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Neuronal function relies on the maintenance of appropriate
levels of various ion channels at the cell membrane, which is
accomplished by balancing secretory, degradative, and recy-
cling pathways. Neuronal function further depends on mem-
brane specialization through polarized distribution of specific
proteins to distinct neuronal compartments such as axons.
Voltage-gated sodium channel NaV1.7, a threshold channel for
firing action potentials in nociceptors, plays a major role in
human pain, and its abundance in the plasma membrane is
tightly regulated. We have recently characterized the antero-
grade axonal trafficking of NaV1.7 channels in Rab6A-positive
vesicles, but the fate of internalized channels is not known.
Membrane proteins that have undergone endocytosis can be
directed into multiple pathways including those for degrada-
tion, recycling to the membrane, and transcytosis. Here, we
demonstrate NaV1.7 endocytosis and dynein-dependent retro-
grade trafficking in Rab7-containing late endosomes together
with other axonal membrane proteins using real-time imaging
of live neurons. We show that some internalized NaV1.7
channels are delivered to lysosomes within the cell body, and
that there is no evidence for NaV1.7 transcytosis. In addition,
we show that NaV1.7 is recycled specifically to the axonal
membrane as opposed to the soma membrane, suggesting a
novel mechanism for the development of neuronal polarity.
Together, these results shed light on the mechanisms by which
neurons maintain excitable membranes and may inform efforts
to target ion channel trafficking for the treatment of disorders
of excitability.

Sensory neurons within the dorsal root ganglion (DRG) rely
on the function of several voltage-gated sodium (NaV) chan-
nels to generate action potentials (1). NaV channel activity
underpins the function of nearly all excitable tissues (including
the brain, heart, and muscle), and individual NaV isoforms are
expressed in a tissue-dependent manner (2). NaV1.7 is
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expressed preferentially in peripheral neurons, including
nociceptors (3, 4). NaV1.7 plays a major role in the physiology
of pain because it sets the activation threshold for nociceptors
(pain-sensing neurons) (5–9). Furthermore, genetic studies
show that NaV1.7 is an obligate mediator of pain sensation in
humans, causing both syndromes of extreme pain when mu-
tations increase its activity and congenital insensitivity to pain
when its function is impaired (10, 11). Together, these factors
have made selective blockade of NaV1.7 function a promising
target for nonaddictive analgesia (12, 13).

Neuronal excitability is shaped by the activity and number
of ion channels in the cell membrane, which depends on the
balancing of channel production, subcellular distribution,
exocytosis, endocytosis, recycling, and degradation (14). Since
the function of ion channels is dependent on their presence at
the cell membrane, dysfunction of channel trafficking is pre-
dicted to underlie excitability disorders. Thus, modulating
their trafficking could potentially be used as a therapeutic
strategy to treat these disorders including pain. Our under-
standing of these processes for full-length NaV channels is
currently limited because studying them was until recently not
possible, especially at axonal ends far from the soma. We have
now developed methods that have enabled real-time visuali-
zation of anterograde trafficking and surface distribution of
single NaV channels in sensory axons (15). However, the fates
of NaV channels after they undergo endocytosis remain un-
explored and potentially include degradation, recycling back to
the membrane, and the circuitous pathway of transcytosis,
whereby proteins are first inserted in a somatodendritic
compartment, internalized, and finally trafficked anterogradely
to the axon (16). Furthermore, endosomes originating in distal
axons undergo a maturation process as they are trafficked
retrogradely to the cell body, which includes conversion from a
state of association with Rab5 to association with Rab7 (small
GTPases linked with early and late endosomes, respectively)
and eventual delivery to the lysosome (17). The state of
maturity of endosomes carrying NaV1.7 in axons is not known.

Neurons are among the most morphologically complex
cells, and their function depends on localization of specific
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The fates of internalized NaV channels in sensory neurons
membrane proteins in specialized domains such as neuro-
transmitter receptors in postsynaptic terminals and NaV
channels in the axon initial segment (AIS) and nodes of
Ranvier in myelinated axons (18). Neurons utilize a variety of
mechanisms to establish and maintain this polarization,
including directly trafficking and trapping of specific NaV
channel isoforms within the AIS in an ankyrin G–dependent
manner, and possible selective endocytosis from the somato-
dendritic membrane in hippocampal neurons (19, 20). How-
ever, unmyelinated axons are not known to possess similar
well-delineated axonal membrane specializations, and the
regulation of the distribution of NaV channels in these neurons
is less well understood.

We report here the first observations of the fates of inter-
nalized full-length NaV1.7 channel in unmyelinated axons,
including retrograde transport, domain-specific recycling, and
degradation. Using cell-impermeable fluorescent ligands and
compartmentalized neuronal cultures in microfluidic cham-
bers (MFCs) together with super-resolution microscopy, we
demonstrate ongoing endocytosis and retrograde trafficking of
NaV1.7 in distal axons, which is dynein dependent. Further-
more, we demonstrate that some internalized NaV1.7 channels
Figure 1. Surface-labeled NaV1.7 channels undergo endocytosis. A, the Ha
terminus of the channel via an extra transmembrane segment (top panel). DR
impermeable Halo-tag ligand covalently labels channels that are at the cell
channels initially at the cell surface are translocated into the cytoplasm. DRG
described in (A) were imaged by spinning-disc confocal microscopy in a stag
restricted to the perimeter of transfected cells, over time, more signal was seen
channel.
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are transported retrogradely in Rab7 late endosomes, together
with multiple other axonal membrane proteins before delivery
to lysosomes in cell bodies, whereas there was no evidence for
NaV1.7 transcytosis. We have also observed specific recycling
of internalized NaV1.7 channels in axonal membrane but not
soma. These studies fill fundamental knowledge gaps
regarding the fate of internalized NaV channels and uncover an
additional mechanism for maintenance of polarized distribu-
tion of axonal proteins, which may inform efforts to target ion
channel trafficking for the treatment of disorders of
excitability.
Results

NaV1.7 undergoes endocytosis and retrograde trafficking in
distal axons

We previously engineered an NaV1.7 channel with an
N-terminal Halo tag, a self-labeling enzyme that covalently
reacts with specific photostable synthetic ligands, along with
an additional transmembrane domain resulting in an extra-
cellularly tagged channel with 25 transmembrane segments
(Fig. 1A) (15). To study the trafficking of these channels in
lo-NaV1.7 channel features the Halo-tag enzyme fused to the extracellular N
G neurons were transfected with Halo-NaV1.7 and cultured for 5 days. Cell-
surface and subsequently undergo endocytosis (bottom panel). B, NaV1.7
neurons transfected, cultured, and labeled with Halo-tag ligand JF635i as
e-top incubator at 37 �C for several hours. While fluorescence was initially
within the cytoplasm. DRG, dorsal root ganglion; NaV, voltage-gated sodium



