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Neuronal excitability relies on coordinated action of functionally distinction channels. Voltage-gated sodium (NaV) and potas-
sium (KV) channels have distinct but complementary roles in firing action potentials: NaV channels provide depolarizing cur-
rent while KV channels provide hyperpolarizing current. Mutations and dysfunction of multiple NaV and KV channels
underlie disorders of excitability, including pain and epilepsy. Modulating ion channel trafficking may offer a potential thera-
peutic strategy for these diseases. A fundamental question, however, is whether these channels with distinct functional roles
are transported independently or packaged together in the same vesicles in sensory axons. We have used Optical Pulse-Chase
Axonal Long-distance imaging to investigate trafficking of NaV and KV channels and other axonal proteins from distinct func-
tional classes in live rodent sensory neurons (from male and female rats). We show that, similar to NaV1.7 channels, NaV1.8
and KV7.2 channels are transported in Rab6a-positive vesicles, and that each of the NaV channel isoforms expressed in
healthy, mature sensory neurons (NaV1.6, NaV1.7, NaV1.8, and NaV1.9) is cotransported in the same vesicles. Further, we
show that multiple axonal membrane proteins with different physiological functions (NaV1.7, KV7.2, and TNFR1) are cotrans-
ported in the same vesicles. However, vesicular packaging of axonal membrane proteins is not indiscriminate, since another
axonal membrane protein (NCX2) is transported in separate vesicles. These results shed new light on the development and
organization of sensory neuron membranes, revealing complex sorting of axonal proteins with diverse physiological functions
into specific transport vesicles.
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Significance Statement

Normal neuronal excitability is dependent on precise regulation of membrane proteins, including NaV and KV channels, and
imbalance in the level of these channels at the plasma membrane could lead to excitability disorders. Ion channel trafficking
could potentially be targeted therapeutically, which would require better understanding of the mechanisms underlying traf-
ficking of functionally diverse channels. Optical Pulse-chase Axonal Long-distance imaging in live neurons permitted exami-
nation of the specificity of ion channel trafficking, revealing co-packaging of axonal proteins with opposing physiological
functions into the same transport vesicles. This suggests that additional trafficking mechanisms are necessary to regulate lev-
els of surface channels, and reveals an important consideration for therapeutic strategies that target ion channel trafficking
for the treatment of excitability disorders.
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Introduction
Neuronal function relies on the coordinated action of different
membrane proteins at the cell surface. For example, voltage-
gated sodium (NaV) channels and voltage-gated potassium (KV)
channels play complementary roles in action potential genera-
tion and propagation in axons: NaV channels underlie the depo-
larizing phase, while KV channels mediate the repolarization
phase (Hodgkin and Huxley, 1952). Electrogenesis in neurons is
finely tuned by the expression of multiple NaV and KV channels
(Waxman and Zamponi, 2014). NaV1.7-1.9 are the primary NaV
isoforms expressed in unmyelinated sensory neurons and con-
tribute to action potential electrogenesis in these cells (Akopian
et al., 1996; Black et al., 1996; Dib-Hajj et al., 1998; Cummins et
al., 1999; Renganathan et al., 2001; Blair and Bean, 2002; Nassar
et al., 2004; Alexandrou et al., 2016; Grubinska et al., 2019).
NaV1.6 is also expressed in sensory neurons but plays a larger
role in myelinated neurons (Burgess et al., 1995; Caldwell et al.,
2000; Black et al., 2002). Multiple KV isoforms, including KV7.2,
are expressed in sensory neurons (Tsantoulas and McMahon,
2014).

Mutations in NaV and KV channels cause many channelopa-
thies, including syndromes characterized by extreme pain and
insensitivity or resilience to pain (Busserolles et al., 2016; Bennett
et al., 2019; Dib-Hajj and Waxman, 2019; Mis et al., 2019; Yuan
et al., 2021), epilepsy (Kullmann, 2010), movement disorders
(Mantegazza et al., 2021), and cardiac arrhythmias (Amin et al.,
2010). The transcription and translation of NaV and KV channels
are dysregulated oppositely in pain states. For example, NaV1.7
and NaV1.8 expression is upregulated in sensory neurons in
models of inflammation and chemotherapy-induced neuropathy
(Black et al., 2004; Gould et al., 2004; Strickland et al., 2008;
Liang et al., 2013; Li et al., 2018), whereas KV7.2 is downregu-
lated in models of nerve injury and inflammation (Linley et al.,
2008; Rose et al., 2011).

Because action potential generation in sensory neurons
occurs near axonal ends, the intracellular trafficking of these pro-
teins to distal axons is critical to neuronal signaling. Recently, we
showed that axonal trafficking of NaV1.7 is increased in models
of inflammation and chemotherapy-induced peripheral neurop-
athy (Akin et al., 2019, 2021). While the expression and traffick-
ing of channels are important in determining axonal function, it
is not known whether axonal trafficking is regulated in a chan-
nel-specific manner.

Based on the genetic and functional validation of peripherally
expressed NaVs and, to a lesser extent KVs, in the pathogenesis of
pain, multiple efforts to develop drugs which specifically modu-
late conductance of channels inserted in the cell membrane are
underway (Abd-Elsayed et al., 2019; Alsaloum et al., 2020).
However, an alternative strategy to target channel function
would be to alter channel trafficking to and from the membrane.
The viability of this strategy would depend on the identification
of trafficking mechanisms which mediate the transport of spe-
cific channels which could be targeted therapeutically with mini-
mal side effects.

Whether different NaV channels are trafficked together
or with other axonal proteins is a fundamental question
that has not been adequately answered to date. Some com-
ponents of micro-domains of myelinated neurons are traf-
ficked independently to axons (Bekku and Salzer, 2020),
and different KV isoforms are sorted specifically in den-
drites (Jensen et al., 2014). However, whether NaV and KV

channels, as well as other axonal proteins with diverse phys-
iological functions in unmyelinated sensory neurons are

independently trafficked in specific vesicles or packaged to-
gether in the same vesicles is not known.

Building on our recent advances in high-resolution
imaging of NaV trafficking and surface distribution (Akin et
al., 2019, 2021), we engineered multiple tagged, functional,
full-length human NaV and KV channels, which enabled si-
multaneous investigation of multiple channel isoforms traf-
ficking in live sensory axons in real time. These studies
revealed co-packaging of ion channels with opposing physi-
ological functions into the same transport vesicles, high-
lighting a limitation for targeting ion channel axonal
trafficking as a novel therapeutic strategy for the treatment
of excitability disorders.

Materials and Methods
DNA constructs
The plasmid 2A-GFP-hNaV1.7 was previously described (Yang et al.,
2016). Briefly, human NaV1.7 plasmid was rendered TTX-resistant (TTX-
R) by substituting amino acid (a.a.) Tyr362 with serine (Y362S) using
QuikChange Lightning site-directed mutagenesis (Agilent Technologies).
Subsequently, a modified plasmid (GFP-2A-hNaV1.7R) was made by fus-
ing EGFP and a StopGo 2A linker in-frame with the N-terminus of the
channel.

The codon-optimized Halo-NaV1.7 construct followed the protocol
for the construction of the non–codon-optimized Halo-NaV1.7 (Akin et
al., 2019). The final construct topology is in order from the N-terminus:
1-30 a.a. b 4 signal peptide, 3� myc tag (EQKLISEEDL), Halo-tag
enzyme (297 a.a.) (Promega), 3� HA tag (YPYDVPDYA), 21 a.a. trans-
membrane segment (b 4 163-183), 7 a.a. linker (SGLRSAT), hNaV1.7-R.
SNAP-NaV1.7 was derived from the non–codon-optimized Halo-NaV1.7
construct (Akin et al., 2019) by replacing the Halo-tag with the 182 a.a.
SNAPf (New England BioLabs) using megamutagenesis.

The codon-optimized human NaV1.8 construct (pcDNA5-SCN10A)
was purchased from Genionics, and previously reported (Faber et al.,
2012). Codon-optimized Halo-NaV1.8 was created in a protocol identical
to that used to create the Halo-NaV1.7. Halo-NaV1.8-dABM was created
by deleting the Ankyrin 9 a.a. binding motif [VPIAEGESD! 997...1005]
using QuikChange Lightning site-directed mutagenesis.

The codon-optimized mouse mycHaloHA-TM-mNaV1.6R construct
was custom-synthesized by GeneWiz and cloned into pcDNA5, and the
mNaV1.6R construct was made by deleting the mycHaloHA-TM sequen-
ces using megamutagenesis.

The plasmid that encodes human NaV1.9 was previously described
(Huang et al., 2014). The Halo-tag enzyme (297 a.a.) and a 7 a.a. linker
(SGLRSAT) were inserted at the N-terminus of the channel using
QuikChange Lightning site-directed mutagenesis.

EGFP-Rab3A (plasmid #49542) and EGFP-Rab6a (#49469) were
obtained from Addgene as a gift fromM. Scidmore (Rzomp et al., 2003).

KV7.2-Halo was created by inserting 297 a.a. Halo-tag at pos 118
(between a.a. 117 and 118) flanked by a 3 a.a. spacer (GlyAlaGly). The
construct was custom synthesized by GenScript.

TNFR1-tdEOS (plasmid #98273) was obtained from Addgene as a
gift from Mike Heilemann (Heidbreder et al., 2012). TNFR1-SNAP was
derived by replacing tdEOS with 182 a.a. SNAP (NEB) by mega-
mutagenesis.

NCX2-mCherry: pNCX2 (plasmid #67148) was obtained from
Addgene as a gift from Michela Ottolia and Kenneth Philipson (Li et al.,
1994). The NCX2 coding sequence was inserted into pEGFP plasmid by
mega-mutagenesis, and subsequently the EGFP was replaced with
mCherry.

NPY-td-Orange2 (plasmid #83497) was obtained from Addgene as a
gift from S. Barg (Gandasi et al., 2015).

