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ABSTRACT Voltage-gated sodium (Nav) channels are responsible for the depolarizing phase of the action potential in most
nerve cells, and Nav channel localization to the axon initial segment is vital to action potential initiation. Nav channels in the
soma play a role in the transfer of axonal output information to the rest of the neuron and in synaptic plasticity, although little
is known about Nav channel localization and dynamics within this neuronal compartment. This study uses single-particle tracking
and photoactivation localization microscopy to analyze cell-surface Nav1.6 within the soma of cultured hippocampal neurons.
Mean-square displacement analysis of individual trajectories indicated that half of the somatic Nav1.6 channels localized to
stable nanoclusters ~230 nm in diameter. Strikingly, these domains were stabilized at specific sites on the cell membrane
for >30 min, notably via an ankyrin-independent mechanism, indicating that the means by which Nav1.6 nanoclusters are main-
tained in the soma is biologically different from axonal localization. Nonclustered Nav1.6 channels showed anomalous diffusion,
as determined by mean-square-displacement analysis. High-density single-particle tracking of Nav channels labeled with photo-
activatable fluorophores in combination with Bayesian inference analysis was employed to characterize the surface nanoclus-
ters. A subpopulation of mobile Nav1.6 was observed to be transiently trapped in the nanoclusters. Somatic Nav1.6 nanoclusters
represent a new, to our knowledge, type of Nav channel localization, and are hypothesized to be sites of localized channel
regulation.
INTRODUCTION
Voltage-gated sodium (Nav) channels are responsible for the
initiation and conduction of most neuronal action potentials.
Nav channels are composed of a large pore-forming a-sub-
unit of ~1900 amino acids and smaller auxiliary b-subunits
(1). Of the nine Nav a-subunits (Nav1.1–1.9), Nav1.1,
Nav1.2, Nav1.3, and Nav1.6 are the major isoforms within
the central nervous system (2) where the differential expres-
sion and distribution of Nav isoforms within the somato-
dendritic and axonal compartments determine the action
potential waveform (3–5). Thus, the number, type, and loca-
tion of channels must be tightly regulated to ensure proper
neuronal function. Nav localization to the axon initial
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segment (AIS) has been extensively studied, since this
domain is vital to action potential initiation (3,6–8). In
contrast, little is known about Nav channel localization
and dynamics within the neuronal cell body even though so-
matic Nav channels play a role in synaptic plasticity and in
the transfer of axonal output information to the rest of the
neuron (9,10).

Multiple studies have revealed that the cell surface is
highly compartmentalized such that restricted movement
and localization of surface proteins enhances signaling by
altering diffusion-limited biochemical reactions (11–13).
Furthermore, this compartmentalization is dynamic and
highly regulated. Some of the best examples deal with the
diffusion of neurotransmitter receptors into the postsynaptic
membrane where they can become transiently tethered to
intracellular scaffolds (14,15). For example, single-mole-
cule studies of AMPA and glycine receptors indicate that re-
ceptor diffusion and tethering at the synapse can be highly
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regulated (16–18). Whether similar diffusion patterns exist
for other neuronal proteins, such as Nav1.6, and within ex-
trasynaptic compartments, is the focus of this study.

In addition to axon localization, Nav channels are
present in both somatic and dendritic compartments, as
demonstrated by functional methods including electrophys-
iology and fluorescent Naþ indicators (4,10,19,20). Local-
ized somatic application of sodium channel blockers
diminishes action potential back-propagation, suggesting
that these channels relay information about axon output
to the rest of the neuron. In addition, somatic spiking
has been postulated to regulate synaptic plasticity in the
absence of back-propagating action potentials (9). Further-
more, there is precedence that Nav channels in the AIS and
somatodendritic compartments are functionally distinct and
differentially regulated. In neocortical neurons, slowly in-
activating, persistent current is derived from AIS channels
as opposed to those in the soma (21). Activation of D1/D5
dopamine receptors in prefrontal-cortex pyramidal neurons
preferentially modulates Nav channels in the soma and
proximal dendrites and increases the amount of persistent
current (19). Despite the functional importance of Nav
channels in the cell body, the distribution and dynamics
of somatodendritic Nav channels has remained elusive
because traditional immunofluorescence-based assays are
not sensitive enough to detect the sparse Nav channel
distribution in the soma (4,8,22). Quantitative electron mi-
croscopy using immunogold-labeled SDS-digested freeze-
fracture replica labeling has so far provided the best
demonstration that Nav channels are present on the
soma and dendrites of hippocampal CA1 pyramidal cells,
although at a density ~40 times lower than that in the
AIS (23). However, this high-resolution approach provides
no information concerning dynamics and potential interac-
tions of Nav channels on the cell surface.

