1.2-IR first
appeared in the anterior commissure at E16.5 and
remained detectable in this fiber tract at E17.5–E19.5
(Fig. 7A,B, Table 7). The data indicated the presence of
Kv3.4 and Cav1.2 in the pioneer axons. At E20.5, Cav1.2IR became more evident in this fiber tract, whereas
Kv3.4-IR was reduced to the background level (Fig. 7C,D,
Table 7), suggesting that Cav1.2 was also expressed in
follower axons of the anterior commissure.
The hippocampal commissure, also known as the commissure of fornix, is a lamina with transverse fibers connecting two hippocampi. Hippocampal efferents enter the
fimbria and grow to the septum, where they deflect ventrally to form the fornix. Pioneer axons of the hippocampal commissure move along the fimbria–fornix complex,
escape from the fornix, and cross the midline toward the
opposite hippocampus at E15–E15.5 in the hamster
(approximately rat E19.5–E20.5). Then, the follower
axons grow along the same path to the opposite hippocampus at P1–P7 (Braga-de-Souza and Lent, 2004). In
the rat, at E19.5, Kv3.4-IR first appeared in the hippocampal commissure, but Cav1.2-IR was only at the background level (Table 7). At E20.5, in addition to Kv3.4-IR
(Fig. 7C), weak Cav.1.2-IR also appeared in the hippocampal commissure (in contrast to strong Cav1.2-IR in the anterior commissure and corpus callosum; Fig. 7D). Furthermore, Kv3.4- and Cav1.2-IR were not detected in this
fiber tract at P1–P7 (Table 7), suggesting the absence of
Kv3.4 and Cav1.2 from the follower axons. Thus, Kv3.4
and Cav1.2 are expressed in pioneer axons of the
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Figure 5. Kv3.4 and Cav1.2 in pioneer axons of the lateral olfactory tract. Parasagittal (A,B) and coronal (C–M) sections were used. A:
Schematic illustration of the developing lateral olfactory tract (lot). The pioneer axons (dashed line) project from the olfactory bulb (OB)
at E13.5–E14.5, reach the primary olfactory cortex (POC) at E14.5–E15.5, and then fasciculate with the follower axons (solid line) at
E16.5–E20.5. B: Kv3.4 in the olfactory bulb and pioneer axons of the lateral olfactory tract at E14.5. The inset shows Kv3.4þ neurons
in the olfactory bulb. C: Kv3.4 in the lateral olfactory tract at E16.5. D: Disappearance of Kv3.4 from the lateral olfactory tract at
E19.5. E–G: Colocalization of Kv3.4 and L1 in the pioneer axons at E14.5. H–J: Colocalization of Kv3.4 and DCC in the pioneer axons
at E15.5. K–M: Cav1.2 in the lateral olfactory tract during E14.5–E20.5. ac, Anterior commissure; LV, lateral ventricle; NCx, neocortex.
Scale bar ¼ 1.0 mm in B; 45 lm for inset; 830 lm for C; 900 lm for D; 110 lm for E–G; 170 lm for H–J; 550 lm for K; 880 lm
for L; 1.0 mm for M.

hippocampal commissure, except that Cav1.2 expression
is 1 day later than Kv3.4.
The medial longitudinal fasciculus is one of the earliest
fiber tracts in the brain, and its pioneer neurons are
located at the boundary between the forebrain and ven-

tral midbrain. The early axons project ventrally and then
turn caudally to the hindbrain, which was clearly detected
in mice at E10.5 (Easter et al., 1993; approximately rat
E12.5). In the rat, Kv3.4- and Cav1.2-IR were detected in
the medial longitudinal fasciculus at E12.5 (Fig. 7E,F).
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TABLE 7.
Temporal Expression Profiles of Kv3.4, Cav1.2, and DCC in the Eight Axonal Tracts of Rat Forebrain1
Fiber tract
(Pathfinding duration)

E13.5

E14.5

E15.5

E17.5

E19.5
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P2
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E, embryonic day, P, postnatal day. , no signal. The line with arrow on its right end indicates the duration of axon pathfinding for each fiber tract.
The periods of axon pathfinding in hippocampal commissure and anterior commissure have not been defined in the rat.

Thus, both Kv3.4 and Cav1.2 are expressed in early axons
of the medial longitudinal fasciculus. These data indicate
that Kv3.4 and Cav1.2 were widely expressed in early
axons of developing fiber tracts in the mammalian brain.