Primary DRG neuron culture and transfection
Animal studies followed a protocol approved by the Veterans
Administration Connecticut Healthcare System Institutional Animal
Care and Use Committee.
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Rat DRG neurons. DRG neurons were isolated from 2- to 4-d-old
Sprague Dawley rat pups as described previously (Dib-Hajj et al., 2009).
Neonatal rats were selected randomly and thus included males and
females. Briefly, dissected DRGs were first incubated at 37°C for 20min
in complete saline solution (CSS) [137 mM NaCl, 5.3 mM KCl, 1 mM

MgCl2, 25 mM sorbitol, 3 mM CaCl2, and 10 mM HEPES (pH 7.2),
adjusted with NaOH], supplemented with 0.6 mM EDTA and collage-
nase A (1.5mg/ml; Roche). Rat DRGs were then incubated for 20min at
37°C in CSS containing collagenase D (1.5mg/ml; Roche), 0.6 mM

EDTA, and papain (30 U/ml; Worthington Biochemical). DRGs were
centrifuged and triturated in 1 ml of DRG culture medium DMEM/F12
(1:1) with penicillin (100 U/ml), streptomycin (0.1mg/ml; Invitrogen), 2
mM L-glutamine, and 10% FBS (Hyclone) containing BSA (1.5mg/ml;
low endotoxin, Sigma-Aldrich) and trypsin inhibitor (1.5mg/ml; Sigma-
Aldrich). The cell suspension was filtered through a 70 mm nylon mesh
cell strainer (Becton Dickinson) to remove debris, and the mesh was
then washed once with 1 ml of DRG culture medium.

Transfection of DRG neurons was performed as previously described
(Dib-Hajj et al., 2009; Akin et al., 2019). Briefly, DRG neurons were
pelleted (200 � g, 3min) and gently resuspended with 20ml of
Nucleofector solution; then, the cell suspension was mixed with DNA
(for specific amounts of DNA, see Extended Data Table 1-1). Neurons
were transfected using Nucleofector IIS Electroporator (Lonza) using
protocol SCN-BNP 6 and Amaxa SCN Nucleofector reagents (VSPI-
1003, Lonza). After electroporation, 100ml of calcium-free DMEM (37°C)
was added, and cells were incubated at 37°C for 5min in a 95% air/5%
CO2 (v/v) incubator to allow neurons to recover. The cell mixture was
then diluted with DRG medium containing BSA (1.5mg/ml) and trypsin
inhibitor (1.5mg/ml). Rat DRGs were carefully seeded onto 35 mm glass-
bottom dishes commercially coated with poly-D-lysine (MatTek) and
additionally coated with laminin (10 mg/ml for 2 h at 37°C), or onto the
somatic chamber of microfluidic chambers (MFCs). DRGs cultured on
coverslips were incubated at 37°C for 45min to allow DRG neurons to
attach. Then, DRG medium was added to each well to a final volume of
1.5 ml (in 35 mm glass-bottom dishes), or ;350ml (in somatic chamber
of MFCs) individually. DRG neurons were maintained at 37°C in a 95%
air/5% CO2 (v/v) incubator before use.

MFCs
As described previously (Akin et al., 2019), MFCs (DOC450, two-cham-
ber 450 mm groove, Xona Microfluidics) were bound to glass-bottom
dishes according to the manufacturer’s instructions. Briefly, MFCs were
soaked in ethanol for 1min, then air-dried before being placed on 50
mm glass-bottom dishes (P50G-1.55-30-F, MatTek) that were coated
with poly-L-lysine (0.5mg/ml) overnight at 37°C. The glass surface was
washed twice with sterile double-distilled water and then air-dried in a
sterile hood. The dishes were then coated with laminin (10mg/ml) for at
least 2 h at 37°C, excess laminin was aspirated, and the dishes were air-
dried under the hood before MFCs were adhered. Transfected DRG
neuron suspension was applied in the soma chamber containing DRG
medium with growth factors (50 ng/mg) [NGF and GDNF from
PeproTech], and 2� growth factors (100ng/mg) were added to the axo-
nal chamber. Medium was changed to serum-free medium in both
chambers after 24 h (Neurobasal medium supplemented with 2% B27,
1% penicillin/streptomycin, same 1:2 ratio of NGF, GDNF in soma and
axonal chambers), and 1 mM uridine/5-fluoro-2-deoxyuridine was added
to inhibit the growth of fibroblasts and glia.

Manual patch-clamp recordings
Macroscopic currents were recorded in voltage-clamp mode using
an EPC-10 amplifier and the PatchMaster program (HEKA Elektronik) at
room temperature. Patch pipettes were pulled from borosilicate glass (1.65/
1.1, outside diameter/inside diameter; World Precision Instruments) using
a Sutter Instruments P-97 puller and had a resistance of 0.8-1.8 MX.

Sodium currents in transfected HEK293 cells and DRG neurons
under 25mm in diameter were recorded in the whole-cell configuration.
Cells with a leak current .200 pA or 10% of their peak current were
excluded. Series resistance prediction and compensation (65%-90%)
were applied to reduce the voltage errors. Cells were excluded if their

voltage errors were .3 and 5mV for HEK293 cells and DRG neurons,
respectively. The recorded currents were digitized at a rate of 50 kHz af-
ter passing through a low-pass Bessel filter setting of 10kHz. After
achieving whole-cell configuration, a 5 min equilibration period was
allowed before initiating the recordings.

Peak inward currents were transformed to conductance using

the equation G ¼ I
ðVm � ENaÞ. The conductance at each voltage

was normalized to the maximum conductance and fit with the
following Boltzmann equation to derive the activation curve:

G ¼ Gmin1
Gmax � Gmin

11e
V1=2�Vm

K

 !
. Peak current density was calculated as

the peak current during the activation pulse normalized to the
cellular capacitance.

Peak inward currents from steady-state fast inactivation protocols
were also fit with a Boltzmann equation.

NaV1.7. Human embryonic kidney 293 (HEK293) cells were
cotransfected with 0.5 mg of 2A-GFP-hNav1.7, SNAP-hNav1.7, or
codon-optimized Halo-Nav1.7 using a LipoJet transfection kit
(SignaGen Laboratories). The SNAP-tagged and Halo-tagged Nav1.7
channels were also cotransfected with 0.5 mg GFP to identify trans-
fected cells. Cells were plated on coverslips coated with poly-D-ly-
sine/laminin and maintained in DMEM/F12 (1:1) with penicillin
(100 U/ml), streptomycin (0.1 mg/ml; Invitrogen), and 10% FBS
(Hyclone) at 37°C in a 95% air/5% CO2 (v/v) incubator for 2 d after
transfection before patch-clamp recordings were conducted.

When recording Nav1.7 currents in HEK293 cells, the extracellular
solution contained the following (in mM): 140 NaCl, 3 KCl, 1 CaCl2, 1
MgCl2, and 10 HEPES. TTX was added to the bath at a concentration of
1 mM, which is sufficient to block endogenous TTX-S currents. Patch
microelectrodes were filled with intracellular solution containing the fol-
lowing (in mM): 140 CsF, 10 NaCl, 1.1 EGTA, and 10 HEPES. Both solu-
tions were titrated to a pH of 7.3 and brought to final osmolarity (320
mOsm for extracellular solution and 310 mOsm for intracellular solu-
tion) using dextrose.

To measure Nav1.7 channel activation, HEK293 cells were pulsed to a
range of potentials between�80mV and 40mV, in 5mV increments, from
a holding potential of �120mV. Steady-state fast inactivation of Nav1.7
constructs was assessed in HEK293 cells with a series of 500 ms prepulses
(�140 to 0mV in 10mV increments) followed by a 20ms step depolariza-
tion to�10mV to activate the remaining noninactivated channels.

NaV1.8. DRGs from adult (4- to 8-week-old) Nav1.8-KO mice
were harvested and dissociated as described previously (Dib-Hajj et
al., 2009) with minor differences. DRGs were dissociated with a 20
min incubation in CSS containing 0.5 U/ml Liberase TM (Sigma)
and 0.6 mM EDTA, followed by a 15 min incubation in CSS contain-
ing 0.5 U/ml Liberase TL (Sigma), 0.6 mM EDTA, and 30 U/ml pa-
pain (Worthington Biochemical). DRGs were then centrifuged in
0.5 ml of DRG media containing 1.5 mg/ml BSA (low endotoxin)
and 1.5mg/ml trypsin inhibitor (Sigma). After trituration, neurons
were transfected with 2.0 mg of either Halo-tagged human Nav1.8 or
WT human Nav1.8 and 0.2 mg GFP using a Nucleofector IIS (Lonza)
and Amaxa Basic Neuron SCN Nucleofector Kit (VSPI-1003). Cells
were plated on coverslips coated with poly-D-lysine/laminin and
maintained in DRG media at 37°C in a 95% air/5% CO2 (v/v) incu-
bator for 2 d after transfection before patch-clamp recordings were
conducted. The extracellular recording solution contained the fol-
lowing (in mM): 140 NaCl, 20-TEA-Cl, 3 KCl, 1 CaCl2, 1 MgCl2, 0.1
CdCl2, 10 HEPES, and 0.001 TTX.

To measure Nav1.8 channel activation, transfected Nav1.8-KO DRG
neurons were pulsed to a range of potentials between �70mV and
40mV from a holding potential of �100mV. We excluded from
analysis cells in which a residual Nav1.9 current was detected under
these recording conditions. To assess steady-state fast inactivation
of Nav1.8 constructs, DRG neurons were prepulsed (�120 to 20mV
in 5mV increments) for 500ms to induce fast inactivation, followed
by a 40ms depolarization step to 0mV to activate the remaining
non-inactivated channels.
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NaV1.9. Characterization of Halo-NaV1.9 was performed in superior
cervical ganglion (SCG) neurons from 1- to 5-d-old rats using electropo-
ration to introduce the expression plasmids as previously described
(Dib-Hajj et al., 2009). SCG neurons do not express any TTX-resistant
sodium channels, and the external and internal solutions were designed
to isolate the heterologously expressed NaV1.9 current. The NaV1.9 con-
structs were mixed with mCherry in pEGFP D GFPN1 to identify cells
likely to be expressing NaV1.9 by identifying red fluorescent neurons.
Cells were plated on coverslips coated with poly-D-lysine/laminin and
maintained in DRG media at 37°C in a 95% air/5% CO2 (v/v) incubator
for 2 d after transfection before patch-clamp recordings were conducted.