The fates of internalized NaV channels in sensory neurons
distal axons, we transfected the channel construct into DRG
neurons. Also, we utilized MFCs to create compartmentalized
cultures where DRG somata are isolated from their axons
(Fig. 2A). We first visualized the endocytosis of NaV1.7 chan-
nels from the soma membrane by adding fluorescent and cell-
impermeable Halo-tag ligands (21) to the soma chamber to
label only channels at the cell surface, which can then be
observed as they are internalized and trafficked within the cell.
Indeed, 1 h after labeling with Halo-tag JF635i (where “i” de-
notes cell impermeability), DRG cell bodies expressing Halo-
NaV1.7 channels showed fluorescence limited to the cell
membrane. However, over time, more fluorescence signal
appeared within the cytoplasm (Fig. 1B), whereas signal dis-
appeared from parts of the soma membrane. During all live-
cell time-lapse imaging, cells were kept in a stage-top incu-
bator at 37 �C.

When Halo-tag ligand JF635i was applied to distal axons,
fluorescence was initially distributed diffusely along the axon.
However, within a matter of minutes, fluorescent puncta began
to appear in the distal axon. These puncta were initially sta-
tionary, but some eventually began moving in the retrograde
Figure 2. NaV1.7 channels undergo endocytosis and dynein-dependent re
Halo-NaV1.7 and cultured in microfluidic chambers (MFCs) for 5 days, allowing
axons were labeled with cell-impermeable Halo-tag ligand JF635i. B, NaV1.7 ch
which were trafficked retrogradely, which we will refer to as endosomes. The to
axon, illustrating the axon’s outline. The middle panels are still images from the
direction (white arrows). The bottom panel is a kymograph plot of the above axo
the y-axis. Stationary fluorescence puncta appear as vertical lines, whereas a ret
arrow). C, a kymograph from a 1 h time-lapse movie of an untreated axon sho
almost exclusively in the retrograde direction. NaV1.7 in axons treated with ci
D, the instantaneous velocity of NaV1.7-containing endosomes that had begu
(negative) direction. E, the number of endosomes being trafficked retrogradely
of imaging (30–50 min after the start of labeling) and reached a plateau 50
correction, N = 307 endosomes from 15 axons and 2 cultures. Error bars indicate
direction (Fig. 2B). Based on their retrograde movement and
colocalization with endosomal markers (Fig. 3), we refer to
these moving puncta as endosomes henceforth. When axons
were observed over longer periods of up to an hour, many
endosomes were seen moving retrogradely (Fig. 2C).
Furthermore, in axons treated with the dynein inhibitor cil-
iobrevin D, NaV1.7 puncta formed in distal axons but were not
trafficked retrogradely. These stationary puncta likely reflect
endosomes that are arrested in the distal axon. The instanta-
neous velocity (excluding long pauses) of moving NaV1.7
endosomes that had begun moving in untreated axons was
distributed around a mean of 0.52 μm/s in the retrograde di-
rection, with very few endosomes moving anterogradely
(Fig. 2D). The velocity of these endosomes was comparable
with previous measurements of dynein-dependent trafficking
(22–24). The number of endosomes being transported retro-
gradely varied with time after labeling, with fewer being seen in
the first 20 min of imaging (corresponding to the period
30–50 min after the start of labeling) after which the rate
reached a plateau (Fig. 2E). This suggests that there is a
minimum period required for NaV channels to undergo
trograde trafficking in distal axons. A, DRG neurons were transfected with
axons to grow into the distal axon chamber. Channels at the surface of distal
annels labeled at the surface of distal axons formed bright puncta, some of
p panel shows a maximum intensity projection of a 10 min movie of a distal
movie above, in which a fluorescent signal begins moving in the retrograde
n, which displays distance along the axon as the x-axis and elapsed time on
rogradely moving particle moves from the upper right to lower left (magenta
ws that endosomes containing surface-labeled NaV1.7 moved along axons
liobrevin D (20 μM) form puncta, which remain arrested in the distal axon.
n moving was distributed around a mean of 0.52 μm/s in the retrograde
varied with time after the start of labeling, with fewer seen in the first 20 min
min after the start of labeling (p < 0.01, Kruskal–Wallis test with Dunn’s
mean ± SD). DRG, dorsal root ganglion; NaV, voltage-gated sodium channel.
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Figure 3. Internalized NaV1.7 channels are transported retrogradely in Rab7 endosomes. DRG neurons were transfected with Halo-NaV1.7 and either
GFP-Rab7, EGFP-Rab5, or LAMP1-mNeonGreen (markers of late endosomes/multivesicular bodies, early endosomes, or lysosomes, respectively) and
cultured in MFCs for 5 days. NaV1.7 at the surface of distal axons were labeled using cell-impermeable Halo-tag ligand JF635i, and videos of axons were
recorded in both green and far-red (JF635i) channels. Since few retrogradely moving endosomes are visible in the first 30 min after the start of surface
labeling, axons were imaged 40 to 90 min after the start of labeling. A, upper panels show still images of a distal axon expressing both Halo-NaV1.7 and GFP-
Rab7 including multiple endosomes that contain both markers: two of which are stationary (yellow arrows) and one of which is moving in the retrograde
direction (white arrow). Lower panels display a kymograph generated from the above axon demonstrating colocalization over time and space. B and C, upper
panels show still images of a distal axon expressing Halo-NaV1.7 and EGFP-Rab5 (B) or LAMP1-mNeonGreen (C). NaV1.7 endosomes (magenta arrows) moved
in the retrograde direction independently of Rab5 and LAMP1 vesicles. Lower panels display kymographs from the above axons. D, the rate of cotransport
(the fraction of all observed vesicles that were double positive) for Halo-NaV1.7 and Rab7 was greater than that of Halo-NaV1.7 and Rab5 or LAMP1 (each

The fates of internalized NaV channels in sensory neurons
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Figure 4. NaV1.7-containing endosomes are delivered to lysosomes. A, distal axons were labeled using cell-impermeable Halo-tag ligand JF635i,
incubated for 6 h, fixed with paraformaldehyde, and then imaged using SRRF microscopy. The black inset shows a DRG soma, which contains both LAMP1-
mNeonGreen and Halo-NaV1.7. The red inset shows a super-resolution image of LAMP1-labeled lysosomes colocalized with Halo-NaV1.7. B, normalized
fluorescence across the dotted line in (A), red inset, merge, demonstrates the presence of Halo-NaV1.7 within the lysosomal lumen. This pattern of labeling
was observed in 30 cells from three independent cultures. DRG, dorsal root ganglion; LAMP1, lysosomal-associated membrane protein 1; NaV, voltage-gated
sodium channel; SRRF, super-resolution radial fluctuation.