Kv3.4 and Cav1.2 are coexpressed with DCC
during axon pathfinding
The temporal expression profiles of Kv3.4, Cav1.2, and
DCC during axon pathfinding in all the axonal tracts examined (except for the medial longitudinal fasciculus) are
summarized in Table 7. The day of first appearance of DCC
was the same as the beginning of axon pathfinding, indicating that DCC is present in all pioneer axons during projection. These three molecules were coexpressed in the
pioneer axons of all fiber tracts examined here, except
that Cav1.2 was absent from pioneer axons of corticofugal
fibers and the hippocamposeptal projection (Table 7).
Temporally, although they first appeared in each fiber tract
at approximately the same embryonic day, Kv3.4 was
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downregulated 1–3 days earlier than Cav1.2 and DCC (Table 7). Spatially, Kv3.4, Cav1.2, and DCC were differentially distributed in the developing corpus callosum, corticofugal fibers, and thalamocortical axons. Cav1.2þ
callosal axons occupied the entire corpus callosum,
whereas Kv3.4þ and DCCþ callosal axons were found only
in the upper part. DCCþ corticofugal fibers occupied the
whole intermediate zone of the neocortex, whereas
Kv3.4þ and Cav1.2þ corticofugal fibers were found only in
the upper part. Cav1.2 and DCC were expressed in the full
length of pioneer thalamocortical axons, whereas Kv3.4
was found only in the thalamic part from the dorsolateral
thalamus to the internal capsule. Thus, Kv3.4, Cav1.2, and
DCC have similar, but not identical, expression patterns in
developing axonal tracts during pathfinding.

DISCUSSION
Three major findings arise from this study. First, we are
the first to identify a set of voltage-gated ion channels, A-
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Figure 6. Kv3.4 in pioneer axons of the hippocamposeptal projection. A: Schematic illustration of the developing hippocamposeptal projection. The pioneer axons originate from the pioneer neurons (solid circles) in the hippocampus (H) at E14.5, run rostrally through the fimbria (fim)–fornix (fo) complex, and terminate in the medial septum (MS) at E17.5. B: Kv3.4 in the hippocampus and medial septum at
E14.5. C: Higher magnification of the boxed area in B. Kv3.4 in the pioneer neurons located in the hippocampal preplate (pp). The hippocampal preplate later differentiates into the marginal zone (mz) and subplate. D: At E17.5, in the rostral forebrain, Kv3.4 in the pioneer
axons projecting from the hippocampus to the medial septum. E: Higher magnification of the boxed area in D. Kv3.4 in the pioneer neurons (in the marginal zone) and their axons, which move in the intermediate zone (iz) of the hippocampus through the fornix to the medial
septum. F: At E17.5, in the caudal forebrain, Kv3.4 in the pioneer axons extending from the hippocampus to the fimbria. G: Higher magnification of the boxed area in F. Kv3.4 in the pioneer neurons (in the marginal zone) and their axons, which move from the intermediate
zone of the hippocampus to the fimbria. H–J: At E17.5, in the caudal forebrain, colocalization of Kv3.4 and calbindin in the pioneer neurons in the hippocampus at E17.5. K–M: Colocalization of Kv3.4 and DCC in the pioneer axons at E17.5 (similar to D). The fornix (fo) is
indicated. C, caudal; R, rostral; vz, ventricular zone. Scale bar ¼ 590 lm in B; 50 lm for C; 830 lm for D,F; 230 lm for E,G; 20 lm for
H–J; 430 lm for K–M.

type Kþ channel Kv3.4 and L-type Ca2þ channel Cav1.2, in
the pioneer axons of many fiber tracts in the developing
mammalian forebrain. Both are activated at high voltages
(Coetzee et al., 1999; Hille, 2001). Second, Kv3.4þ/

Cav1.2þ pioneer axons express receptors of guidance
cues (e.g., DCC and neuropilin-1), which are required for
axon pathfinding. Third, apart from a few channels (Kv3.4
and Cav1.2) found in pioneer axons, large numbers of
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Figure 7. Kv3.4 and Cav1.2 in early axons of the anterior commissure, hippocampal commissure, and medial longitudinal fasciculus. Coronal (A–D) and parasagittal (E,F) sections were used. A,B: Kv3.4 and Cav1.2 in the developing anterior commissure (ac) at E16.5 and
E19.5, respectively. The inset in A is a higher magnification of the anterior commissure. C,D: Kv3.4 and Cav1.2 in the developing hippocampal commissure (hc) at E20.5. Weak Kv3.4-IR and strong Cav1.2-IR in the anterior commissure were also observed. E,F: Kv3.4 and
Cav1.2 in the developing medial longitudinal fasciculus (mlf) at E12.5. The insets are higher magnifications of the boxed areas. Hb, hindbrain; Mb, midbrain; V, ventricle. Scale bar ¼ 500 lm in A; 230 lm for inset in A; 1.0 mm for B; 600 lm for C,D; 650 lm for E,F; 180
lm for the insets in E,F.

voltage-gated ion channels, such as delayed rectifier Kv
channels and Nav channels, are expressed in these fiber
tracts later than Kv3.4 and Cav1.2.