Electrodes used for the recordings had resistance of,2 MV when
filled with the internal solution, which consisted of the following (in
mM): 135 CsF, 5 CsCl, 10 HEPES, 5 EGTA, and 3 ATP Na-salt (pH 7.3
with CsOH, adjusted to 314 mOsm with dextrose). The external record-
ing solution contained the following (in mM): 140 NaCl, 3 KCl, 10
HEPES-NaOH; 1 MgCl2, 1 CaCl2, 20 TEA-Cl, 0.1 CdCl2, and 1 mM TTX;
pH 7.3, adjusted to 320 mOsm with dextrose.

The stimulation pulse protocol started at a holding potential of –100
mV and then stimulated with 100 ms depolarizing pulses starting at
�100mV and increased with an increment of 5mV ending at 40mV.
Each sweep of the protocol was applied at 5 s intervals and P/6 leak sub-
traction was used.

KV7.2. Characterization of KV7.2-Halo was performed in HEK293
cells transfected using a LipoJet transfection kit (SignaGen Laboratories).
After being cultured in 35 mm Petri dishes until 70%-80% confluence,
1.5mg of KV7.2-Halo or WT-KV7.2 DNA was cotransfected with 0.5mg
GFP to identify transfected cells. One day after transfection, the cells were
dissociated with TrypLE reagent (Invitrogen) and then plated on cover-
slips coated with poly-D-lysine/laminin and maintained in DMEM/F12
(1:1) with penicillin (100 U/ml), streptomycin (0.1mg/ml; Invitrogen),
and 10% FBS (Hyclone) at 37°C in a 95% air/5% CO2 (v/v) incubator.
Patch-clamp recordings were performed 2 d after transfection.

Electrodes used for the recordings had resistance of,2 MV when
filled with the internal solution, which consisted of the following (in
mM): 126 K-Gluconate, 4 KCl, 10 HEPES, 0.3 EGTA, 10 phosphocre-
atine disodium salt, 4 ATP Mg-salt, and 0.3 GTP Na-salt (pH 7.3 with
KOH, adjusted to 320 mOsm with dextrose). The external recording so-
lution contained the following (in mM): 140 NaCl, 3 KCl, 10 HEPES-
NaOH, 2 MgCl2, 2 CaCl2, 15 dextrose, pH 7.3,;320 mOsm.

The stimulation pulse protocol started at a holding potential of –100
mV and then stimulated with 500 ms depolarizing pulses starting at
�80mV and increased with an increment of 10mV ending at 80mV,
followed by a hyperpolarizing pulse to –120 mV to record “tail current”
as the opened channels close for 50 ms before returning to the interpulse
holding potential. Each sweep of the protocol was applied at 5 s intervals
and P/4 leak subtraction was used.

Automated high-throughput patch-clamp recordings
NaV1.6. The gating properties of the Halo-NaV1.6 construct was

evaluated by automated voltage clamp of transiently transfected HEK
cells. Halo-NaV1.6 was introduced into HEK cells using lipid-based
transfection kit (Lipojet, SignaGen Laboratories) and following the rec-
ommended protocol. The cells were harvested into a cell suspension on
the second day after transfection for recordings by automated electro-
physiology (Qube 384, Sophion Biosciences). A detailed description of
the capabilities and the setting up of modules to perform voltage-step
protocols for the Qube instrument has previously been published.

The solutions used when performing experiments with the Qube are
as recommended by Sophion (Qian et al., 2020). The extracellular solu-
tion contained the following (in mM): 145 NaCl, 4 KCl, 2 CaCl2 ·
(2H2O), 1 MgCl2 · (6H2O), 10 HEPES, titrated to pH 7.4 with NaOH,
and osmolarity was adjusted to 305 mOsm with glucose. The intracellu-
lar solution contained the following (in mM): 140 CsF, 1 EGTA, 10
HEPES, 10 NaCl, titrated to pH 7.3 with CsOH, and osmolarity was
adjusted to 310 mOsm with glucose.

The voltage-clamp pulse protocols were implemented on the Qube
instrument to replicate the ones used for manual patch clamp. The series
resistance compensation level was set to 90%. Similar to manual patch-

clamp experiments, protocols were applied in a specific order to prevent
time-dependent bias, as follows: the voltage dependence of activation
protocol started from a holding potential of �120mV, pulsed to less
negative potentials for 100ms, then returned to the original holding
potential. Step depolarizations ranged from �80 to 40mV, were applied
in 5mV increments, and looped at 5 s intervals. Voltage dependence of
fast inactivation was measured by holding the cell at �120mV, after
which conditioning pulses of 500ms were applied from �120 to 20mV
in 10mV increments. Following the conditioning pulse, a test pulse to
0mV was applied for 50ms to determine the fraction of sodium chan-
nels still available for opening. The potential is then returned to the hold-
ing potential of�120mV until the next loop occurring at 5 s intervals.

A cell was deemed positive for NaV current expression if the peak
inward current during the activation IV protocol exceeds �300 pA.
Additional inclusion criteria include a reversal potential between 20 and
80 mV of the activation IV curve and a Boltzmann slope factor .4mV.
For activation and fast inactivation, the peak inward currents measured
at each stimulus potential were normalized to capacitance and averaged
to create the IV curves. Each individual cell’s IV curve was fitted to the
BoltzIV function to obtain the parameters V-half of activation, activation
slope, Gmax, and reversal potential. The activation IV curves were trans-
formed into GV curves and then normalized.

Imaging system
As described previously (Akin et al., 2019), images were acquired using
an Andor Dragonfly spinning disk confocal platform together with a
Nikon Eclipse Ti Fluorescence microscope. Images were taken using
an Andor iXon 888 electron multiplying charge-coupled device
camera through a Plan Apo l 60� (numerical aperture 1.4 oil objec-
tive). The light source is an Andor Integrated Laser Engine contain-
ing 150 mW 488 nm, 150 mW 561 nm, and 140 mW 637 nm solid
state lasers. Emission filters include 525/50, 600/50, and 700/75 nm.
The Nikon perfect focus system was used to maintain focus during
time-lapse experiments.

Optical Pulse-chase Axonal Long-distance (OPAL) imaging
All Halo-tag Ligand and SNAP-tag Ligand conjugated JaneliaFluor labels
(Grimm et al., 2015; Jonker et al., 2020) were generous gifts of L. D.
Lavis and J. B. Grimm (Janelia Research Campus).

All live-cell experiments were performed at 37°C using a stage incu-
bator (Tokai Hit). During labeling and imaging, neurons were kept in
DRG neuronal imaging saline (NIS) containing 136 mM NaCl, 3 mM

KCl, 1 mM MgSO4, 2.5 mM CaCl2, 0.15 mM NaH2PO4, 0.1 mM ascorbic
acid, 20 mM HEPES, and 8 mM dextrose (pH 7.35) with NaOH (adjusted
to 320 mOsm/L).

The OPAL imaging protocol was previously described (Akin et al.,
2019). Briefly, DRG neurons transfected with Halo- and/or SNAP-
tagged constructs were cultured in MFCs for 5-7 d. For experiments
involving measurement of vesicle velocity and behavior, cell permeable
JF646-Halo-tag Ligand (100 nM) was added to the soma chamber for
15min. Time-lapse movies of distal axon ends were acquired between 45
and 55min after the start of labeling. For co-trafficking experiments,
cell-permeable JF646-Halo-tag Ligand (100 nM) and/or JF549-cpSNAP-
tag Ligand (100 nM) were added to the somatic chamber for 30min, and
then removed by washing the chamber 3� with NIS. Time-lapse movies
were acquired in the distal axon chamber for up to 1 h after labeling. For
co-trafficking experiments involving fluorescent protein-tagged proteins
together with Halo- or SNAP-Tagged proteins, fluorescent proteins in
the FOV were photobleached using either the 488 nm laser (for GFP) or
561 nm laser (for red proteins) before movie acquisition.

Labeling channels at the cell surface
DRG neurons were transfected with Halo- or SNAP-tag channel con-
structs and cultured in glass-bottom dishes, coated with poly-L-lysine
and laminin, as above, for 5 d. The cells were then exposed to the rele-
vant cell-impermeable Halo-tag or SNAP-tag Ligand (100 nM in NIS,
JF635i-Halo-tag Ligand for 15min or JF549i-SNAP-tag Ligand for
30min). Excess label was then washed away with NIS, and the cells were
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fixed with 4% PFA for 15min before confocal fluorescence imaging with
the imaging system described above.

Kymograph generation and trafficking analysis
Kymographs were generated using KymographClear (Mangeol et al.,
2016). Movies acquired using the methods above were opened in
ImageJ, and the KymographClear toolset was used to create kymographs
of selected axons. Specifically, axons were traced manually using a seg-
mented line, and KymographClear extracts the signal under that line
and converts it into a two-dimensional image with distance on the x axis
and time on the y axis. Only axons that were separate from other axons
were analyzed.

For analysis of vesicle velocity, flux, and pausing behavior, kymo-
graphs were generated for both the distal end of the axon (the most distal
15mm) and a more proximal “mid-axon” portion (the 15mm segment of
axon between 115 and 100mm from the distal tip). The resulting kymo-
graphs were analyzed using the automated kymograph analysis software
KymoButler (Jakobs et al., 2019), which uses a machine learning algo-
rithm to trace vesicle tracks. The velocity was calculated as the average
over the duration of the track, including pauses and stops. Flux was
determined by counting the number of vesicles which crossed the mid-
line of the kymograph in either the anterograde or retrograde direction.
Pauses were defined as any instance in which a track had zero displace-
ment between two consecutive frames. If a given vesicle paused more
than once, the pause durations were averaged to calculate the average
pause duration for that vesicle.

For co-trafficking experiments, axons were selected for analysis if
there was at least one moving vesicle of each construct visible in the
axon, indicating that the neuron had been transfected with both con-
structs. Kymographs of these axons were created, and vesicles were cate-
gorized as either single positive for either construct or double positive.