The fates of internalized NaV channels in sensory neurons
endocytosis and packaging for retrograde transport. Together,
these results demonstrate that NaV channels continuously
undergo endocytosis at distal axons followed by dynein-
dependent retrograde transport.
NaV1.7 is transported retrogradely in Rab7 endosomes and
delivered to lysosomes in cell bodies

We next sought to confirm that the retrogradely transported
NaV1.7 puncta observed in Figure 2 are indeed endosomes and
specify their stage of maturity along the early endosome, late
endosome, and lysosome axis. Thus, we cotransfected DRG
neurons with Halo-NaV1.7 and either GFP-Rab7, EGFP-Rab5,
or lysosomal-associated membrane protein 1 (LAMP1)-
mNeonGreen, which are markers of late endosomes/multi-
vesicular bodies, early endosomes, and lysosomes, respectively
(25, 26). Two-color movies of axons expressing both surface-
labeled Halo-NaV1.7 channels that have been internalized
and GFP-Rab7 demonstrate a high rate of cotransport
point represents one axon, p < 0.0001, ANOVA with Dunnett’s multiple comp
were also positive for Rab7 were stationary (85 of 265) or moving in the retro
Rab5 were stationary (34 of 89) or moving bidirectionally (43 of 89). There
retrogradely (18 of 28). F, most NaV1.7 endosomes that were moving in the
negative for Rab5 (19 positive of 166 total) or LAMP1 (17 positive of 68 total) (e
comparisons test, error bars indicate mean ± SD). D–F, N axons: Rab7 = 18, Rab
GFP; LAMP1, lysosomal-associated membrane protein 1; MFC, microfluidic cha
(colocalization over time and space) of the two proteins (Fig. 3,
A and D), whereas most of the NaV1.7 endosomes moved
independently of Rab5 (Fig. 3, B and D) and LAMP1 (Fig. 3, C
and D). When we analyzed the proportion of endosomes that
were positive for both NaV1.7 and individual endosome
markers, a large portion of the NaV1.7 endosomes that were
positive for Rab7 moved in the retrograde direction, whereas
most of the NaV1.7 endosomes that were positive for Rab5
were stationary or moving bidirectionally. There were few
NaV1.7 endosomes that were positive for LAMP1, and most of
those moved in the retrograde direction (Fig. 3E). While
NaV1.7 endosomes could be seen stationary or moving retro-
gradely, anterogradely, or bidirectionally, we were particularly
interested in retrogradely moving endosomes and performed
an additional subanalysis focused on this population. The
majority of retrogradely moving Halo-NaV1.7 endosomes were
positive for Rab7 and negative for Rab5 and LAMP1 (Fig. 3F).

Although we detected the localization of internalized NaV1.7
channels in lysosomes in the axons, these LAMP1-positive
arisons test, error bars indicate mean ± SD). E, most NaV1.7 endosomes that
grade direction (122 of 265), whereas most NaV1.7 endosomes positive for
were few NaV1.7- and LAMP1-positive endosomes, most of which moved
retrograde direction were positive for Rab7 (101 positive of 139 total) and
ach point represents one axon, p < 0.0001, ANOVA with Dunnett’s multiple
5 = 20, and LAMP1 = 14, three independent cultures each. EGFP, enhanced
mber; NaV, voltage-gated sodium channel.
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The fates of internalized NaV channels in sensory neurons
vesicles were rare (Fig. 3, D and F). Next, we wanted to find out
whether the internalized NaV1.7 channels are eventually
delivered to lysosomes once they arrive at the cell body. Given
the thin focal plane of the spinning disk confocal microscope,
retrogradely moving endosomes that arrived at the cell body
tended to quickly leave the focal plane once they enter the
relatively large volume of the cell body. Therefore, in order to
visualize NaV-carrying endosomes within the cell body, the cells
were fixed 6 h after axonal surface labeling and then imaged
using super-resolution radial fluctuations (SRRF) microscopy
(27). NaV1.7 that were retrogradely transported to the soma
could be seen closely colocalized with LAMP1 (Fig. 4A). Oc-
casionally, NaV1.7 signal could be seen within individual lyso-
somal lumens (Fig. 4B).

Together, these results demonstrate that endocytosed
NaV1.7 can be observed in Rab5 early endosomes but that the
endosomes mature to Rab7 late endosomes prior to initiating
retrograde transport (25). Furthermore, NaV1.7-containing
endosomes leaving distal axons have not fused with lyso-
somes, but at least some NaV1.7 channels are eventually
delivered to lysosomes within the cell body.

NaV1.7 endosomes contain multiple types of membrane
proteins

We next sought to determine whether the Rab7 endosomes
that transport NaV1.7 away from distal axons carry only
NaV1.7 or also contain other axonal membrane proteins. To
test this, we engineered multiple axonal ion channels with
extracellular Halo tags or SNAP tags: SNAP-NaV1.7, Halo-
NaV1.8, Halo-KV7.2 (28) as well as an extracellularly tagged
Halo-TrkA. SNAP tag is an enzymatic tag that functions
similarly to Halo tag but has a different specific cognate ligand,
enabling simultaneous use with Halo tag. We transfected DRG
Figure 5. Endosomes carrying NaV1.7 contain multiple types of membra
tagged NaV1.8 (A), KV7.2 (B), or TrkA (C), all of which are tagged on the ex
5 days. Proteins at the surface of distal axons were labeled using cell-impermea
were recorded in both red (JF549i, pseudocolored green) and far-red (JF635i ps
start of labeling. A–C, two-color kymographs show frequent cotransport of th
moving endosomes carrying NaV1.7 also contained NaV1.8, KV7.2, or TrkA (p =
KV7.2 = 118, TrkA = 119; N axons = 16 each, three independent cultures each
sodium channel; KV, voltage-gated potassium channel; TrkA, tropomyosin rece
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neurons with SNAP-NaV1.7 and either Halo-NaV1.8, Halo-
KV7.2, or Halo-TrkA and then labeled surface proteins with
SNAP-tag ligand JF549i and Halo-tag ligand JF635i. After
waiting for endocytosis to occur (beginning approximately
40 min after the start of labeling), we observed that 75 to 80%
of retrogradely moving NaV1.7-carrying endosomes also con-
tained NaV1.8, KV7.2, or TrkA (Fig. 5, A–D). These results
demonstrate that late endosomes in axons do not transport
one type of protein specifically but rather several proteins
together.
NaV1.7 does not undergo transcytosis