This article focuses on the surface localization and diffu-
sion of Nav1.6 channels on the soma of live rat hippocampal
neurons. The Nav1.6 isoform was chosen for our current
studies because it is abundant in the central nervous system,
may have location-specific biophysical properties, since it
is present within both the somato-dendritic and axonal
compartments, and is directly linked to human pathologies
such as ataxia (24,25), epilepsy (26), multiple sclerosis
(27), and stroke (28). Using fluorescent protein- and extra-
cellular epitope-tagged Nav1.6 constructs in conjunction
with high-density single-particle tracking, we found that
somatic Nav1.6 channels localized to stable nanoclusters
~230 nm in diameter. The nanoscale organization of Nav
channels was further elucidated by analyzing single-
molecule trajectories via quantitative Bayesian inference
methods. These nanoclusters were found to be ankyrin-,
actin-, and clathrin-independent and, as such, represent a
new type of molecular organization of Nav channels on
the neuronal surface. We postulate that Nav1.6 nanoclusters
represent sites of channel regulation, potentially contrib-
1236 Biophysical Journal 111, 1235–1247, September 20, 2016
uting to the functional differences seen between somatic
and axonal Nav channels.
MATERIALS AND METHODS

Cell culture

Rat hippocampal neurons were cultured as previously described (29). Ani-

mals were used according to protocols approved by the Institutional Animal

Care and Use Committee of Colorado State University (Animal Welfare

AssuranceNumber A3572-01). Embryonic hippocampal tissuewas collected

after anesthesia with isoflurane followed by decapitation. E18 rat hippocam-

pal neuronswere platedonglass-bottom35mmdisheswithNo. 1.5 coverslips

(MatTek, Ashland,MA) that were coatedwith poly-L-lysine (Sigma-Aldrich,

St. Louis, MO). Neurons were grown in Neurobasal Medium (Gibco/Thermo

Fisher Scientific, Waltham, MA) with penicillin/streptomycin antibiotics

(Cellgro/Mediatech, Manassas, VA), GlutaMAX (Gibco/Thermo Fisher Sci-

entific), and NeuroCult SM1 Neuronal Supplement (STEMCELLTechnolo-

gies, Vancouver, BC, Canada). For imaging, the cultures were incubated in

neuronal imaging saline consisting of 126 mM NaCl, 4.7 mM KCl, 2.5 mM

CaCl2, 0.6 mM MgSO4, 0.15 mM NaH2PO4, 0.1 mM ascorbic acid, 8 mM

glucose, and 20 mM HEPES (pH 7.4).
Transfection

Wild-type and mutant Nav1.6 containing GFP and an extracellular biotin

acceptor domain (BAD) (Nav1.6-BAD-GFP and Nav1.6-BAD-dABM)

were constructed and functionally validated as previously described (29).

Nav1.6-Dendra2 was constructed by replacing the GFP from Nav1.6-GFP

with Dendra2 using KpnI and PacI restriction sites. Neuronal transfections

were performed after days in vitro (DIV) 4–6 in culture as indicated for

each experiment using Lipofectamine 2000 (Invitrogen, Life Technologies,

Grand Island, NY) and either Nav1.6-BAD, Nav1.6-Dendra2, or Nav1.6-

BAD-GFP (1 mg), human b1 in pcDNA3.1Mygro(þ), and rat b2 in

pcDNA3.1VS-HisTopoTA, as indicated. For the Nav1.6-BAD-GFP and

Nav1.6-BAD constructs, pSec-BirA (bacterial biotin ligase) was cotrans-

fected to biotinylate the channel. Plasmids encoding clathrin-light-chain-

GFP, Kv2.1-GFP, photoactivatable-GFP-actin, and Ruby-Lifeact were

used as previously described (30,31).
Live-cell surface labeling

For experiments using the Nav1.6 construct containing the extracellular

BAD, labeling of the surface channel was performed before imaging. Neu-

rons were rinsedwith neuronal imaging saline to remove theNeurobasalme-

dia and then incubated for 10min at 37�Cwith either streptavidin-conjugated

Alexa Fluor 594 (Thermo Fisher Scientific) or CF640R-streptavidin (Bio-

tium, Hayward, CA) diluted 1:1000 in neuronal imaging saline. Excess label

was removed by rinsing with imaging saline. CF640R was used for far-red

imaging instead of streptavidin-conjugated Alexa Fluor 647, sincewe found

that the latter does not label Nav1.6-BAD efficiently. Alexa Fluor 647 has a

higher molecular weight than either Alexa Fluor 594 or CF640R, suggesting

that the biotin within the BAD domain is only accessible to smaller dye con-

jugates. For single-particle tracking photoactivated localization microscopy

(spt-PALM) and actin super-resolution experiments, 0.1 mm TetraSpeck

beads (Thermo Fisher Scientific) were used as fiduciary markers to correct

for drift. Beads were diluted 1:1000 in imaging saline and applied to the

cultures for 10 min to place several beads within the field of view.
Microscopy

Total internal reflection fluorescence (TIRF) images were acquired using a

Nikon Eclipse Ti fluorescence microscope equipped with a Perfect-Focus
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system, a Nikon photoactivation unit (PAU), acousto-optic-tunable-filter

(AOTF)-controlled 405, 488, 561, and 647 nm diode lasers, 100 mW

each split equally between the TIRF and PAU pathways, an Andor iXon

EMCCD DU-897 camera, and a Plan Apo TIRF 100�, NA 1.49 objective.

Emission was collected through a filter wheel containing the appropriate

bandpass filters. For excitation, an incident angle of 63� was used that gives
an estimated penetration depth of 144 nm at a wavelength l ¼ 488 nm.