Image and statistical analysis
Images were processed using either ImageJ or Imaris. Venn diagrams
were generated using the Venn Diagram Plotter developed by the Pacific
Northwest National Laboratory (https://omics.pnl.gov/software/). The
elliptical Euler diagram was generated using eulerAPE (Micallef and
Rodgers, 2014). Statistical analysis was performed using GraphPad
Prism. For post hoc pairwise x 2 tests, a Bonferroni correction, dividing

the a level by the number of comparisons made, was applied to the sig-
nificance level to compensate for multiple comparisons (p=0.05/num-
ber of comparisons) (Macdonald and Gardner, 2000). Schematics were
created with www.BioRender.com.

Results
Self-labeling enzymatic tags enable observation of trafficking
of multiple ion channels
Building on a strategy we used previously to tag NaV1.7
(Akin et al., 2019), we engineered 25 transmembrane NaV1.6
and NaV1.8 channels with an N-terminal Halo-tag, an enzy-
matic tag that reacts with specific synthetic ligands, fused to
an extra transmembrane segment to create extracellularly
tagged channels (Halo-NaV1.6 and Halo-NaV1.8) (Fig. 1A).
In addition, we tagged NaV1.9 by fusing Halo-tag to the in-
tracellular N-terminus (Halo-NaV1.9) (Fig. 1A).

To enable comparison of NaV1.7 and other proteins in the
same neuron, we created multiple tagged NaV1.7 constructs. We
improved on a previously described Halo-NaV1.7 construct
(Akin et al., 2019) by adding the Halo-tag and extra transmem-
brane domain to a codon-optimized backbone construct, which
encodes the same a.a. sequence but is more efficiently translated
in DRG neurons (hereafter referred to as Halo-NaV1.7). We also
replaced the Halo-Tag in the original (non–codon-optimized)
Halo-NaV1.7 construct (Akin et al., 2019) with a SNAP-tag, a dif-
ferent enzymatic tag that functions similarly, but has different
cognate ligands, to create SNAP-NaV1.7 (Fig. 1A). To enable
comparison of NaV1.7 and KV7.2, we inserted the Halo-tag in
the first extracellular loop of KV7.2 (Fig. 1A), a strategy that has
been used previously to tag KV2.1 (Jensen et al., 2017). Using
cell-impermeable Halo-Tag and SNAP-tag ligands (Jonker et al.,
2020), we confirmed that the tagged NaV1.6, NaV1.7, NaV1.8,
and KV7.2 constructs are trafficked to the surface of DRG neu-
rons (Fig. 1B). Surface labeling was not possible with Halo-
NaV1.9 because its tag is intracellular.

Figure 1. Tagged NaV and KV channels are trafficked to the cell surface. A, Schematics represent Halo- and SNAP-tagged NaV and KV channels and fluorescently conjugated ligands. B, DRG
neurons were transfected with tagged channel constructs and cultured for 5 d. The cells were then exposed to cell-impermeable Halo-tag or SNAP-tag Ligands (JF635i-Halo-tag Ligand or
JF549i-SNAP-tag Ligand), labeling only channels at the cell surface. The cells were then fixed and imaged. Top panels, Confocal slices through somas with surface labeling. Intracellular signal is
partly because of channel endocytosis before fixation and some autofluorescence (Akin et al., 2019). Bottom panels, DIC images demonstrating DRG morphology. *Untransfected cell without
fluorescent signal, demonstrating specific labeling.
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Figure 2. Tagged NaV and KV channels retain functional gating properties. A, Voltage-clamp recording in DRG neurons from NaV1.8-KO mice expressing either Halo-NaV1.8 (n= 7) or WT-
NaV1.8 (n= 7) revealed no significant differences between channel activation (left) or current density (right) for the two constructs. Halo-NaV1.8 voltage dependence of fast inactivation was
significantly shifted in the hyperpolarizing direction compared with WT-NaV1.8 (middle) (p= 0.039). B, Voltage-clamp recordings in HEK293 cells expressing WT-NaV1.7 (n= 7), SNAP-NaV1.7
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Tagged NaV and KV constructs retain functional gating
properties
To assess whether the Halo-tag altered Nav1.8 gating properties or
the trafficking of the channel to the cell membrane, we transfected
either Halo-Nav1.8 or WT-Nav1.8 into DRG neurons from Nav1.8-
KO (Nav1.8-KO) mice and performed whole-cell voltage-clamp
recordings (Fig. 2A). The insertion of the HaloTag did not alter
the voltage dependence of activation (Fig. 2A, left) of the chan-
nel as reflected in similar half-activation voltage (V1/2Act)
(Halo-NaV1.8 V1/2Act: �13.896 1.75, n= 7; WT NaV1.8 V1/2Act:
�11.776 2.41mV, n= 7; p= 0.49, Student’s t test). There was
a statistically significant hyperpolarizing shift in the half
inactivation voltage (Fig. 2A, middle) of Halo-Nav1.8 rela-
tive to WT-Nav1.8 (Halo-NaV1.8 V1/2Inact:�42.126 1.77,
n = 7; WT NaV1.8 V1/2Inact: �34.996 2.56 mV, n = 7;
p = 0.039, Student’s t test). Halo-Nav1.8 current density was
similar to that of WT-Nav1.8 (Fig. 2A, right) (Halo-NaV1.8:
�604.606 251.89pA/pF, n=7; WT NaV1.8:�580.416 196.95pA/
pF, n=7, p=0.94, Student’s t test).

We evaluated whether the Halo- and SNAPTag channel
fusion altered Nav1.7 biophysical properties and trafficking to
the plasma membrane in HEK293 cells (Fig. 2B). The fusion of
the Halo- and SNAP-tag to NaV1.7 did not alter the voltage de-
pendence of activation (Fig. 2B, left) of the tagged channels as
reflected in similar V1/2Act (WT-Nav1.7: �14.206 2.37mV,
n= 7; SNAP-Nav1.7: �14.626 2.33mV, n= 4; p=0.99; Halo-
Nav1.7: �16.006 1.34mV, n=5; p= 0.78; one-way ANOVA
with Dunnett’s multiple comparisons correction). Similarly, we
did not detect a difference in the voltage dependence of fast inac-
tivation (Fig. 2B, middle) between untagged and tagged channels
(WT NaV1.7 V1/2Inact: �77.536 1.34mV, n=7; SNAP-Nav1.7
V1/2Inact: �77.356 2.05 mV, n = 4, p = 0.99; Halo-Nav1.7
V1/2Inact: �73.506 1.85, n = 5, p = 0.17). The peak current
density (Fig. 2B, right) for WT-Nav1.7 was �389.206 73.89 pA/

pF (n=7), which was statistically significantly greater than that
of SNAP-Nav1.7 (�140.676 49.59 pA/pF, n = 4, p = 0.0495),
but not statistically different from that of Halo-Nav1.7
(�285.576 58.50 pA/pF, n = 5, p = 0.46; one-way ANOVA
with Dunnett’s correction).

The gating properties of the Halo-NaV1.6 construct were eval-
uated by automated voltage-clamp of transiently transfected
HEK293 cells (Fig. 2C). The automated pulse protocols were
configured to match as closely as possible those used in the
manual patch-clamp experiments. There were no signifi-
cant differences in the voltage dependence of activation for
WT-NaV1.6 (V1/2Act = �35.56 2.0 mV, n = 10) compared
with Halo-NaV1.6 (V1/2Act = �31.66 1.5 mV, n = 8, p = 0.16,
Student’s t test). There were also no significant differences
in the voltage dependence of fast inactivation for WT-
NaV1.6 (V1/2Inact = �76.76 1.4 mV, n = 10) compared with
Halo-NaV1.6 (V1/2Inact = �75.86 2.2 mV, n = 8, p = 0.7,
Student’s t test). Although there was a trend toward higher
current density (Fig. 2C, right) for WT-NaV1.6 relative to
Halo-NaV1.6, the differences in current density did not
reach significance (42.96 10.6 pA/pF for WT, n = 8 vs
34.86 2.4 pA/pF for Halo, n = 10, p = 0.42, Student’s t test)
The data indicate that the insertion of the Halo-tag into the
NaV1.6 channel results in functional channels in the plasma
membrane and the biophysical properties of the Halo-
NaV1.6 channels are similar to WT-NaV1.6 channels.

The gating properties of the Halo-NaV1.9 construct were
evaluated by voltage-clamp of transiently transfected rat SCG neu-
rons (Fig. 2D). SCG neurons do not express any of the TTX-resistant
sodium channels (Rush et al., 2006); thus, the endogenous sodium
currents are fully blocked by TTX. Halo-NaV1.9 was introduced into
SCG neurons using electroporation as previously described (Dib-
Hajj et al., 2009). Using external and internal solutions designed to
isolate TTX-resistant Na currents, the currents of heterologously
expressed Halo-NaV1.9 or NaV1.9-WT channels were recorded in
voltage-clamp mode. The slow activation and inactivation kinetics
observed are consistent with previously described NaV1.9 currents
(Cummins et al., 1999; Dib-Hajj et al., 1999). The peak inward cur-
rents measured at each stimulus potential were normalized to capac-
itance and averaged to create the IV curves (Fig. 2D, right). Each
individual cell’s IV curve was fit with the BoltzIV function to obtain
the reversal potential and Gmax, and then transformed into a GV
curve and normalized (Fig. 2D, left). Each GV curve was then fitted
to the Boltzmann function to obtain the parameters V-half of activa-
tion and activation slope. Although there was a trend toward higher
current density (Fig. 2D, right) for Halo-NaV1.9 relative to WT-
NaV1.9, the difference did not reach significance (2.86 0.8pA/pF
for WT, n=9 vs 7.86 5.4pA/pF for Halo, n=11, p=0.4, Student’s t
test). Additionally, there were no significant differences between the
Halo-NaV1.9 to NaV1.9-WT for V-half activation voltage or activa-
tion slope. The data indicate that the insertion of the Halo-tag into
the NaV1.9 channel results in functional channels in the plasma
membrane and the biophysical properties of the Halo-NaV1.9 chan-
nels are similar to NaV1.9-WT channels.