To test whether NaV1.7 channels are distributed within
sensory neurons via transcytosis, we utilized cell-permeable
and cell-impermeable Halo-tag ligands in the MFC system.
Transfected DRG cell bodies in the soma chamber were first
exposed to Halo-tag ligand JF635i, labeling only channels at
the cell surface, and then to Halo-tag ligand JF549, labeling
channels in the cytoplasm (Fig. 6A). After labeling, distal axons
expressing Halo-NaV1.7 were identified by the presence of
anterogradely trafficking vesicles with JF549 signal. Although
these axons continued to transport JF549-tagged Halo-NaV1.7
up to 4 h after labeling, JF635i fluorescence was not reliably
observed moving in the anterograde direction in three inde-
pendent cultures, each of which contained dozens of trans-
fected axons (Fig. 6B). As a positive control to ensure that
transcytosis occurs in our preparation and is detectable using
our methodology, we carried out the same transfection, cul-
ture, and labeling protocol using cells transfected with Halo-
TrkA, a protein previously shown to undergo transcytosis
(29). Several hours after labeling, JF635i that had been applied
to the soma compartment was seen being trafficked
ne proteins. DRG neurons were transfected with SNAP-NaV1.7 and Halo-
tracellular part of the protein. The cells were then cultured in MFCs for
ble SNAP-tag ligand JF549i and Halo-tag ligand JF635i, and videos of axons
eudocolored magenta) channels. Axons were imaged 40 to 90 min after the
e tagged membrane proteins. D, approximately 75 to 80% of retrogradely
0.16, ANOVA, error bars indicate mean ± SD; N endosomes: NaV1.8 = 135,

). DRG, dorsal root ganglion; MFC, microfluidic chamber; NaV, voltage-gated
ptor kinase A.



Figure 6. NaV1.7 does not undergo transcytosis. Transcytosis is the process by which some proteins at the surface of a neuronal cell body or dendrites are
internalized and then trafficked anterogradely to axons. DRG neurons were transfectedwith either Halo-NaV1.7 or Halo-TrkA and cultured inMFCs for 5 days. A,
schematic of the labeling protocol: First, Halo tag at the soma surface was labeled with cell-impermeable Halo-tag ligand JF635i, and then Halo tag within the
cytoplasm was labeled with cell-permeable Halo-tag ligand JF549. Two-color movies were then recorded in the axonal chamber for up to 4 h. The lower panel
shows a DRG cell body labeled in this manner. B, kymographs from axons show anterograde trafficking of Halo-NaV1.7-JF549 (green) 1 h (upper panels) and 4 h
(lower panels) after labeling. After 1 h, JF549 is seen moving mostly in the anterograde direction, but after 4 h, it can also be seen stationary or moving
retrogradely. Anterograde movement of JF635i could not be reliably detected in three independent cultures, each of which contained dozens of transfected
axons. C, a kymograph of an axon that had been labeled as in (A) shows Halo-TrkA-JF635i moving anterogradely 4 h after labeling, confirming that TrkA un-
dergoes transcytosis. Such transport was observed in at least 21 axons from three independent cultures. DRG, dorsal root ganglion; MFC,microfluidic chamber;
NaV, voltage-gated sodium channel; TrkA, tropomyosin receptor kinase A.

The fates of internalized NaV channels in sensory neurons
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The fates of internalized NaV channels in sensory neurons
anterogradely toward axonal ends, confirming that the surface-
labeled Halo-TrkA had undergone transcytosis (Fig. 6C).
NaV1.7 is preferentially recycled to the axonal membrane

Next, we investigated whether NaV1.7 that had undergone
endocytosis could be recycled back to the cell surface. To do
this, we adapted a previously published cell surface protein
recycling assay (30), schematized in Figure 7A. Importantly, in
addition to its extracellular Halo tag, Halo-NaV1.7 also con-
tains a myc tag on its extracellular face, which facilitates cell-
surface antibody labeling. DRG neurons were transfected with
Halo-NaV1.7, and channels at the surface of the neurons were
labeled by adding an anti-Myc antibody to the live cells.
NaV1.7 at the membrane and throughout the cytoplasm were
also labeled with Halo-tag ligand JF549 to facilitate identifi-
cation of transfected cells (step 1). Next, the cells were
returned to the incubator to allow for primary-labeled chan-
nels to undergo endocytosis (step 2). Then, the cells were
labeled with a saturating concentration of Fab secondary
antibody fragment conjugated to a far-red fluorophore (Fab-
AF647) to label all primary-labeled channels still at the cell
surface (“surface” channels, step 3). Fab fragments were used
to avoid protein aggregation by secondary antibody cross-
linking, though dimer formation was possible because of the
bivalent nature of the primary antibody. The cells were then
either kept on ice to arrest trafficking or incubated at 37 �C for
2 h to allow channel recycling to occur (step 4). Next, a
saturating concentration of Fab secondary antibody fragment
conjugated to a green fluorophore (Fab-AF488) was used to
label any channels that had been internalized after primary
labeling and then reinserted into the membrane (“recycled”
channels, step 5).

Interestingly, we observed differences in behavior of chan-
nels at the surface of the soma compared with those along the
proximal axons, which necessitated analyzing somas and axons
separately. Generally, fewer channels were seen at the surface
of somas when compared with their axons. In cells that were
incubated for periods too short for recycling to occur, there
were clear “surface” signals around the soma and along the
axon but very weak “recycled” signals (Fig. 7B, 0 h). In contrast,
cells that were incubated for 2 h at 37 �C demonstrated
reduced “surface” signals at the perimeter of the cell and
translocation of this signal to the cytoplasm (consistent with
endocytosis) and increased “recycled” signals (Fig. 7B, 2 h).
While the reduction in “surface” signal and increase in “recy-
cled” signal between 0 and 2 h was significant along axons, the
somas showed a similar trend that did not reach significance
(Fig. 7, C and D).