Before TIRF imaging, differential interference contrast (DIC) and wide-

field fluorescence imaging were used to distinguish transfected neurons

from the relatively flat glia. Neurons were readily identified based on the

characteristic soma morphology and localization of Nav1.6 to the axon

initial segment. All imaging was performed at 37�C using a heated stage

and objective heater.
Mobility of Nav1.6 puncta

The stability of Nav1.6 puncta was assessed using a custom algorithm im-

plemented in LabView. First, puncta were identified using a Fourier band-

pass filter followed by threshold segmentation. Then, we used the puncta in

the first frame of the video as a mask for all subsequent images such that

only puncta that survived the Fourier filter and threshold segmentation

and overlapped with puncta in the first frame were analyzed. This image

processing algorithm provided a tool to quantify the fraction of channels

that remained confined to a diffraction-limited spot after a given imaging

time.
Fluorescence recovery after photobleaching

Neurons transfected with Nav1.6-BAD and the biotin ligase were labeled

with CF640R before TIRF imaging. The cells were imaged every 5 s for

2 min to establish a baseline. The microscope PAU was used to apply

high-intensity illumination to a small region of the soma membrane until

the initial fluorescence was photobleached (~10 s). After photobleaching,

images were acquired every 5 s for 30 min to observe fluorescence recovery.

Time-lapse microscopy at a low rate minimized photobleaching during the

recovery period.
Single-molecule tracking

DIV10 rat hippocampal neurons expressing biotinylated Nav1.6-BAD or

Nav1.6-BAD-GFP were surface-labeled with SA-CF640R and imaged at

20 frames/s using TIRF microscopy as described above. Images were back-

ground subtracted and filtered using a Gaussian kernel with a standard de-

viation of 0.7 pixels in ImageJ. Tracking of individual fluorophores was

performed in MATLAB using the U-track algorithm developed by Jaqaman

et al. (32). Manual inspection confirmed accurate single-molecule detection

and tracking. The tracks were corrected for drift using TetraSpeck beads as

fiduciary markers, with custom-written LabView codes.
Analysis of diffusion and potential energy
landscapes

The dynamics of Nav channels were mapped on the cell surface in terms of

their diffusion and potential energy by using high-density single-particle

tracking of Nav channels labeled with photoactivatable fluorophores (33)

in conjunction with InferenceMAP, a software package based on Bayesian

inference (34). DIV10 rat hippocampal neurons expressing Nav1.6-Dendra2

were imaged using TIRF microscopy as described above. Images of the

unconverted Dendra2 fluorescence and DIC images of the neurons were

acquired both pre- and postimaging. The image of the unconverted Dendra2

fluorescence confirmed that the neuronal membrane was within the

TIRF excitation field. Dendra2 was photoconverted with a low-intensity

405 nm laser, and photoconverted molecules were excited, imaged, and
subsequently photobleached using the 561 nm laser (50 mW). The 405 laser

intensity was adjusted in the range 0.05 to 0.5 mW such that an appropriate

density of photoconverted Dendra2 molecules was present. Image se-

quences of 10,000 frames were acquired at 20 frames/s for each cell. Sin-

gle-molecule tracks were assembled using U-track and analyzed with

InferenceMAP.
RESULTS

Somatic Nav1.6 has a heterogeneous distribution

Our previous studies of Nav1.6 examined the directed traf-
ficking of nascent channels to the AIS of hippocampal
neurons (29). In these studies, we transfected cultured rat
hippocampal neurons with a modified Nav1.6 construct,
Nav1.6-BAD, that contained an extracellular biotin
acceptor domain (BAD), thus allowing live-cell labeling
of surface channels using streptavidin-conjugated fluoro-
phores. Fig. 1 A shows DIC and TIRF images of a cultured
hippocampal neuron transfected with Nav1.6-BAD, labeled
with streptavidin-conjugated CF640R. In addition to the ex-
pected high-density surface localization within the AIS,
Nav1.6 localized to small surface puncta on the soma. As
illustrated by the higher magnification of the soma shown
in Fig. 1 C, the somatic channels are distributed nonuni-
formly, with single channels being either dispersed across
the surface or aggregated into bright nanoclusters as indi-
cated by the white arrows. Note that the Fig. 1 C image rep-
resents a different time point from that in Fig. 1 B, thus
accounting for the nonidentical Nav1.6 localization patterns.
The contrast in Fig. 1 C is enhanced to allow visualization of
the nanoclusters, which are dim compared to the high den-
sity of Nav1.6 within the AIS. We use the term nanocluster
here to refer to nanoscale-sized static structures that are
smaller than the traditional light microscopy diffraction
limit and include at least two channels (see the data in
Figs. 4 and 5 for nanocluster size). Single-channel inten-
sities can be derived from freely diffusing particles very
likely representing single Nav1.6 channels bound to one flu-
orophore-labeled streptavidin. Using this approach, the
number of channels per nanocluster was found to be in the
range 2–20. However, the uncertainty associated with the
extent of streptavidin binding to the biotinylated channels
and the efficiency of channel biotinylation by the cotrans-
fected biotin ligase makes it difficult to determine the exact
number of channels within each nanocluster. In contrast to
what was observed in neurons, Nav1.6 nanoclustering was
not seen in transfected glial cells present within the neuronal
cultures (Fig. 1 F). In addition, the distribution of surface
puncta intensities illustrated in Fig. S1 in the Supporting
Material shows high-intensity values, i.e., Nav1.6 nanoclus-
ters, in neurons that are absent from glia. Thus, the nano-
clustering is a function of the neuronal surface as opposed
to being induced by the surface labeling or GFP moiety of
the Nav1.6 construct. Fig. 1 G shows time-lapse imaging
that indicates that the nanoclusters are stably localized
Biophysical Journal 111, 1235–1247, September 20, 2016 1237