The gating properties of the KV7.2-Halo construct were eval-
uated by voltage clamp of transiently transfected HEK cells.
Native M-current is composed of heteromeric mixtures of
KV7.2 and KV7.3 a subunits. However, to unequivocally
assign the observed current to the KV7.2-Halo construct, we
only transfected with this construct and any observed cur-
rent should arise from KV7.2-Halo homomeric channels. The
expression of KV7.2-WT or KV7.2-Halo in separate transfec-
tions elicits slowly activating outward currents in response to

/

(n= 4), or Halo-NaV1.7 (n= 5) were analyzed to evaluate effect of tags on channel function.
There were no significant differences in the voltage dependence of channel activation (left)
or inactivation (middle) between either SNAP-NaV1.7 or Halo-NaV1.7 and WT-NaV1.7.
HEK293 cells expressing SNAP-NaV1.7 displayed a significantly reduced peak current density
(right), relative to WT-NaV1.7. This is likely because the WT and Halo-NaV1.7 channels have
the codon-optimized sequence, which produces more protein than the nonoptimized SNAP-
NaV1.7 channel. However, there was no statistically significant difference in peak current
density between WT-NaV1.7 and Halo-NaV1.7. C, Voltage-clamp recordings in HEK293 cells
transiently transfected with mouse NaV1.6 (either WT (n= 10) or Halo- (n= 8)) were ana-
lyzed to evaluate effect of the Halo-tag on channel function. There were no significant differ-
ences in the voltage dependence of channel activation (left) or inactivation (middle)
between WT-NaV1.6 and Halo-NaV1.6. Although there was a trend toward higher current
density (right) for WT-NaV1.6 relative to Halo-NaV1.6, the difference did not reach statistical
significance (p= 0.42). D, Voltage-clamp recordings in SCG neurons expressing either Halo-
NaV1.9 (n= 11) or WT-NaV1.9 (n= 9). There was no significant difference in channel activa-
tion between Halo-NaV1.9 and WT-NaV1.9 (left). Although there was a trend toward higher
current density (right) for Halo-NaV1.9 relative to WT-NaV1.9, the difference did not reach
significance (p= 0.4). E, The gating properties of the KV7.2-Halo construct were evaluated by
voltage clamp of transiently transfected HEK293 cells. The peak inward tail currents of KV7.2-
WT (n= 9) and KV7.2-Halo (n= 10) were measured and transformed into conductance as a
function of the preceding stimulus voltage and plotted, resulting in G-V curves, which were
fitted to a Boltzmann function. There was no significant difference in the voltage dependence
of channel activation between KV7.2-WT and KV7.2-Halo. F, The activation pulse protocol
was repeated at various times after initiating whole-cell configuration, and the resulting G-V
curves are shown in different colors as indicated. G, The values of the Boltzmann fit parame-
ters (including the maximum conductance, half-activation voltage, and slope) for individual
cells in each group are plotted. None of the parameters comparing KV7.2-WT to KV7.2-Halo
was significantly different. Error bars indicate SEM.
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Figure 3. Vesicles containing NaV or KV channels are trafficked to distal axons with similar behavior. A, Schematic represents the OPAL technique used to visualize tagged channel trafficking.
DRG neurons expressing Halo- or SNAP-tagged channels were cultured in MFCs for 5-7 d. Cell-permeable Halo- or SNAP-tag ligand conjugated fluorophore was added to the soma chamber,
and axons in the distal chamber were imaged using spinning-disk confocal microscopy to capture anterogradely moving channels. B, Anterograde trafficking of Halo-NaV1.8. Shown are multiple
images from a single-color time-lapse movie of an axon (outlined with the dotted lines) in the axonal chamber after the labeling protocol described in A. Two Halo-NaV1.8-positive vesicles
marked by colored arrows can be seen in each frame of the movie, moving anterogradely over time. Bottom, Kymograph generated from a movie of the above axon, plotting the distance along
the axon on the x axis and elapsed time on the y axis. In this way, vesicles moving along the axon in the anterograde direction are seen as lines moving from the top left to bottom right,
whereas stationary vesicles appear as vertical lines. C–E, Top panels, Still images of distal axons expressing Halo-NaV1.8 (C), SNAP-NaV1.7 (D), or KV7.2-Halo (E), labeled with Halo-tag or SNAP-
tag ligands and imaged by OPAL showing discrete labeled puncta. Middle panels, Maximum intensity projections over time (60 s) of the axons above showing the outline and terminal end of
the axons. Bottom, Kymographs from the above axons, showing anterograde motion of labeled channels, accumulation of channel at the distal end, and occasional reversal of channel direction
(arrows). F, Average velocity (including pauses) of vesicles carrying each channel was measured in two regions of axons: the distal end and a more proximal section of mid-axon (boxed in blue
and orange, respectively, in E). Vesicle motion was categorized as anterograde (.0.5mm/s), stationary (�0.5 to 0.5mm/s), or retrograde (,�0.5mm/s). The majority of vesicles (;80%) in
axon ends are stopped, while more vesicles in the mid-axon have anterograde velocity. Few vesicles have retrograde velocity denoted by negative velocities. The behavior of vesicles carrying
the different ion channels was similar (for detailed velocity analysis, see Fig. 4).
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depolarizing voltage pulses. The conductance-voltage (G-
V) curve is determined by measuring the peak “tail cur-
rent” during the –120 mV pulse, which is proportional to
the conductance achieved at the end of the preceding stim-
ulation pulse. There was no significant difference in the
voltage dependence of channel activation between KV7.2-
WT and KV7.2-Halo (Student’s t test, Fig. 2E). To deter-
mine whether the gating properties vary with time after
initiating whole-cell configuration, the activation stimula-
tion protocol was repeated at various times, and the result-
ing G-V curves were fitted to the Boltzmann function and

are plotted as shown (Fig. 2F). The parameters for the
Boltzmann functions fitted to the G-V curves are plotted
(Fig. 2G). After initiation of whole-cell configuration,
there is a time-dependent decrease in current density
which was seen for both channels. There were no signifi-
cant differences between KV7.2-Halo and KV7.2-WT in any
of the fit parameters (Student’s t test). The data indicate
that the insertion of the Halo-tag into the KV7.2 channel
results in functional channels in the plasma membrane and
the biophysical properties of the KV7.2-Halo current are
similar to KV7.2-WT current.

Figure 4. Vesicles containing NaV or KV channels are trafficked to distal axons with similar velocity, flux, and pausing behavior. Additional analysis of experiments shown in Figure 3F. A,
Average velocity (including pauses) of vesicles carrying each channel was measured in two regions of axons: the distal end and a more proximal section of mid-axon. Shown are superimposed
histograms of vesicle velocities in axon ends and mid-axons. The velocity distributions of axon ends compared with mid-axons were significantly different for each ion channel (p , 0.0001,
Kolmogorov–Smirnov test). The velocity distributions of the different ion channels were similar (p= 0.98 and 0.53 for axon ends and mid-axons, respectively, Kruskal–Wallis test, N= 3 cul-
tures, 24 axons, and 378-490 vesicles for each ion channel). B, The number of vesicles passing through a given axon segment (flux) in the anterograde direction was greater in the mid-axon
than the axon end (NaV1.8: p, 0.0001, NaV1.7: p, 0.0001, KV7.2: p= 0.0002). Flux in the retrograde direction trended toward being slightly greater in the mid-axon than axon end (NaV1.8:
p= 0.12, NaV1.7: p= 0.65, KV7.2: p= 0.002), although retrograde flux was less than anterograde flux for both mid-axon and axon end. Vesicles carrying the different ion channels had similar
flux (Ant. Mid-Axon: p= 0.94, Ant. Axon End: p= 0.31, Ret. Mid-Axon: p= 0.42, Ret. Axon End: p= 0.92). C, The average duration of vesicle pauses was longer within the axon end compared
with pauses in the mid-axon (p, 0.0001 for each ion channel). Vesicles carrying the different ion channels paused for similar durations in the mid-axon. There was a small but significant dif-
ference in pause durations between channels in the Axon End (Mid-Axon p= 0.95, Axon End p= 0.002). Plots show 25th, 50th, and 75th percentile, max, and min. N= 3 cultures, 24 axons,
and 378-490 vesicles for each ion channel. Distributions of vesicles carrying a given ion channel were compared across axonal compartments using the Kolmogorov–Smirnov test, and distribu-
tions of vesicles carrying each of the three ion channels were compared within an axonal compartment using the Kruskal–Wallis test.
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Vesicles containing NaV or KV channels are trafficked to
distal axons with similar velocity and movement behavior
In a recent study (Akin et al., 2019), we developed the method of
OPAL imaging, which allowed the study of channel trafficking in

real time with unprecedented resolution. This technique utilizes
the MFC system to isolate tagged NaV-expressing DRG somata
from their distal axons. Importantly, the vast majority of the
DRG neurons obtained by this protocol are unmyelinated C

Figure 5. NaV1.8 and KV7.2 are trafficked anterogradely in Rab6a-positive vesicles. DRG neurons were transfected with tagged constructs and cultured in MFCs. Two-color, time-lapse OPAL
imaging was performed using JF646-Halo-tag Ligand. Only axons expressing both transfected proteins were analyzed. A–D, Top panels, Selected frames from movies of outlined axons. Arrows
point to vesicles as they move along the axon over time. Bottom panels, Two-color kymographs generated from the axons above. A, Halo-NaV1.8 (pseudocolored magenta) and EGFP-Rab6a
(pseudocolored yellow) colocalize in time and space. Right, Merged images represent close colocalization of Halo-NaV1.8 and EGFP-Rab6a signals. The two-color kymograph represents three an-
terograde vesicles with overlapping signals for both proteins (white arrows) (see also Movie 1). B, KV7.2-Halo and EGFP-Rab6a colocalize in time and space, moving and stopping together
(white arrows). C, D, Halo-NaV1.8 is trafficked independently of EGFP-Rab3a and NPY-td-Orange2. Right, Merged images and kymographs represent independent motion of Halo-NaV1.8 (ma-
genta) and EGFP-Rab3a (yellow) (C) or NPY-td-Orange2 (yellow) signals (D). E, F, Kymographs were analyzed via visual inspection, and vesicles were classified as either double-positive or sin-
gle-positive for one of the tagged proteins: 64% of observed vesicles were Halo-NaV1.8 and EGFP-Rab6a co-positive (159 of 248 vesicles, 19 axons); 67% of observed vesicles were KV7.2-Halo
and EGFP-Rab6a co-positive (236 of 354 vesicles, 25 axons); 10% and 5% of vesicles were Halo-NaV1.8 and EGFP-Rab3a co-positive (39 of 394 vesicles, 21 axons) or Halo-NaV1.8 and NPY-td-
Orange2 co-positive (646 of 680 vesicles, 21 axons), respectively. F, The proportion of vesicles carrying NaV1.8 and Rab6a is greater than the proportion carrying NaV1.8 and Rab3a or NaV1.8
and NPY (x 2, p, 0.0001). Error bars indicate 95% CIs calculated by the Wilson–Brown method. All experiments were performed with three independent cultures.
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fibers as determined by their expression of the
neurofilament peripherin (Akin et al., 2019).
After addition of brightly fluorescent, cell-per-
meable JaneliaFluor tag ligands (Grimm et al.,
2015) to the soma chamber, channels are la-
beled, and those that are trafficked to the distal
axon chamber are visualized with very low back-
ground fluorescence (Fig. 3A). This substantially
improves the signal-to-noise ratio, allowing the
detection of dim particles carrying few labeled
channels. Using this technique, we have previ-
ously demonstrated that Halo-NaV1.7 is trans-
ported to distal axons in vesicles that traffic
along microtubules (Akin et al., 2019).