It is possible that the appearance of the “recycled” signal in
axons after 2 h of incubation could be due to secondary an-
tibodies switching from one channel to another rather than
channel trafficking. To exclude this possibility, we used two
control treatments known to inhibit trafficking: incubating
cells at 16 �C (31) and treating cells with the ionophore
monensin (29) for the duration of the recycling step (step 4).
The axons incubated at 16 �C displayed both decreased
8 J. Biol. Chem. (2023) 299(1) 102816
endocytosis of “surface” channels and appearance of “recycled”
channels, whereas the cells treated with monensin showed
normal levels of endocytosis but decreased “recycled” channels
(Fig. 7, B and C). This is consistent with 16 �C incubation
inhibiting both endocytosis and recycling and monensin
preferentially inhibiting recycling over endocytosis. Together,
these results suggest that NaV1.7 undergoes endocytosis in
both the axon and soma but is preferentially recycled to the
membrane of the axon.
Discussion

Hyperexcitability of nociceptors drives pain and is depen-
dent on ion channel currents, which are in part dependent on
levels of these channels at the cell surface, which in turn de-
pends on regulation of the different aspects of channel traf-
ficking. Therefore, the insights into the mechanisms of channel
trafficking provided by these studies are necessary for under-
standing how these mechanisms might be regulated in disease
and may inform efforts to modulate channel trafficking for
therapeutic benefit.

Until recently, the study of NaV channel trafficking using
full-length proteins in live neurons was not possible because of
dim fluorescence of existing channel constructs tagged with
fluorescent proteins and the presence of a large cytoplasmic
pool of NaV channels, which precluded observing the move-
ment of vesicles that carry a small number of channels.
Instead, most previous studies of NaV channel trafficking
relied on reporter proteins fused to channel fragments, fixed
immunocytochemistry, and biochemical methods (3, 32–34).
However, we have developed novel tagged channels and im-
aging methods, which have allowed the observation of full-
length sodium channel trafficking in live neurons (15, 28). In
the present study, we build upon these advances to make the
first real-time observations of NaV channel retrograde traf-
ficking. In summary, these experiments demonstrate that
NaV1.7 undergoes (1) endocytosis in distal axons, (2) prefer-
ential recycling to the membrane of axons but not somas, (3)
dynein-dependent retrograde transport in Rab7 late endo-
somes with other axonal proteins to DRG somas, and (4)
lysosomal degradation in the soma, but not transcytosis
(Fig. 8).

The principal contribution of our current studies is a
demonstration of which of the multiple endocytic pathways
NaV1.7 channels enter after they have been internalized. First,
we show that in this experimental preparation, NaV1.7 endo-
cytosis is constitutive and occurs on a time scale of hours. This
suggests that the population of channels at the surface of these
axons has a substantial dynamic component and thus may be
modulable. Furthermore, we demonstrate that a subpopulation
of internalized NaV1.7 channels enters degradative endosomes,
which mature from early endosomes to late endosomes and
eventually lysosomes, whereas another subpopulation is recy-
cled to the plasma membrane. Our new strategies of tagging
full-length channels and methods that enhance the signal/
noise ratio in live imaging of sensory neurons have enabled
studying these dynamic processes for the first time.



Figure 7. Internalized NaV1.7 channels are recycled to the membrane of axons but not somata. DRG neurons were transfected with Halo-NaV1.7 and
cultured for 4 to 5 days. A, schematic of the surface-channel recycling assay adapted from Ref. (30). See results andmethods for full descriptions of the assay. B,
representative imagesofDRG somata andproximal axons,whichhadundergone the labelingprotocol in (A). For each cell,fluorescent signalsweremeasured at
the surface of the soma and proximal portion of the axon (dotted white lines, upper left panel). The top row shows intracellular Halo-NaV1.7 labeled by Halo-tag
ligand JF549 (step 1: yellow). The second row showsHalo-NaV1.7 labeledby Fab-AF647 (step 3: “surface”—magenta). The third row showsHalo-NaV1.7, whichhad
been endocytosed and then recycled back to the membrane to be labeled by Fab-AF488 (step 5: “recycled”—green). The bottom row shows DIC images with
normal DRGmorphology. Note the absence of fluorescent signals from the untransfected cell marked by the asterisk in the left column (0 h), confirming specific
labeling.All imageswereprocessedand thresholded identically.C, the signal fromNaV1.7 channels labeledat the surfaceof axons in step3decreasedafter 2hof
incubation (with or withoutmonensin) but not when the cells were incubated at 16 �C (left panel). The levels of recycled NaV1.7 channel at the surface of axons
(step 5) were low initially and increased after 2 h of incubation but not when the cells were treated with monensin or incubated at 16 �C (right panel, N =
29–31 cells, each condition from three cultures, *p < 0.01, ****p < 0.0001). D, at the surfaces of somata, similar trends were observed, but the signals were
generallyweaker, andmost of thedifferences didnot reach statistical significance (N=30 cells eachcondition from three cultures, **p< 0.01).C andD, error bars
indicate mean ± SD. The Kruskal–Wallis test (with Dunn’s correction for multiple comparisons) was used to compare each condition to the 2 h sample. DIC,
differential interference contrast; DRG, dorsal root ganglion; NaV, voltage-gated sodium channel.

The fates of internalized NaV channels in sensory neurons
These studies also contribute to understanding of the
development of polarity in sensory neurons. Directional flow
of information through neurons depends on the specialization
of different anatomical structures such as axons and dendrites
and microdomains such as the AIS and nodes of Ranvier in
myelinated fibers, which differentially concentrate specific ion
J. Biol. Chem. (2023) 299(1) 102816 9



Figure 8. The fates of NaV1.7 channels after endocytosis. NaV1.7 undergoes (1) endocytosis in distal axons, (2) recycling to the membrane of axons but
not somas, (3) dynein-dependent retrograde transport in Rab7 late endosomes with other axonal proteins to DRG somas, and (4) lysosomal degradation in
the soma but not transcytosis. DRG, dorsal root ganglion; NaV, voltage-gated sodium channel.