FIGURE 1 Nav1.6 is distributed heterogeneously

in the somatic membrane. (A) Nav1.6-BAD surface

expression in DIV10 rat hippocampal neurons is

highly enriched at the AIS, as indicated by live-

cell labeling with SA-CF640R (red). (B) Same im-

age as (A) but without the DIC overlay. Channels

on the somatic surface are barely visible at this

contrast. (C) An enlargement of the boxed region

shown in (B). The white arrows point to Nav1.6-

BAD surface nanoclusters. The image contrast is

enhanced relative to that in (B) and a different

time point is presented. (D) DIC and surface label-

ing of a transfected glial cell within the neuronal

culture. (E) The surface expression pattern for

Nav1.6-BAD in the glial cell shown in (D). (F) An

enlargement of the boxed region in (E). Note the

absence of the neuronal nanoclusters. The heteroge-

neity in single-channel intensity is due to variability

in CF640R labeling of the streptavidin in addition to

single-fluorophore photobleaching during imaging.

(G) Left: An enlargement of the white box in

(C) with the CF640R fluorescence pseudocolored

magenta. Contrast has been enhanced to visualize

individual (orange arrows) and clustered (white

arrow) somatic channels. Middle: The same field

imaged 10 s later and with the SA-CF640R fluores-

cence now pseudocolored green. Right: Overlay of

the two time frames, where colocalization appears

white. The brightest punctum, i.e., nanocluster, ap-

pears in the same location in both image sequences

(white arrow), whereas smaller puncta demonstrate

mobility (orange arrows). (H) Same temporal anal-

ysis as in (G) but performedwith the glial cell shown

in (D)–(F). Note that most particles moved during

the 10 s time period. (I) Stability of Nav1.6 puncta.

Puncta were detected in frame 1, and in subsequent

frames the fraction of puncta remaining in the same

location was determined. Summed data from three

neurons and three glial cells are presented. The total

puncta number in both cell types remained constant

during this 15 s imaging period.
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over at least 10 s on the neuronal surface, whereas the non-
clustered channels are mobile. Fig. 1 G, left, pseudocolored
in magenta, shows t ¼ 0; Fig. 1 G, middle, pseudocolored in
green, indicates t ¼ 10 s; and Fig. 1 G, right, shows the
merge of these frames. The presence of two channel popu-
lations, mobile and nanoclustered, is also evident in Movie
S1. Interestingly, this image sequence suggests that Nav1.6
can exchange between the nanoclusters and the mobile pop-
ulation. Note that the low intensity and mobile puncta in
Movie S1 are interpreted as representing single channels.
Fig. 1 H illustrates the enhanced mobility of Nav1.6 chan-
nels that was observed in glial cells, where most of the chan-
nels are mobile. This enhanced movement is also illustrated
in Movie S2. Occasionally static puncta were observed
(small white spots), but none of these were nanoclusters in
that the fluorescent intensity corresponded to only a single
channel. Fig. 1 I summarizes the mobility of all surface
channels in both neurons and glia. Here, all puncta (without
discerning between single channels or nanoclusters) de-
tected in frame 1 of movies from either glia or neurons
1238 Biophysical Journal 111, 1235–1247, September 20, 2016
were analyzed as to whether they remained in their initial
localization in subsequent frames. The number of puncta re-
maining in place relative to the first localization is plotted
against time in Fig. 1 I. Note that in glia, the number of
Nav1.6 puncta that remained within the same location
decreased much more rapidly than in neurons, indicating
greater Nav1.6 mobility relative to that observed in neurons.
Photobleaching was minimal for the 15 s and the total num-
ber of detected puncta in each frame remained constant over
this time.
Nav1.6 somatic nanoclusters are ankyrin-G
independent

The stable Nav1.6 nanoclusters shown in Fig. 1 suggest
Nav1.6 interactions with an intracellular binding partner.
The only known mechanism underlying Nav localization
in neurons involves cytoskeletal tethering via interactions
with ankyrin-G (ankG) and loss of ankG-binding prevents
localization of Nav1.6 channels to the AIS without altering
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channel function (35). To investigate the role of ankG-bind-
ing in the somatic nanoclustering of Nav1.6, we examined
the somatic distribution of a Nav1.6 mutant channel in
which the ankyrin-binding motif (ABM) was removed
(Nav1.6-BAD-dABM). We have previously shown that, in
contrast to the wild-type channel (Fig.1), this ankyrin-G-
binding mutant does not localize to the ankyrin-rich AIS
(29). Fig. 2 shows a DIV10 neuron expressing Nav1.6-
BAD-dABM and ankG-GFP, which marks the AIS. In
contrast to the wild-type channel that colocalizes with
ankG at the AIS, the mutant channel does not concentrate
within this region (29). However, Nav1.6-BAD-dABM still
localized to the somatic nanoclusters (Fig. 2 B). To visually
display the mobility of nanoclusters and individual chan-
nels, we again overlaid two frames from an image sequence
of channels labeled with CF640 on the somatic membrane
(Fig. 2 B). When the first frame (Fig. 2 B, left) and a frame
10 s later (Fig. 2 B, middle) were overlaid we again saw that
large puncta did not move over this time (white arrow),
FIGURE 2 Nav1.6 somatic distribution is ankyrin-G independent. (A)

DIV10 rat hippocampal neuron expressing a mutant Nav1.6 channel lacking

the ankyrin-binding motif (Nav1.6-BAD-dABM) labeled with CF640R.