In order to test whether NaV1.8 are traf-
ficked in a similar manner to NaV1.7, we con-
ducted OPAL imaging using Halo-NaV1.8-transfected DRG
neurons. Minutes after labeling in the soma chamber, tagged
Halo-NaV1.8 channels were observed proceeding along axons in
the distal axonal chamber. Figure 3B shows examples of two
such vesicles, their positions over time denoted by the cyan and
red arrows. The movement of vesicles along axons is shown as
kymographs, which display distance along the axon on the x axis
and elapsed time along the y axis. Moving vesicles appear as
slanted lines, while stationary vesicles appear as vertical lines
(Fig. 3B).

Channels proceeded in the anterograde direction, with peri-
ods of forward motion interrupted by pausing until they reached
the distal end, where they accumulated at high concentrations
(Fig. 3C). Kymograph analysis shows most vesicles moving in
the anterograde direction until they reach the end, where they
remain in this region over the time observed. However, some of
the channels reversed direction and moved retrogradely, a pat-
tern that increases with time after labeling. This behavior is simi-
lar to what we observed previously with Halo-NaV1.7 (Akin et
al., 2019), as well as the newly characterized SNAP-NaV1.7 (Fig.
3D) and KV7.2-Halo (Fig. 3E).

We compared the behavior of vesicles containing various ion
channels both at the distal end of the axon and in a segment of
the mid-axon, 100mm away from the distal end. We observed
that many vesicles in the mid-axon had anterograde velocity,
while most of the vesicles in the distal end had stopped and few
vesicles in either region moved retrogradely (Figs. 3F, 4A). The
number of vesicles moving through a segment of axon (flux) in
the anterograde direction was greater in the mid-axon than the
axon end. Flux in the retrograde direction was also greater in the
mid-axon than axon end, but retrograde flux was less than antero-
grade flux in both the mid-axon and axon end (Fig. 4B). Finally,
analysis of vesicle pausing behavior revealed that vesicles were sta-
tionary for longer periods of time in the axon end than in the mid-
axon (Fig. 4C). Importantly, the velocity, flux, and pausing behavior
of vesicles carrying the different tagged channels were similar to
each other. Together, these results show that vesicles containing
NaV1.7, NaV1.8, or KV7.2 similarly travel to distal axons over long
distances, pause in axon ends, and occasionally reverse direction.

NaV1.8 and KV7.2 are trafficked anterogradely in Rab6a-
positive vesicles
After observing that NaV1.7, NaV1.8, and KV7.2 are trafficked
over long distances to distal axons in a similar manner, we inves-
tigated whether they could be transported with the same protein
partners. In our previous screen of Rab proteins, small cytoplas-
mic guanosine triphosphatases (GTPases) involved in vesicular

trafficking and markers of different vesicle populations
(Hutagalung and Novick, 2011), Halo-NaV1.7 was shown to
preferentially co-traffic with Rab6a, compared with 7 other
Rabs expressed in DRG neurons (Akin et al., 2019). Here, we
used OPAL imaging to visualize anterogradely trafficking Halo-
NaV1.8 or KV7.2-Halo containing vesicles in DRG neurons
cotransfected with EGFP-Rab constructs. Halo-tagged channels
were labeled using the far-red JF646-Halo-tag Ligand and
simultaneously imaged with the EGFP-Rab by rapid laser and
color filter switching; only axons expressing both labeled pro-
teins were analyzed for the co-trafficking experiments. Dual-
color time-lapse movies show vesicles containing both Halo-
NaV1.8 and EGFP-Rab6a overlaying each other and traveling
with the same trajectory (Fig. 5A; Movie 1). The;1mm discrep-
ancy between the Halo and Rab fluorescent signals visible in Figure
5A (Merge) is explained by continued motion of the vesicle during
the 333ms delay between acquisition of the green signal (488nm
excitation) and the far-red signal (637nm excitation). Importantly,
the green image (pseudocolored yellow) was acquired before the
far-red image (pseudocolored magenta), which is consistent with
the observation that the green signal is slightly behind the far-red
signal relative to the direction of motion. Because these vesicles are
exceedingly dim, true simultaneous two-color imaging has thus far
been difficult because of loss of signal through light-splitting
dichroic filters. However, the close colocalization and identical tra-
jectory of the signals are strong evidence that the two proteins are
trafficked together.

The majority of vesicles observed were positive for both
Halo-NaV1.8 and EGFP-Rab6a, with 64% of vesicles being dou-
bly positive (Fig. 5A,E,F). In a similar experiment, we observed a
high level of co-trafficking of KV7.2-Halo and EGFP-Rab6a (67%
double positive, Fig. 5B,E,F). In contrast, Halo-NaV1.8 vesicles
rarely contained EGFP-Rab3a, with only 10% of vesicles being
doubly positive (Fig. 5C,E,F), which is similar to what was
observed with NaV1.7 (Akin et al., 2019).

Since Rab6a has been associated with vesicles containing neu-
ropeptides, such as neuropeptide Y (NPY) that are destined for
the axon terminals (Gumy et al., 2017), we investigated whether
Halo-NaV1.8 is co-trafficked with NPY. We repeated the co-traf-
ficking experiment as above, cotransfecting rat DRGs with Halo-
NaV1.8 and NPY-td-Orange2 (Gandasi et al., 2015), and cultur-
ing them in MFCs for 5-7 d before performing OPAL imaging.
NPY-td-Orange2 clearly labels vesicles that are trafficked along
the axon in both directions (Fig. 5D). Since primarily antero-
gradely moving Halo-NaV1.8 vesicles are visible in our assay, only
anterogradely moving NPY vesicles were scored. Almost all (95%)
of anterogradely moving Halo-NaV1.8 and NPY-td-Orange2
vesicles are trafficked independently (Fig. 5E,F).

Movie 1. Related to Figure 5. NaV1.8 is co-trafficked anterogradely in Rab6a-positive vesicles. DRG neurons were
transfected with Halo-NaV1.8 and EGFP-Rab6a and cultured in MFCs. Two-color, time-lapse OPAL imaging was per-
formed using cell-permeable Halo-tag ligand-JF646. White arrowheads indicate Halo-NaV1.8 and EGFP-Rab6a double-
positive vesicles as they move along the axon outlined in white. The;1 mm separation of the EGFP and Halo signals
is because of the continued motion of the vesicle during the time between acquisition of images in separate channels.
Importantly, the EGFP signal is always “behind” the Halo signal relative to the direction of motion because the EGFP
(488 nm) channel is acquired first; 66% of observed vesicles are double-positive. [View online]
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To compare the NaV1.8, Rab6a, and NPY-containing vesicle
populations directly, we repeated the experiment while transfect-
ing neurons with Halo-NaV1.8, EGFP-Rab6a, and NPY-td-
Orange2. In agreement with the previous experiments, NaV1.8
and Rab6a were mostly transported together (49% of total
vesicles), while few vesicles that contained NaV1.8 or Rab6a con-
tained NPY (9% of total vesicles) (Fig. 6A,B). These results sug-
gest that NaV- and Rab6a-positive vesicles are not canonical
neuropeptide-containing vesicles. This experiment also functions
as a negative control, confirming that overexpression of proteins
alone does not cause co-trafficking in the same vesicles.

Together, these results show that both NaV channels and KV

channels are sorted into Rab6a-positive vesicles before transport to
distal axons. Further, this vesicular sorting is selective, since NaV
channels are excluded from Rab3a- and NPY-carrying vesicles.

NaV a and b subunits are trafficked to distal axons in the
same vesicles, independent of the ankyrin binding motif
Our data showing that both Halo-NaV1.7 (Akin et al., 2019) and
Halo-NaV1.8 (Fig. 5) are trafficked with Rab6a suggest the possi-
bility that multiple NaV isoforms might be trafficked together in
the same vesicles. We tested this directly by making use of multi-
ple compatible tagging strategies in dual-color OPAL imaging.

First, we performed a control experiment in neurons trans-
fected with SNAP-NaV1.7 and Halo-NaV1.7, which are identical
proteins apart from their tags. We reasoned that this would allow
us to measure the highest expected rate of colocalization for two
tagged proteins in this assay. Halo-NaV1.7 was labeled using the
far-red JF646-Halo-tag Ligand, while SNAP-NaV1.7 was labeled
using the red JF549-cpSNAP-tag Ligand. Only axons expressing
both channels were analyzed. The majority of observed vesicles
were positive for the two NaV1.7 constructs, with 68% being doubly
positive (Fig. 7A). That the rate of co-trafficking of these two nearly
identical proteins is not complete is likely because both the Halo-
tag and SNAP-tag proteins do not react with their cognate ligands
with complete efficiency (estimates of Halo-tag and SNAP-tag
labeling efficiency range from 80% to 33% and 65% to 16%, respec-
tively) (Latty et al., 2015; Virant et al., 2018; Lepore et al., 2019).