Kv3.4 is expressed in pioneer and early
follower axons
To characterize the developmental expression of ion
channels, we divided the axon pathfinding period into
three phases: pioneer, early, and late. The pioneer phase
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represents the extension time for pioneer axons; the early
phase represents the extension time for the early follower
axons, which extend immediately after the pioneer axons
have reached the target; and the late phase represents
the extension time for the late follower axons, which
extend after the early follower axons and arrive at the target at the end of pathfinding. With the corpus callosum as
an illustrative example, pioneer axons project at E17.5
and reach the target at E19.5, early follower axons from
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the deep layers of the neocortex project at E19.5 and
reach the target at P1, and late follower from the superficial layers of the neocortex axons project at P1 and reach
the target by P12 (Wang et al., 2007; Fame et al., 2011).
Furthermore, Kv3.4 is expressed mainly in the pioneer
and early phases, i.e., E14.5–E19.5 in the optic nerve,
E14.5–E17.5 in thalamocortical axons, E14.5–E17.5 in
corticofugal fibers, and E17.5–P1 in the corpus callosum
(Table 7). By contrast, Cav1.2 is expressed in all three
phases, i.e., E14.5–P1 in the optic nerve, E14.5–E20.5 in
the thalamocortical axons, E14.5–E21.5 in corticofugal
fibers, and E17.5–P12 in the corpus callosum (Table 7).
Thus, our data suggest that, during axon pathfinding,
Kv3.4 is expressed in pioneer and early follower axons
and that Cav1.2 is expressed in pioneer, early follower,
and late follower axons.

Kv3.4 in the thalamic segment of pioneer
thalamocortical axons
Pathfinding of thalamocortical axons starts at rat E14.5
and is complete approximately at birth (Monlar et al.,
1998). Our data show that Kv3.4 is transiently expressed
in the thalamic segment of thalamocortical axons from
E14.5 to E16.5. Because Kv3.4 is expressed in pioneer
neurons and pioneer axons of all axonal tracts examined,
we speculate that Kv3.4þ axons in the thalamic segment
may constitute a second group of pioneer thalamocortical
axons, which extend from the dorsolateral thalamus to
the internal capsule at E14.5. Furthermore, NF-M first
appears in this fiber tract at E15.5 (data not shown) and
can be used as a marker of follower axons. We hypothesize that, after Kv3.4þ pioneer axons reach the internal
capsule by E14.5, NF-Mþ follower axons are guided by
Kv3.4þ pioneer axons to the internal capsule, and then
NF-Mþ follower axons grow in association with the corticofugal fibers to the neocortex. Alternatively, if there is
only one group of pioneer thalamocortical axons that terminates at the neocortex, an alternative hypothesis is
that Kv3.4 is expressed in the thalamic segment of pioneer axons but is suddenly downregulated after pioneer
axons pass through the internal capsule. In this case, the
electrical activity of pioneer axons may switch to another
mode after they pass through the internal capsule.

Possible role of Cav1.2 in pioneer axons
During axon pathfinding, netrin-1 binding to DCC on
the growth cone causes opening of transient receptor
potential channels allowing influx of both Ca2+ and Na+.
The resulted small depolarization is sufficient to further
depolarize membrane to the threshold of L-type calcium
channel (Wang and Poo, 2005). This will lead to a dramatic and sustained influx of Ca2þ, which generates long-

lasting calcium-dependent action potentials in the growth
cone, known as Ca2þ transients (Tang et al., 2003). Normal patterns of Ca2þ transients are crucial for axon pathfinding, and L-type Ca2þ channels have been suggested
to be the downstream effectors of the netrin-1/DCC complex (Hong et al., 2000). Cav1.2, the most abundant Ltype Ca2þ channel in neurons (Vacher et al., 2008), is
robustly expressed in the growing axons of cultured hippocampal neurons (Obermair et al., 2004). Here, we demonstrate that Cav1.2 is abundantly expressed in pioneer
axons of fiber tracts in the mammalian forebrain, providing in vivo evidence to support the belief that Cav1.2 is
one of the downstream effectors of the netrin-1/DCC
complex. Nevertheless, the possibility that other voltagegated Ca2þ channels and/or Ca2þ-permeable ion channels also participate in netrin-1/DCC-mediated axon
pathfinding has not been excluded.