This channel localizes to the somatic region but does not show a high den-

sity of channels within the AIS, which is marked by ankyrin-G-GFP. (B)

Enlargement of the area identified by the white box in (A), showing two

frames of an image sequence spaced 10 s apart and a merged image (right).

The first frame (magenta) and a frame 10 s later (green) are overlaid in the

merged image. Colocalization appears white. Large bright puncta (white

arrow) appear in the same location in both image sequences, whereas the

smaller puncta are mobile (orange arrow).
whereas some of the smaller puncta (orange arrow), pre-
sumably single channels, did. Thus, the dABM mutant
still produces both a mobile channel population and stable
nanoclusters, similar to that seen for the full-length Nav1.6
protein (Fig. 1 B). Since the somatic Nav1.6 nanoclusters
represent, to our knowledge, a new mechanism for Nav
channel localization in a neuronal compartment where
Nav1.6 localization has not been previously appreciated,
we next quantified the stability of these structures in greater
detail.
Nav1.6 localizes to stable somatic nanoclusters

To gain a quantitative understanding of nanocluster mainte-
nance, we used time-lapse imaging and fluorescence recov-
ery after photobleaching (FRAP). Fig. 3 A shows surface
channels labeled with streptavidin-conjugated CF640 in
a region within the soma. Three nanoclusters within the
region of interest indicated by the dotted circle were photo-
bleached. Then the cell was imaged for 30 min with images
acquired at low frequency (every 5 s) to minimize photo-
bleaching during fluorescence recovery. As illustrated in
Fig. 3 A, very little recovery was seen for the bleached nano-
clusters over this time frame. At 15 min (Fig. 3, A and B,
third image), a small spot appeared at one of the bleached
clusters and remained stationary over the next 15 min
(orange arrows). Due to its low intensity relative to the un-
bleached nanoclusters, this spot most likely represents a sin-
gle Nav1.6 channel that diffused into this region and was
captured into the nanocluster. This single-molecule recov-
ery suggests that although exchange does occur between
the clustered and nonclustered Nav1.6 populations, it is rela-
tively slow. Several of the bright puncta outside of the pho-
tobleached region persisted throughout the image sequence
(Fig. 3 A, white arrows) suggesting that the Nav1.6 somatic
nanocluster domains are stably localized for more than
30 min. This assay is not sensitive to new channels being
delivered to the plasma membrane (PM), since only the sur-
face channels at the beginning of imaging were fluores-
cently labeled. Fig. 3 C shows the average fluorescence
recovery of Nav1.6 nanoclusters after photobleaching (n ¼
5 nanoclusters from three cells). Within 30 min measure-
ments, the clusters are observed to recover 23% 5 9%
(mean 5 SD) of the original fluorescence intensity, indi-
cating that in this timescale, only one in four original clus-
tered channels is exchanged by surface diffusion.
Single-particle tracking of somatic Nav1.6
channels

The data presented thus far imply that two populations
of Nav1.6 channels exist on the somatic surface, one
being mobile and one stably anchored within nanoclusters.
Although the ankG-independent nanocluster locations are
stable over >30 min, there appears to be a slow exchange
Biophysical Journal 111, 1235–1247, September 20, 2016 1239



FIGURE 3 Nav1.6 somatic nanoclusters are stable. Cell-surface Nav1.6-

BAD in DIV10 rat hippocampal neurons was detected with CF640. (A) A

representative FRAP time course where the bleach was applied to the region

of intereset indicated by the white dotted circle. Somatic nanoclusters

outside of the bleached region show stable localization throughout the im-

age sequence (white arrows). (B) Enlargement of a portion of the bleached

region of interest in (A), showing fluorescence before photobleaching,

immediately after photobleaching, and 15 and 30 min postbleach. Note

the stable addition of a single Nav1.6 channel at the 15 min time point (or-

ange arrows in both A and B). (C) Average normalized FRAP over 30 min

for CF640-labeled Nav1.6 nanoclusters. On average, there was a 23% 5

9% (n ¼ 5; mean 5 SD) recovery. Fluorescence loss for channels outside

of the bleached region during the experiment was <10%.
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between the two populations, as illustrated in Fig. 3 B. To
gain quantitative insights into the kinetics of Nav1.6 chan-
nels, we examined the motion of somatic Nav1.6 using sin-
gle-particle tracking and analyzed 1478 trajectories in terms
of their mean-square displacement (MSD). Fig. 4 A shows a
set of trajectories obtained by imaging Nav1.6 channels
labeled with CF640R in an 8 mm � 11 mm window. The
behavior of the trajectories is highly heterogeneous, with
1240 Biophysical Journal 111, 1235–1247, September 20, 2016
some molecules exploring large membrane regions and
others showing tight confinement within small domains.
The trajectories have been color-coded based on their asso-
ciated diffusion coefficients, as discussed below.