The fates of internalized NaV channels in sensory neurons
channels and other membrane proteins. This polarization has
been reported to be established by multiple mechanisms
including directed delivery, selective insertion, and endocy-
tosis, and specific retention of proteins in different membrane
domains (16, 35). Examples of these mechanisms include
exclusion of vesicles carrying dendritic proteins from the axon
(36), preferential direct insertion of NaV1.6 to the AIS (19), and
selective endocytosis of a reporter protein containing a frag-
ment of NaV1.2 from the cell body membrane and trapping
within the AIS (20). However, polarized distribution of pro-
teins in unmyelinated sensory neurons without well-defined
and distinct microdomains is less well understood. Recently,
we documented concentrations of NaV1.7 channels at the
surface of proximal axons and at distal axonal ends (15). Here,
we observe a potentially novel mechanism for maintenance of
this membrane specialization: selective recycling of NaV1.7 to
the membrane of proximal axons and not somas. Action po-
tential firing in sensory neurons is initiated within the distal
axonal ends in target tissue, which could be more than a meter
away from the soma. Local recycling as demonstrated in this
study is one potential mechanism to maintain the necessary
density of surface sodium channels at these distal axonal ends,
which is needed for an effective neuronal response to external
stimuli. However, given the pseudounipolar anatomy of DRG
neurons, determining the functional significance of this po-
larization will require further studies.

Whether internalized proteins are degraded or recycled to
the membrane is dependent on complex sorting machinery,
which can be influenced by multiple factors. Typically, protein
ubiquitination and subsequent engagement of endosomal
sorting complex required for transport complexes lead to
lysosomal degradation, whereas engagement of recycling signal
sequences by complexes such as retromer and retriever pro-
mote recycling (37). Thus, modifications of these ubiquitina-
tion sites and signal sequences can shift the balance of
10 J. Biol. Chem. (2023) 299(1) 102816
recycling versus degradation (38). Furthermore, these pro-
cesses can be regulated by neuronal activity; for example,
transient receptor potential vanilloid 1 undergoes activity-
dependent recycling in neurons (39). There is also evidence
that modification of the NaV1.7 binding partner CRMP2 in-
fluences NaV1.7 ubiquitination and endocytosis (40). While
the NEDD4-2 ubiquitinase has been shown to regulate NaV1.7
endocytosis (41), neither the ubiquitinated lysine residues nor
potential recycling sequences for NaV1.7 are yet known.
Identification of these motifs will be necessary to uncover the
mechanisms that control the balance of NaV1.7 degradation
and recycling. Furthermore, new methods will be necessary to
directly compare the relative rates of NaV1.7 delivery to the
lysosome versus recycling.

The process of transcytosis (somatic endocytosis followed
by anterograde trafficking) is another potential fate of inter-
nalized membrane proteins. While TrkA has been shown to
undergo transcytosis (29), other recent findings show that this
pathway plays a minor role in the trafficking of two other
axonal proteins, VAMP2 and NgCAM (42). While we were
able to observe transcytosis of TrkA, the lack of reliable traf-
ficking of NaV1.7 by transcytosis in our system did not allow
for a meaningful quantitative comparison. Thus, our conclu-
sion on this subject is limited to a lack of observation of
NaV1.7 transcytosis in this system.

We also show that internalized NaV channels are packaged
together in late endosomes for retrograde transport together
with other ion channels and membrane proteins, which is
consistent with a previous report (43). This is perhaps un-
surprising given that late endosomes arise from homotypic
fusion of many early endosomes (44), which may be expected
to lead to the mixing of cargos. This integrated transport is
consistent with our report that multiple ion channels and
axonal membrane proteins are trafficked together in the same
vesicles in the anterograde direction (28). However, it is also
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possible that certain axonal proteins may be handled in a more
specific manner via earlier endocytic or recycling processes, as
has been demonstrated for opioid receptors (45). In the pre-
sent study, we used cell-impermeable Halo-tag ligands to label
channels at the cell surface, and we were able to infer that the
channels had undergone endocytosis based on their retrograde
motion and colocalization with endocytic markers. However,
this tagging method does not allow us to pinpoint the moment
at which channels are internalized. Observing early endocytic
processes in small and crowded distal axons will require new
imaging strategies. Future experiments might utilize a com-
bination of acid-sensitive or acid-activated fluorophores to
observe individual endocytic events as well as endosome fusion
and sorting and channel recycling in the crowded distal axon
terminal.

To our knowledge, this study presents the first detailed
observations of endocytosis and retrograde trafficking of a full-
length NaV channel in live cells. However, there are multiple
limitations to consider. First, our reductionist model system
consists of neurons developing without their normal milieu
including myelin, glial cells, target cells, and extracellular
matrix, which may influence channel behavior and stability at
the cell membrane (46). We interpret the observed behavior as
neuron intrinsic. Future studies could recapitulate compo-
nents of in vivo complexity by observing NaV channel behavior
in cocultures of neurons with other cell types. Second, it is
possible that overexpression of exogenous NaV1.7 and other
tagged proteins could cause mislocalization compared with
native proteins. However, our observations that internalized
NaV1.7 is trafficked independently of Rab5 and LAMP-1 in
axons suggests that overexpression does not cause nonspecific
labeling of retrograde vesicles. A final caveat is that the NaV1.7
constructs used in these studies were tagged on the extracel-
lular face of the channel by addition of the transmembrane
domain of the NaVβ4 subunit, which could potentially influ-
ence trafficking of the channel (47). However, since NaV1.7
and the NaVβ4 subunits are normally covalently linked by
disulfide bonds, we reason that having them also linked
together as a fusion protein would not meaningfully change
their interaction. Furthermore, there is evidence that, unlike
other NaVβ subunits, NaVβ4 does not influence NaV α subunit
trafficking (48, 49).

The burden of pain is substantial, and current pain treat-
ments can be ineffective and addictive (50–53). NaV1.7 is a
promising target for pain therapy because of its genetic vali-
dation in humans, and preferential expression in peripheral
sensory neurons, which suggest that interfering with its
function, may alleviate pain without causing addiction (10, 11).
While ongoing efforts to target NaV1.7 for pain treatment have
attempted to interfere with channel function, an alternative
strategy is to modulate channel trafficking to and from the cell
membrane (12). However, there are many potential mecha-
nisms involved in channel trafficking, some of which may be
more amenable to therapeutic intervention. Here, we identify
pathways of endocytic NaV trafficking, which could potentially
be targeted for treatment of pain. There is precedent for
modulation of ion channel trafficking as a therapeutic strategy.
For example, the antiarrhythmic agent quinidine increases the
endocytosis of KV1.5 (54). Furthermore, there is evidence that
gabapentinoids decrease pain by interfering with the recycling
of voltage-gated calcium channel subunits (55). Thus, inter-
fering with NaV1.7 recycling presents a potential therapeutic
strategy for pain.