Further, we confirmed that the Halo-tag and SNAP-tag ligands
bind selectively by showing that they do not label DRG neurons
transfected with GFP only (Fig. 8A) and that they are not trafficked
anterogradely in the absence of their receptors (Fig. 8B,C).

Next, we cotransfected rat DRG neurons with both SNAP-
NaV1.7 and Halo-NaV1.8 and cultured them in MFCs before
performing dual-color OPAL imaging. Indeed, dual-color
time-lapse imaging revealed Halo-NaV1.8 channels and
SNAP-NaV1.7 traveling along the axon together with identical
trajectories (Fig. 7B; Movie 2). The majority of observed
vesicles are positive for both SNAP-NaV1.7 and Halo-NaV1.8,
with 62% of vesicles being doubly positive (Fig. 7B).

A recent study showed that NF186 and NrCAM (components
of nodes of Ranvier, which are structures defined in part by the
cytoskeletal scaffold protein Ankyrin G), are cotransported
along myelinated axons, and that this common vesicular sort-
ing is driven by an Ankyrin binding motif (ABM) present in
these proteins (FIGQY) (Bekku and Salzer, 2020). A different
ABM ((V/A)P(I/L)AXXE(S/D)D) (Lemaillet et al., 2003) is
present in NaV channels (even in those that are not commonly
found at nodes of Ranvier) (Gasser et al., 2012), and NaV1.8
was suggested to bind constitutively to Ankyrin G (Montersino
et al., 2014). Thus, we tested whether this motif is necessary for
the co-trafficking of NaV1.7 and NaV1.8 by deleting it from
NaV1.8 (Halo-NaV1.8-dABM). In axons expressing both SNAP-
NaV1.7 and Halo-NaV1.8-dABM, we observed that 66% of vesicles
were double-positive (Fig. 7C). This suggests that the co-sorting of
these proteins occurs independently of binding to Ankyrin.

We next investigated the trafficking of NaV1.7 and the other
NaV channels expressed in mature sensory neurons, NaV1.9 and
NaV1.6. We saw that 61% of observed vesicles were positive for
both SNAP-NaV1.7 and Halo-NaV1.9 (Fig. 7D). Similarly, we
found that 65% of observed vesicles were positive for both
SNAP-NaV1.7 and Halo-NaV1.6 (Fig. 7E).

NaV channels are composed of a pore-forming a subunit
(NaV1.1-1.9) and associated b subunits (NaVb 1-4), which mod-
ulate various aspects of NaV function and neuronal excitability
(O’Malley and Isom, 2015; Alsaloum et al., 2019, 2021). Thus, we

Figure 6. NaV1.8 is trafficked with Rab6a and independently of NPY. DRG neurons were transfected with Halo-NaV1.8, EGFP-Rab6a, and NPY-td-Orange2 and cultured in MFCs before three-
color OPAL imaging was performed. Axons expressing all three proteins were analyzed. A, A three-color kymograph shows multiple vesicles containing pseudocolored Halo-NaV1.8 (magenta),
EGFP-Rab6a (yellow), and NPY-td-Orange2 (cyan). B, An area-proportional Venn diagram demonstrates that the majority of vesicles containing Halo-NaV1.8 or Rab6a contain both (49% of
total), while few vesicles that contain Halo-NaV1.8 or EGFP-Rab6a contain NPY-td-Orange2 (9% of total). A total of 500 vesicles were observed in 17 axons from 3 cultures.
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Figure 7. NaV1.7 is trafficked to distal axons in the same vesicles as other NaV isoforms, independent of the ABM. DRG neurons were transfected with NaV1.7 and other constructs and cul-
tured in MFCs. Two-color time-lapse OPAL imaging was performed. Only axons expressing both constructs were analyzed. From left to right, each panel shows a two-color kymograph with colors
separated and then merged, and a Venn diagram illustrating the proportion of vesicles classified as positive for either construct or both. A, To measure the highest expected level of co-trafficking for
this assay, the experiment was performed using Halo-NaV1.7 and SNAP-NaV1.7, which are identical proteins apart from their tags. SNAP-NaV1.7 and Halo-NaV1.7 traveled together in 68% of observed
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tested whether Halo-NaV1.7 and NaVb 2-GFP are trafficked to-
gether. We saw that 61% of vesicles were positive for both pro-
teins (Fig. 7F). This result is perhaps unsurprising, given the
known covalent binding of these proteins.

We statistically compared the cotransport of NaV1.7 and
other NaV isoforms versus cotransport of Halo-NaV1.7 and
SNAP-NaV1.7 (Fig. 7A) and show that all of the tested proteins
were detected in a similar fraction of axonal vesicles (Fig. 7G).
These data show that NaV channels are not sorted into isoform-
specific vesicles for long-distance axonal trafficking.

NaV channels are trafficked to distal axons together with a
specific group of neuronal membrane proteins from
different classes
Next, we investigated whether NaV1.7 channels are cotrans-
ported in axons with members of different classes of membrane

proteins with opposite or unrelated functions. To compare traf-
ficking of ion channels with opposite but complementary func-
tion, we investigated sorting of NaV1.7 and KV7.2. In axons
expressing both SNAP-NaV1.7 and KV7.2-Halo, 66% of observed
vesicles contained both proteins (Fig. 9A). Next, we tested two
axonal membrane proteins that are expressed in DRG neurons
but are not voltage-gated ion channels or subunits: Tumor
Necrosis factor Receptor 1 (TNFR1) (Wheeler et al., 2014) and
Sodium Calcium Exchanger 2 (NCX2) (Persson et al., 2010).
Halo-NaV1.7 and TNFR1-SNAP traveled together in 63% of
observed vesicles (Fig. 9B). In contrast, Halo-NaV1.7 and NCX2-
mCherry traveled together in only 4% of observed vesicles (Fig.
9C). We then compared the cotransport of NaV1.7 and other
proteins versus cotransport of Halo-NaV1.7 and SNAP-NaV1.7
(the same control data as in Fig. 7A,G) and show that KV7.2 and
TNFR1 are co-trafficked with NaV1.7 at similar rates, while
NCX2 is trafficked independently (Fig. 9D).

Together, these results show that multiple ion channels and
other axonal proteins can be trafficked together in the same
vesicles, but that vesicular sorting is not indiscriminate, with sev-
eral proteins (Rab3, NPY, and NCX2) being packaged into sepa-
rate vesicles from NaV channels. Importantly, ion channels are
not segregated into distinct vesicle populations based on their
physiological functions, but instead trafficked together (Fig. 10).

Discussion
The principal question addressed by this study is whether axonal
proteins with diverse functions are sorted into different vesicles
or transported together within the same vesicles. There is

/

vesicles (339 vesicles in 21 axons from 3 cultures). White arrows indicate points where vesicles
stop, and the two signals colocalize perfectly. Having identical trajectories through time and space
strongly suggests that both proteins are in the same vesicle. B, SNAP-NaV1.7 and Halo-NaV1.8
traveled together in 62% of observed vesicles (402 vesicles in 22 axons from 3 cultures) (see also
Movie 2). C, SNAP-NaV1.7 and Halo-NaV1.8-dABM traveled together in 66% of observed vesicles
(326 vesicles in 21 axons from 3 cultures). D, SNAP-NaV1.7 and Halo-NaV1.9 traveled together in
61% of observed vesicles (460 vesicles in 21 axons from 3 cultures). E, SNAP-NaV1.7 and Halo-
NaV1.6 traveled together in 65% of observed vesicles (625 vesicles in 21 axons from 3 cultures). F,
Halo-NaV1.7 and NaVb 2-GFP traveled together in 61% of observed vesicles (456 vesicles in 21
axons from 3 cultures). Magenta arrow indicates a vesicle positive for Halo-NaV1.7 only. G,
Proportions of vesicles carrying both channels were compared by an omnibus x 2 test (p=0.15).
Error bars indicate 95% CIs calculated by the Wilson–Brown method.

Figure 8. Fluorescent Halo-tag and SNAP-tag Ligands lack nonspecific binding, are spectrally separated, and are not trafficked anterogradely in the absence of their receptors. A, DRG neu-
rons were transfected with EGFP only and cultured for 3 d. The cells were exposed to JF646-Halo-tag Ligand and JF549-cpSNAP-tag Ligand, washed, and then imaged. Shown is a confocal z
stack of a DRG neuron in different spectral channels: 488 nm channel showing EGFP fluorescence (pseudocolored yellow), 561 nm channel showing lack of JF549 fluorescence (pseudocolored
green), 637 nm channel showing lack of JF646 fluorescence (pseudocolored magenta), and DIC image showing normal DRG morphology. DRG neurons were transfected with Halo-NaV1.8 only
(B) or SNAP-NaV1.7 only (C) and cultured in MFCs for 5 d before OPAL imaging. The soma chamber was exposed to both JF549-cpSNAP-tag Ligand and JF646-Halo-tag Ligand, washed, and
then imaged. B, A kymograph of an axon transfected with Halo-NaV1.8 only shows that the SNAP-tag ligand is not trafficked anterogradely in the absence of SNAP-tag, and the JF646 signal is
absent in the 561 nm channel (pseudocolored green). C, A kymograph of an axon transfected with SNAP-Nav1.7 only shows that the Halo-tag Ligand is not trafficked anterogradely in the ab-
sence of Halo-tag, and the JF549 signal is absent in the 637 nm channel (pseudocolored magenta).
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evidence for both co-trafficking (Maas et al.,
2012) and independent trafficking of neuronal
proteins (Jensen et al., 2014; Bekku and Salzer,
2020). In this study, we saw that multiple types
of proteins, including ion channels with diverse
physiological functions, are sorted into common
vesicles (Fig. 9). First, we show that all of the
major NaV channels in sensory neurons are
transported in the same vesicles, indicating
that NaV channel trafficking to distal axons is
not isoform-dependent. This lack of specific-
ity of channel transport extends to a related
class of voltage-gated ion channel, KV7.2, and
to an unrelated membrane protein, TNFR1.
However, it appears that there is a degree of
specificity in vesicular sorting, since NaV
channels are sorted into vesicles distinct from
those carrying Rab3, NPY, or the membrane
protein NCX2. Thus, while multiple proteins
with diverse physiological functions are traf-
ficked within sensory axons in the same
vesicles, this process is not indiscriminate and
a degree of selectivity in sorting these axonal
proteins exists.