The conventional way to characterize the mobility of in-
dividual molecules is by means of the time-averaged MSD,
d2ðtlagÞ,

d2
�
tlag

� ¼ 1

T � tlag

ZT�tlag

0

�
r
�
t þ tlag

�� rðtÞ�2dt;

where tlag is the lag time, T the observation time, and r is the
two-dimensional position of the particle. For particles un-
dergoing Brownian motion, the MSD is linear in lag time.
In particular, in two dimensions, d2ðtlagÞ ¼ 4Dtlag. Thus,
the MSD yields an effective diffusion coefficient. Fig. 4 B
shows a histogram of effective diffusion coefficients ob-
tained from a linear regression of the MSD at lag times up
to 500 ms (10 frames). The effective diffusion coefficient
is observed to have a broad distribution that spans more
than two orders of magnitude. At least two populations
are evident, a narrow peak at low diffusivities and a broad
shoulder extending to large values. We placed trajectories
into three different pools according to their effective
diffusion coefficient using ad hoc thresholds, obtained
from visual examination of the distribution. Namely, we
arranged the trajectories into 1) a low-diffusivity regime
with D < 0.001 mm2/s, 2) an intermediate regime with
0.001 mm2/s < D < 0.03 mm2/s, and 3) a high-diffusivity
regime. The low-diffusivity regime consists of 41% of the
total trajectories, the intermediate regime 47%, and the
high regime 11%. The trajectories in Fig. 4 A are colored
red, blue, and green according to whether they have low,
intermediate, or high diffusivity, respectively. As seen in
the figure, the molecules with low diffusivity are strongly
confined within nanoscale domains. The trajectories with in-
termediate diffusivity are partially confined, where part of
the trajectory shows unconfined mobility. Usually the mol-
ecules exhibit intermittent behavior, alternating between
phases of confinement and phases of unconfined diffusion.
In some cases, the molecule is trapped again in the same
domain from where it has escaped, and in others it is
captured into a different domain. Lastly, the molecules in
the high-diffusivity regime are not affected by the trapping
domains and they do not exhibit any apparent confinement.
Although this method of finding an effective diffusion coef-
ficient is an efficient characterization tool for the mobility of
the molecules, it does not necessarily represent the diffusion
coefficient of the molecules given that it does not account
for anomalous diffusion processes.

In addition to the diffusion coefficient, the MSD provides
further information on protein dynamics. For example, a
Brownian particle confined to a circular domain exhibits
an MSD that is linear at short times but saturates at long



FIGURE 4 Single-molecule tracking reveals

distinct distributions of somatic Nav1.6 mobility.

(A) Thirty-three representative single-molecule tra-

jectories in an 8 mm � 11 mm window after surface

labeling of Nav1.6 with CF640 in DIV10 hippo-

campal neurons and tracking of individual chan-

nels. Imaging was performed at 20 Hz using

TIRF microscopy. The red, blue, and green colors

represent tracks with low, intermediate, or high

diffusivity, respectively. (B) Histogram of effec-

tive diffusion coefficients of 1478 particles from

four cells obtained from a linear regression of the

MSD at lag times up to 500 ms (10 frames). (C)

MSD as a function of lag time for three different

populations. Trajectories were placed into three

different pools according to their effective diffusion

coefficients using ad hoc thresholds. Specifically,

trajectories were placed into 1) a low-diffusivity

regime, with D < 0.001 mm2/s, 2) an intermediate

regime, with 0.001 mm2/s < D < 0.03 mm2/s,

and 3) a high-diffusivity regime. These three popu-

lations are color-coded as in (A). (D) Histogram

of the MSDs at lag time tlag ¼ 100 ms for the tra-

jectories in the low-diffusivity regime, which corre-

spond to the molecules that remain confined during

the whole observation time. (E) Distribution of

localization uncertainty of all localized particles,

from which s ¼ 29 5 15 nm (mean 5 SD).

Somatic Nav1.6 Nanoclusters
times such that d2 � R2=2, where R is the radius of the
domain. Furthermore, the PM is often characterized by sub-
diffusive behavior (36,37), with d2ðtlagÞ ¼ Kat

a
lag, where Ka

is the generalized diffusion coefficient with units cm2/sa,
and a< 1 is the anomalous exponent. We expect different
populations of Nav channels to be described by different
types of MSDs. Fig. 4 C shows the MSD averaged for all
trajectories within each diffusivity regime. In each of these
regimes, the MSD has very distinctive features. For the mol-
ecules with low effective diffusion coefficient, the MSD
rapidly converges to a value of d2 ¼ 0:012 mm2/s, which
is characteristic of confined particles. The high-diffusivity
regime shows anomalous diffusion with a ¼ 0:85 during
the whole observation time. On the other hand, the interme-
diate regime exhibits two different behaviors. At short lag
times, the MSD appears to saturate, as in confined motion,
but at longer times, the MSD increases again. This behavior
is expected for molecules that are transiently confined but
are able to escape from the trapping environment until
they are captured again into a new domain. The inflection
point in the MSD indicates that the characteristic trapping
time of these molecules is of the order of 1 s.