In conclusion, these studies provide the first observations of
dynein-dependent retrograde trafficking of a full-length NaV
channel in live neurons, demonstrating ongoing endocytosis
and sorting into degradative endosomes. We uncover various
fates of NaV1.7 channels after endocytosis, finding that some
are delivered to the lysosomal compartment in cell bodies and
that these channels do not appear to undergo transcytosis.
Interestingly, we observe that NaV1.7 channels undergo recy-
cling to axonal membranes, but not to somas, demonstrating a
potential mechanism by which neurons maintain polarity.
Promoting endocytosis and degradation or reducing recycling
of NaV channels represent potential therapeutic strategies for
the treatment of disorders of excitability, including pain.

Experimental procedures

DNA constructs

The construction of plasmids encoding Halo-NaV1.7,
SNAP-NaV1.7, Halo-NaV1.8, and Halo-KV7.2 was described
previously (28). The codon-optimized Halo-NaV1.7 construct
followed the protocol for the construction of the noncodon-
optimized Halo-NaV1.7 (15) and was described previously
(28). Briefly, the final construct topology is in order from the N
terminus: 1 to 30 amino acids β4 signal peptide, 3× myc tag
(EQKLISEEDL), Halo-tag enzyme (297 amino acids) (Prom-
ega), 3× hemagglutinin tag (YPYDVPDYA), 21 amino-acid
transmembrane segment (β4 163–183), 7 amino-acid linker
(SGLRSAT), hNaV1.7-R. SNAP-NaV1.7 was derived from the
noncodon-optimized Halo-NaV1.7 construct (15) by replacing
the Halo tag with the 182 amino acid SNAPf (New England
BioLabs) using megamutagenesis.

The codon-optimized human NaV1.8 construct (pcDNA5-
SCN10A) was purchased from Genionics and previously re-
ported (56). Codon-optimized Halo-NaV1.8 was created in a
protocol identical to that used to create the Halo-NaV1.7.

EGFP-Rab5 (plasmid 49888; Addgene) was a gift from M.
Scidmore (57). GFP-Rab7 (plasmid 12605; Addgene) was a gift
from R. Pagano (58). LAMP1-mNeonGreen (plasmid #98882;
Addgene) was a gift from T.W.J. Gadella (59).

pCMV5-TrkA (plasmid 15002) was obtained from Addgene
as a gift from Raymond Birge. This construct had a mutation
V289L, which was corrected using QuikChange Lightning site-
directed mutagenesis (Agilent Technologies). Halo-TrkA was
created by inserting 297 amino-acid Halo-tag enzyme (Prom-
ega) after the signal peptide of TrkA and flanked by 2 amino
acid-GlyAla using megamutagenesis.

Primary DRG neuron culture and transfection

Animal studies followed a protocol approved by the Veter-
ans Administration Connecticut Healthcare System Institu-
tional Animal Care and Use Committee.
J. Biol. Chem. (2023) 299(1) 102816 11
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DRG neurons were isolated from 2- to 4-day-old Sprague–
Dawley rats as described previously (60). Briefly, dissected
DRGs were first incubated at 37 �C for 20 min in complete
saline solution (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) and supplemented with 0.6 mM EDTA
and collagenase A (1.5 mg/ml; Roche). Rat DRGs were then
incubated for 20 min at 37 �C in complete saline solution
containing collagenase D (1.5 mg/ml; Roche) and papain (30
U/ml; Worthington Biochemical). DRGs were centrifuged and
triturated in 1 ml of DRG culture medium (Dulbecco’s
modified Eagle’s medium/F12 [1:1] with penicillin [100 U/ml],
streptomycin [0.1 mg/ml; Life Technologies], 2 mM L-gluta-
mine, and 10% fetal bovine serum [Hyclone] containing bovine
serum albumin [1.5 mg/ml; low endotoxin; Sigma–Aldrich]
and trypsin inhibitor [1.5 mg/ml; Sigma–Aldrich]). The cell
suspension was filtered through a 70 μm 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 (15, 60). Briefly, DRG neurons were pelleted (200g,
3 min) and gently resuspended with 20 μl of Nucleofector
solution, and then the cell suspension was mixed with DNA.
Neurons were transfected using Nucleofector IIS Electro-
porator (Lonza) using protocol SCN-BNP 6 and Amaxa SCN
Nucleofector reagents (VSPI-1003; Lonza). Amounts of DNA
transfected were Halo-NaV1.7 (1.5 μg), EGFP-Rab5 (0.2 μg),
GFP-Rab7 (0.2 μg), SNAP-NaV1.7 (1.5 μg), Halo-NaV1.8
(1.5 μg), Halo-KV7.2 (0.2 μg), Halo-TrkA (0.1 μg), and
LAMP1-mNeonGreen (0.05 μg). After electroporation, 100 μl
of calcium-free Dulbecco’s modified Eagle’s medium (37 �C)
was added, and cells were incubated at 37 �C for 5 min in a
95% air/5% CO2 (v/v) incubator to allow neurons to recover.
The cell mixture was then diluted with DRG medium con-
taining bovine serum albumin (1.5 mg/ml) and trypsin inhib-
itor (1.5 mg/ml). Rat DRGs were carefully seeded onto 35 mm
glass bottom dishes coated with poly-D-lysine/Laminin (Mat-
Tek) or onto the somatic chamber of MFCs. DRGs cultured on
coverslips were incubated at 37 �C for 45 min 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
about 350 μl (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 (15), MFCs (DOC450, two-chamber
450 μm groove; Xona Microfluidics) were bound to glass
bottom dishes according to the manufacturer’s instructions.
Briefly, MFCs were soaked in ethanol for 1 min and 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
(0.5 mg/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
(10 mg/ml) for at least 2 h at 37 �C, excess laminin was
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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) (nerve growth factor and glial cell
line–derived neurotrophic factor from PeproTech), and 2×
growth factors (100 ng/mg) were added to the axonal chamber.
Medium was changed to serum-free medium in both cham-
bers after 24 h (Neurobasal medium supplemented with 2%
B27, 1% penicillin/streptomycin, same 1:2 ratio of nerve
growth factor, glial cell line–derived neurotrophic factor in
soma and axonal chambers), and 1 μM uridine/5-fluoro-2-
deoxyuridine was added to inhibit the growth of fibroblasts
and glia.

Imaging system

As described previously (15), 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 Lambda 60×
(numerical aperture = 1.4 oil objective), except where other-
wise stated. The light source is an Andor Integrated Laser
Engine containing 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. Andor
Fusion software (Oxford Instruments) was used to control the
system and acquire images.