Our current limited understanding of NaV
channel trafficking stems from difficulty visualiz-
ing channels in live neurons, especially at a distance from the
soma. Studying tagged NaV channels was historically difficult
because previous tagging strategies disrupted the channel’s phys-
iological tuning and low levels of expression led to dim fluores-
cent signals. Recently, however, we succeeded in tagging full-
length human NaV channels without impairing their function,
and developed novel imaging strategies which have enabled
high-resolution imaging of full-length NaV1.7 trafficking and
surface distribution in live DRG axons in real time (Akin et al.,
2019, 2021). Building on these advances, the present study repre-
sents the first investigation of the trafficking of multiple NaV
channel isoforms together with other axonal proteins in live neu-
rons. We show that NaV1.8 and KV7.2 are trafficked in Rab6a-
positive vesicles, but not Rab3a-positive vesicles, as we previously
showed for NaV1.7 (Akin et al., 2019). Further, we demonstrate
that NaV1.8 and Rab6a containing vesicles generally do not
contain NPY in DRG axons. We also show that NaV1.6,
NaV1.7, NaV1.8, and NaV1.9 (the primary NaV channel iso-
forms expressed in unmyelinated DRG neurons, which consti-
tute the vast majority of the neurons in our culture system)
(Akin et al., 2019) are transported in the same vesicles, indi-
cating that NaV channel delivery to distal axons is not iso-
form-dependent, and that this sorting is not dependent on the
conserved NaV Ankyrin binding motif. We also show that
both NaV and KV channels can be transported in the same
axonal vesicles. Finally, we demonstrate that an integral mem-
brane protein from a distinct functional class (TNFR1) is
transported to axons in the same vesicles as NaV1.7, whereas
another membrane protein, NCX2, is transported independ-
ently. These data demonstrate the power of the OPAL method
to investigate cell biological questions that were previously
intractable.

While one might have expected proteins that contribute to
the depolarizing upstroke (NaV channels) and repolarizing
downstroke (KV channels) of the action potential to be trans-
ported separately from each other so that a neuron could modu-
late its excitability by adjusting the trafficking of either set of

proteins independently, the co-trafficking of NaV and KV chan-
nels seen here shows that this is not the case. Despite the co-traf-
ficking of these different classes of voltage-gated ion channels,
the neuron may regulate the relative amounts of these proteins at
their sites of action by multiple other mechanisms, including
transcription, translation, vesicular loading, membrane insertion,
and endocytosis to balance the relative abundance of these pro-
teins to maintain homeostasis of excitability.

A recent study has reported that some components of myelin-
ated neurons are trafficked independently of each other, while
others are trafficked together in an Ankyrin-dependent manner
(Bekku and Salzer, 2020). Importantly, the authors of that study
examined protein components of nodes of Ranvier, which
depend on Ankyrin binding to localize to their site of function at
nodes in myelinated neurons. In contrast, our study focused on
proteins which are not always associated with Ankyrin, and our
experiments were conducted in unmyelinated neurons where
Ankyrin is not thought to play as important of a role in mem-
brane organization. Thus, while Ankyrin binding may play an
important role in vesicular sorting of proteins which depend
on it for proper localization at specific neuronal compart-
ments (the axon initial segment and nodes of Ranvier) in
cells which use it for membrane organization, such as my-
elinated axons, it is less important for sorting in cells that do
not rely on this mechanism. It is possible that the conserved
ABM found in NaV1.7 and NaV1.8 may be important for
their trafficking and localization at some nodes of Ranvier
(Henry et al., 2005; Black et al., 2012) in myelinated neurons,
whereas their transport in unmyelinated fibers and soma sur-
face is independent of the ABM, similar to the role of the
ABM in promoting delivery of NaV1.6 to the axon initial seg-
ment but not the soma (Akin et al., 2015).

To our knowledge, the present studies are the only observa-
tions of the trafficking of multiple full-length NaV channels in liv-
ing cells to date. The paucity of data in this area is because of the
inherent challenges of visualizing the dim fluorescent signals of
low-abundance NaV channels. However, there are several limita-
tions of these experiments. First, it is possible that overexpressed

Movie 2. Related to Figure 7. NaV1.7 and NaV1.8 are co-trafficked to distal axons in the same vesicles. DRG neu-
rons were transfected with both SNAP-NaV1.7 and Halo-NaV1.8 and cultured in MFCs. Two-color time-lapse OPAL
imaging was performed using cell-permeable Halo-tag ligand-JF646 (magenta) and SNAP-tag ligand-JF549 (green).
White arrowheads indicate Halo-NaV1.8 and SNAP-NaV1.7 double-positive vesicles as they move anterogradely along
the axon outlined in white. Magenta and green arrowheads indicate less frequently observed vesicles that are sin-
gle-positive for Halo-NaV1.8 or SNAP-NaV1.7, respectively. As described previously, the ;1 mm separation of the
SNAP and Halo signals is because of the continued motion of the vesicle during the time between acquisition of
images in separate channels. When the vesicle is moving, the SNAP signal is always “behind” the Halo signal
because the SNAP (561 nm) channel is acquired first. When the vesicle stops, however, the two signals overlap com-
pletely; 61% of observed vesicles are double-positive. [View online]
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tagged proteins could be loaded into vesicles indiscriminately.
However, our observations that NaV1.7 and NaV1.8 traffic inde-
pendently of Rab3 and NPY, and that NaV1.7 moves independ-
ently of NCX2 (Akin et al., 2019; present study) demonstrate
that overexpression itself does not cause proteins to be

nonspecifically packaged in the same axo-
nal vesicles. Another limitation is that our
reductionist model system is comprised of
neurons growing in vitro without sup-
port cells, target cells, or extracellular
matrix that may provide physiologically
important cues (Zweifel et al., 2005).
Nevertheless, this allows for strict experi-
mental control and has the advantage
that the observed patterns can be under-
stood as neuron-intrinsic, requiring no
extracellular influence. Further, the proc-
esses of anterograde vesicular sorting
observed here are likely independent of
extracellular cues by virtue of their intra-
cellular compartmentalization.

The burden of pain is significant, and
current pain treatments are often inef-
fective and addictive (Benyamin et al.,
2008; Staahl et al., 2009). Alternatives are
urgently needed. Of the NaV isoforms
expressed in sensory neurons, NaV1.7,

NaV1.8, and NaV1.9 are of particular interest because of their
preferential expression in peripheral neurons and genetic vali-
dation in human pain syndromes (Bennett et al., 2019; Dib-
Hajj and Waxman, 2019). Also of special interest is KV7.2,

Figure 10. Depolarizing NaVs and hyperpolarizing KVs are trafficked to distal axons together in the same vesicles. Multiple
NaV and KV channels with distinct physiological function are transported together in the same Rab6-positive vesicles.
However, vesicular sorting of ion channels is also specific, since several proteins (Rab3, NPY, and NCX2) are packaged into dis-
tinct vesicle populations.

Figure 9. NaV1.7 is trafficked to distal axons in the same vesicles as KV7.2 and TNFR1, but separately from NCX2. Experiments similar to those shown in Figure 7 were performed. A, SNAP-
NaV1.7 and KV7.2-Halo traveled together in 66% of observed vesicles (329 of 500 vesicles in 18 axons from 3 cultures). B, Halo-NaV1.7 and TNFR1-SNAP traveled together in 63% of observed
vesicles (423 of 675 vesicles in 19 axons from 3 cultures). C, Halo-NaV1.7 and NCX2-mCherry traveled together in 4% of observed vesicles (17 of 469 vesicles in 16 axons from 3 cultures). D,
Proportions of vesicles carrying both channels were compared by an omnibus x 2 test (p, 0.0001), followed by pairwise x 2 comparisons against the NaV1.7 versus NaV1.7 control (the same
control data as that shown in Fig. 7G) with Bonferroni correction. ns, p. 0.05. ****p, 0.0001. Error bars indicate 95% CIs calculated by the Wilson–Brown method.
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which acts to dampen DRG excitability and is associated with
resilience to pain (King et al., 2014; Tsantoulas and McMahon,
2014; Mis et al., 2019). These factors have spurred efforts to-
ward development of specific blockers of NaV1.7 and NaV1.8
(Alsaloum et al., 2020) and, to a lesser extent, KV7 activators for
treatment of pain (Abd-Elsayed et al., 2019). However, ongoing
efforts to develop modulators of NaV and KV conductance at
the cell membrane have not yet resulted in new therapies. An
alternative strategy for control of ion channel function is to al-
ter the number of channels at the cell surface by modulating
their trafficking to and from the cell membrane. Achieving this
goal without causing side effects would require identifying and
modulating mechanisms that mediate the trafficking of chan-
nels of interest but not other proteins. Our data demonstrate
that multiple NaV channels and KV channels undergo long-dis-
tance transport together in the same vesicles. Thus, interfering
with the trafficking of these shared vesicles would be expected
to cause undesired side effects and would not be a promising
therapeutic strategy. However, it is possible that other aspects
of channel trafficking (e.g., exocytosis, endocytosis, and recy-
cling) might be targeted more specifically. The mechanisms
mediating these processes for NaV channels are poorly under-
stood and require further study.

Together, our results provide new insights into the develop-
ment of excitable membranes, revealing complex sorting of axo-
nal membrane proteins with diverse physiological functions into
specific transport vesicles. Our recently developed OPAL imag-
ing in live neurons has permitted the examination of specificity
of ion channel trafficking, revealing co-packaging of axonal pro-
teins with opposing physiological functions into the same trans-
port vesicles. This suggests that additional mechanisms are
necessary to regulate levels of surface channels and other mem-
brane proteins. Our results thus reveal an important considera-
tion for therapeutic strategies that target ion channel trafficking
for the treatment of excitability disorders.
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