When particles are confined, the size of the domain can be
estimated from the saturation in the MSD. Fig. 4 D shows a
histogramof theMSDsat lag time tlag ¼ 100 ms for the trajec-
tories in the low-diffusivity regime, which correspond to the
molecules that remain confined during the whole observation
time. TheMSD at 100ms, d2 ¼ 0.0125 0.009mm2 (mean5
SD), is a good indicator of the saturation value. However,
two different features can affect the MSD saturation, the
radius of the domain and the localization error. In practice,
d2 ¼ R2=2þ 4s2, where s is the localization standard error
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and, assuming that the domain is circular, R is its radius.
Fig. 4 E shows the distribution of localization uncertainty of
all localized particles, from which we find s ¼ 29 5 15 nm
(mean 5 SD). Taking this localization uncertainty into ac-
count, we can infer the radii of the confinement domains to
be R ¼ 130 5 90 nm. Note that this size is at or below the
diffraction limit of traditional imaging. Thus, size cannot be
inferred from the images presented in Figs. 1, 2, and 3.
Diffusion and energy landscapes of Nav1.6 on
the soma

Considering that a subpopulation of channels is local-
ized to stable nanocluster domains, we sought to map
FIGURE 5 spt-PALM of Nav1.6-Dendra2 shows heterogeneity in the diffusion

Dendra2, showing unconverted Dendra2 as imaged in TIRF. (B) Ensemble of tra

box in (A)). Dendra2 particles were stochastically activated to allow visualizatio

quired at 20 Hz. Molecules were detected and connected into tracks using U-track

region alone represents 114,923 Dendra2 detections. (C) An enlargement of the

trated in (C). The cell surface was divided into regions based on adaptive meshing

sizes of particle tracks within these regions were used to determine the diffusio

about both the mobility of channels and the direction of movement were used to

Overlay of the diffusion and potential energy maps. Dark spots indicate regions

membrane. (G) 3D representation of the two energy wells indicated by the bo

The radius was defined as the standard deviation of the Gaussian fit and two

wells, the nanocluster radii were found to be 114 5 58 nm (mean 5 SD). (

was �1.6 5 0.7 kBT.
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the two-dimensional diffusion and energy landscapes of
Nav1.6 channels using high-density single-particle tracking
and Bayesian inference methods. A suitable method for
measuring single-particle trajectories at high densities con-
sists of labeling the molecules with photoactivatable fluoro-
phores so that at any given time only a small fraction of the
molecules are in their active fluorescence state. This tech-
nique, known as spt-PALM (33), allows the sampling of
hundreds of thousands of short trajectories within a single
cell. We used Nav1.6 tagged with Dendra2 on the C-termi-
nus (Nav1.6-Dendra2). Dendra2 is a monomeric protein
that emits green fluorescence in its unconverted state and
irreversibly switches to red emission upon irradiation with
violet light (38). Fig. 5 A shows a TIRF image of a rat
and energy landscapes. (A) DIV 10 hippocampal neuron expressing Nav1.6-

cks from individual Nav1.6-Dendra2 particles in the somatic region (orange

n of individual particles while image sequences of 10,000 frames were ac-

. Each colored line represents a track from an individual particle. The boxed

boxed region in (B). (D) Diffusion landscape of the membrane region illus-

, such that each section contains a similar number of localizations. The step

n coefficient within each grid. (E) Potential energy landscape. Information

determine the potential energy. Energy wells appear as the dark puncta. (F)

where both the energy and the diffusivity are lower than in the rest of the

x in (E). (H) Distribution of energy well radii measured in 158 domains.

radii were measured for each nanocluster, sx and sy. From the energy

I) Distribution of the energy well depths. The measured trapping energy
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hippocampal neuron expressing Nav1.6-Dendra2, acquired
with 488 nm excitation to observe the total expres-
sion before photoconversion. Here, the unconverted green
Dendra2 shows all surface channels and fluorescence from
any intracellular channels excited by the TIR excitation
field. The surface-specific labeling shown in Fig. 1 B is
sparse by comparison, due not only to the low surface den-
sity on the soma but also to the fact that channel bio-
tinylation and streptavidin binding are not 100% efficient.
Using a low-intensity 405 nm laser, a sparse subset of photo-
converted molecules were continuously maintained in the
field of view. The photoconverted molecules were imaged
under 561 nm excitation and tracked until they photo-
bleached. Fig. 5 B shows the tracks obtained from spt-
PALM during 8 min (10,000 frames), where each colored
line represents a track from an individual photoconverted
Dendra2 molecule. The precision of localization as deter-
mined by Gaussian fitting was s¼ 395 18 nm. Further de-
tails can be observed in the 8 mm � 8 mm enlarged region
shown in Fig. 5 C, defined by the dark square in Fig. 5 B.
Note that the central region in Fig. 5 C that is devoid of sin-
gle-molecule tracks most likely represents a part of the soma
membrane that was not in direct contact with the coverslip
surface and thus was outside the TIRF illumination field.