Time-lapse imaging

All Halo-tag ligand– and SNAP-tag ligand–conjugated
Janelia Fluor labels 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 incubator (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 7.4) with NaOH (adjusted to
320 mOsm/l).

DRG neurons transfected with Halo-NaV1.7 were cultured
in MFCs for 5 to 7 days. Cell-impermeable Halo-tag ligand
JF635i (100 nM) was added to the somatic chamber for 15 min
and then removed by washing the chamber 3× with NIS.

For time lapses of NaV channel trafficking (Fig. 2), multiple
fields of view containing distal axons with labeled NaV1.7
channels were selected and imaged sequentially, one image per
field, every �4 s for 900 frames. Cells that were treated with
ciliobrevin D (20 μM final concentration, stock solution was
made in dimethyl sulfoxide immediately prior to use; Milli-
pore) were exposed from the start of labeling and throughout
the experiment.

Kymograph generation and trafficking analysis

Kymographs were generated using KymographClear and
analyzed using KymographDirect (61). Movies acquired using
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the methods described previously were opened in ImageJ
(NIH), and the KymographClear toolset was used to create
kymographs of selected axons. Specifically, axons were traced
manually using a segmented line, and KymographClear ex-
tracts 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.

Vesicle trajectories (excluding the initial stationary period of
endosomes and any additional stops) were manually traced in
ImageJ and recorded by KymographClear. Traces were then
loaded into KymographDirect, from which velocity measure-
ments were extracted. The times at which individual endo-
somes were first observed moving in the retrograde direction
was recorded, and these were grouped into 10 min bins
according to how much time had elapsed since the start of
labeling.

Cotrafficking assays

DRG neurons transfected with Halo- and SNAP- or fluo-
rescent protein–tagged constructs were cultured in MFCs for
5 to 7 days. Cell-impermeable Halo-tag ligand JF635i (100 nM)
with or without SNAP-tag ligand JF549i (100 nM) were added
to the somatic chamber for 15 min (in experiments with Halo-
tag only) or 30 min (for experiments with Halo tag and SNAP
tag) and then removed by washing the chamber 3× with NIS.
Fields of view containing axons expressing both tagged pro-
teins were selected, and two-color time lapses were recorded
with a frame rate of 2 s for 10 min. Since few retrogradely
moving endosomes are visible in the first 30 min after the start
of surface labeling, axons were imaged 40 to 90 min after the
start of labeling. 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 constructs. Kymographs of these axons were created, and
vesicles were categorized as either single positive for either
construct or double positive by eye. Vesicles categorized as
positive for both NaV1.7 channels, and endosome or lysosome
markers were further characterized as moving entirely retro-
gradely, entirely anterogradely, bidirectionally (at least 5 μm
motion in both directions), or stationary (less than 5 μm
motion in either direction).

Super-resolution imaging

SRRF microscopy was performed using the imaging system
described previously together with the Andor SRRF-Stream
software (Oxford Instruments). SRRF images were taken using
an SF Apo TIRF 100× (numerical aperture, 1.49) oil objective
and 1.5× optical magnification. SRRF acquisition settings were
100 frames, 4× radiality magnification, and 2 px ring radius.

Transcytosis assay

DRGneuronswere transfectedwithHalo-NaV1.7orHalo-TrkA
plasmids and cultured in MFCs as aforementioned. First, cell-
impermeable Halo-tag ligand JF635i (100 nM) was added to the
soma chamber for 15 min, then washed away, and replaced with
cell-permeable Halo-tag ligand JF549 (100 nM) for 15 min. The
cells were then placed in the stage-top incubator, and multicolor
time lapses were recorded of axons at multiple time points.

Recycling assay

The assay was adapted from a published study (30). Rat
DRG neurons were harvested as previously and cultured in
35mm glass bottom dishes coated with poly-D-lysine/laminin
(MatTek) for 4 to 5 days. The cell media were replaced with
NIS three times before the cells were blocked with 5% donkey
serum in NIS for 15 min. All subsequent antibody labeling
occurred in the presence of 5% donkey serum. The cells were
then labeled with goat anti-Myc primary antibody (ab9132;
Abcam; 1:250 dilution) and Halo-tag ligand JF549 (100 nM) for
30 min on ice. Primary antibody was then washed away three
times on ice, before the cells were returned to the 37 �C
incubator for 30 min. Cells were then labeled with the first
secondary antibody fragment (donkey antigoat Fab-AF647;
Jackson ImmunoResearch, 1:250 dilution) for 30 min on ice,
followed by three washes on ice. Cells were then either kept on
ice (0 h incubation), incubated at 37 �C for 2 h, incubated at 37
�C for 2 h in the presence of monensin (Thermo Fisher; 2 μM),
or incubated at 16 �C for 2 h. Cells were then labeled with the
second secondary antibody fragment (donkey antigoat Fab-
AF488; Jackson ImmunoResearch, 1:250 dilution) for 30 min
on ice, followed by three washes on ice, and finally fixed in 4%
paraformaldehyde for 15 min on ice and mounted with Fluo-
rSave Reagent (Calbiochem).

Cells were imaged using the Andor Dragonfly Spinning Disk
confocal microscope described previously. Cells expressing
Halo-Nav1.7 channels were identified by Halo-tag ligand JF549
fluorescence, and confocal z-stacks were taken in green, red,
and far-red channels (slices every 1.5 μm, encompassing the
entire axon and soma). Image stacks were processed and
analyzed using ImageJ. For analysis of fluorescence on the
surface of somas, the z-slice in which the surface of the soma
was most clear was selected, and the fluorescence at the
membrane was measured using a 1 μm wide line encom-
passing the circumference of the cell. Since axons rarely lie in
the plane of a single z-slice, max-intensity projections of the
stacks were made in order to visualize the length of the axon
within the field of view. Fluorescence was measured using a
1 μm wide line tracing the 45 μm of axon proximal to the
soma. Background signal was measured and subtracted for
each channel in each image.

Image and statistical analysis

Images were processed using either ImageJ or Imaris (Ox-
ford Instruments). Images that are linked or compared with
each other were processed identically and displayed with the
same maximum and minimum pixel values and gamma ad-
justments. Graphs were formatted, and statistical analysis was
performed using GraphPad Prism (GraphPad Software, Inc;
specific tests are indicated in the figure legends). Grouped data
are displayed with mean ± SD. Schematics were created with
BioRender.com.
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Data availability

All information necessary to evaluate the findings of the
article are included in the article. Additional data can be
provided from the authors upon request. Further information
and requests should be directed to the lead contact, Sulayman
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