Possible role of Kv3.4 in pioneer axons
Normal patterns of Ca2þ transients are required for
axon pathfinding, so rapid repolarization of Ca2þ-dependent action potential is necessary. Kv3.4, the only A-type
Kþ channel with a high threshold, is activated at the rising
phase of an action potential and then rapidly inactivated
for high-frequency firing (Coetzee et al., 1999). In other
words, soon after the action potential raises membrane
potential beyond its threshold (approximately 10 mV),
Kv3.4 channels open transiently to return the membrane
potential quickly back to the resting state, and this action
leads to a rapid decrease in intracellular Ca2þ concentration. Repeated increase and subsequent decrease of
cytoplasmic Ca2þ produces Ca2þ transients in the growth
cone, which are required during axon outgrowth (Gomez
and Spitzer, 1999). With alternating opening of Cav1.2
and Kv3.4 channels, the membrane potential of certain
pioneer axons can be controlled in response to guidance
cues, such as netrin-1.

Possible roles of delayed-rectifier Kv
channels and Nav channels during axon
pathfinding
Two general patterns of electrical activity appear
sequentially in developing neurons. Action potentials at
the early developmental stage, which are calcium-dependent and have long durations, generate spontaneous
transient elevations of intracellular calcium. Action potentials at later developmental stages, which are sodium-dependent and have briefer durations, result in reduced calcium entry. Calcium-dependent action potentials are
essential for axon pathfinding (Gomez and Spitzer, 1999;
Hanson et al., 2008), whereas sodium-dependent action
potentials are necessary for synaptogenesis (Catalano
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and Shatz, 1998). Between the two stages, a dramatic
increase in delayed-rectifier Kv currents, which repolarize
neurons and decrease the duration of action potentials, is
required for the conversion of prolonged, calcium-dependent action potentials to brief sodium-dependent
action potentials (Gurantz et al., 2000; Vincent et al.,
2000). In the optic nerve of rats, increasing expression
levels of delayed rectifier Kv channels (Kv1.1, Kv1.2,
Kv1.3 and Kv3.1b) were detected from E17.5 to birth,
coinciding with the transition time from Ca2þ-dependent
to Naþ-dependent action potentials. Persistent expression of Nav1.2 in the first 2 weeks after birth suggests an
involvement of Nav1.2 in synaptogenesis (Table 3). Thus,
we provide immunohistochemical evidence to support
previous electrophysiological findings.

Kv3.41/Cav1.21 pioneer axons may be
guided by netrin-1 during axon pathfinding
Axon guidance cue netrin-1 and its chemoattractive receptor DCC are required for proper axon outgrowth and
guidance of the optic nerve, corticofugal fibers, and thalamocortical axons (Chedotal and Richards, 2010).
Although callosal projection neurons also express DCC,
there is no evidence that DCC-mediated mechanisms
play a major role during axon pathfinding of the corpus
callosum (Fame et al., 2011). DCC expression is particularly evident during axon pathfinding and is then downregulated during synaptogenesis, a neurodevelopmental
stage after axon pathfinding (Shu et al., 2000). Here we
report that Kv3.4 and Cav1.2 are selectively coexpressed
with DCC during axon pathfinding in pioneer axons of all
forebrain fiber tracts examined, except that Cav1.2 was
absent from pioneer axons of corticofugal fibers and the
hippocamposeptial projection (Table 7). This finding suggests that Kv3.4þ/Cav1.2þ pioneer axons may be guided
by netrin-1 during axon pathfinding.

Cav1.2 gene mutation leads to autism
If a gene plays a crucial role during axon pathfinding in
general, its mutation will result in defects of all axonal
tracts and produce deficits in cognition, such as autism.
In addition to axon pathfinding, if the mutated gene is
also required for other biological functions, its mutation
will lead to multiple disorders. For example, autism has
been found in humans with Timothy syndrome, a multisystemic disorder characterized by cardiac arrhythmia
and immune deficiency. This disease is caused by a missense mutation in the Cav1.2 gene, which prevents channel inactivation and leads to prolonged inward Ca2þ currents (Splawski et al., 2004). Why the Cav1.2 mutation
results in autism remains unclear. We are the first to demonstrate the presence of Cav1.2 in pioneer axons of fiber
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tracts in the mammalian forebrain, implying that axon
pathfinding errors caused by Cav1.2 gene mutations may
underlie the mechanism of autism. Similar to Cav1.2,
Kv3.4 is also present in pioneer axons. Whether Kv3.4
gene mutations also lead to autism will be investigated in
the future.
In summary, the roles of voltage-gated ion channels in
mature neurons have been extensively studied, but their
roles in developing neurons remain unclear. By mapping
the expression of a large number of voltage-gated ion
channels during neuronal development, we are the first to
identify a set of channels selectively expressed in pioneer
axons during axon pathfinding. This finding is useful for
understanding how these channels act together to evoke
specific calcium-dependent electrical activity and how
channelopathy causes disease.
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