The high-density single-molecule data were used to
obtain large-scale maps of the diffusivity and energy land-
scapes using InferenceMAP, an inference software based
on Bayesian tools (34). Unsupervised learning was used
to mesh the surface of cells according to local density.
This strategy leads to a Voronoi tessellation of Nav1.6
channel localization with higher resolution in dense re-
gions such as nanocluster domains. Voronoi tessellation
ensures a regularized amount of information spread over
the complete surface of the cell. The diffusivity, D, and
potential energy, V, of each subdomain are estimated
from the displacements within the observed trajectories
(39,40). The system is not assumed to be in thermody-
namic equilibrium, and thus, the energy is computed
from the molecular translocations and not from the chan-
nel density. Fig. 5 D shows the diffusivity map determined
from the trajectories in Fig. 5 C. Although most of the sur-
face has a diffusivity D ¼ 0.13 5 0.02 mm2/s, small dark
pockets of lower diffusivity where D < 0.06 mm2/s are
apparent. Fig. 5, E and F, shows the potential energy land-
scape (E) and an overlay of diffusivity (green) and energy
(red) (F). The energy landscape also exhibits lower energy
wells where Nav1.6 channels aggregate, i.e., at nanoclus-
ters. The overlaid image shows many black spots where
both the energy and the diffusivity are lower than in the
rest of the membrane. These spots indicate that the diffu-
sivity in the nanoclusters is smaller than that in the rest of
the cell. Two energy wells, indicated by a box in Fig. 5 E,
are shown in Fig. 5 G.

Given that the energy wells observed on the cell surface
show the location and morphology of Nav1.6 nanocluster
domains, we took advantage of the energy landscape to
map and characterize the nanoclusters in detail. The nano-
clusters were identified by thresholding the energy land-
scape and then their size and energy depth were found
by a Gaussian fit across the horizontal and vertical axes.
We found an average of 3 nanoclusters/mm2, but these do-
mains were not uniformly distributed across the surface.
Although some regions had a large concentration of nano-
clusters, others seemed to be devoid of them. Fig. 5 H
shows the distribution of nanocluster radii measured in
158 domains. The radius was defined as the standard devi-
ation of the Gaussian fit and two radii were measured
for each nanocluster, sx and sy. From the energy wells,
the nanocluster radii were found to be 114 5 58 nm
(mean 5 SD). This value agrees well with the 130 5
90 nm radii of the confinement domains as determined
from the MSD analysis of Fig. 4. Fig. 5 I shows the distri-
bution of the depths of the energy wells. The measured
trapping energy was found to be �1.6 5 0.7 kBT. Such a
shallow energy depth is not consistent with molecules be-
ing confined within nanoclusters during long observation
times as seen in Fig. 3. The discrepancy is due to the
fact that all the molecules were employed to map the diffu-
sion and energy landscapes, but only a molecular subpop-
ulation (41%) were efficiently trapped into nanoclusters.
Thus, although the trapped molecules allowed us to deter-
mine the nanocluster size with superior accuracy relative to
the MSD analysis presented in Fig. 4, the nonclustering
mobile molecules effectively lowered the calculated energy
depth of the wells.
Nav1.6 nanoclusters are actin independent

Since the localization mechanism of somatic Nav1.6 is not
due to ankyrin binding, we hypothesized that other cytoskel-
etal components may be involved. Indeed, actin regulates
the formation of Kv2.1 Kþ channel domains in neurons
(41) as well as the clustering of different membrane proteins
in other cell types (42–44). Thus, we sought to determine
whether Nav1.6 nanoclusters are also stabilized by cortical
actin. To this end, we imaged the cortical actin cytoskeleton
with PALM superresolution while simultaneously observing
Nav1.6 localization. Actin was labeled with photoactivat-
able GFP and surface Nav1.6 with CF640R. Superresolution
imaging of F-actin as illustrated in Fig. S2 A failed to coloc-
alize cortical actin filaments with the Nav1.6 nanoclusters,
although the two were often in close proximity. To further
address whether actin is involved in Nav1.6 localization,
we imaged the distribution of Nav1.6 in the presence of
200 nM swinholide A (swinA), a drug that both severs
F-actin and sequesters G-actin (45). Fig. S3 shows that the
intensity and location of the Nav1.6 nanoclusters is not per-
turbed over 75 min after addition of swinA. Nanocluster
number and location did not change after actin depolymer-
ization (p > 0.65).
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Nav1.6 nanoclusters do not localize with clathrin-
coated pits, mitochondria, or Kv2.1-induced
endoplasmic-reticiulum-PM junctions

Since neither ankyrin-G nor actin seem to play an important
role in the maintenance of the somatic nanoclusters, we next
investigated whether Nav1.6 colocalized with several scaf-
fold/organelle markers. Since we have previously described
that clathrin-coated pits transiently immobilize Kv2.1 Kþ

channels (31), we coexpressed clathrin light chain tagged
with GFP (CLC-GFP) with Nav1.6. However, CLC-GFP
did not colocalize with Nav1.6-BAD nanoclusters labeled
with CF640R (see Fig. S4 A), indicating that the nanoclus-
ters are not clathrin-mediated endocytic platforms. This is
consistent with the very long lifetime of the nanoclusters,
since clathrin-coated pits are shorter-lived (seconds to
minutes) (31,46). However, individual Nav1.6 channels
may interact with clathrin-coated pits for clathrin-mediated
internalization.

Mitochondria, which localize near membrane-bound
proteins and regulate them through calcium and oxidative
signaling (47), were also evaluated as a candidate involved
in the regulation of Nav1.6 nanoclusters. MitoTracker-
labeled mitochondria adjacent to the plasma membrane
were imaged in TIRF mode and compared to the distribution
of Nav1.6-BAD labeled with streptavidin-AlexaFluor488.
Again, no apparent relationship between mitochondria and
the somatic nanoclusters was observed (Fig. S4 B).

We next looked at the correlation between Nav1.6
nanoclusters and the delayed rectifier voltage-gated potas-
sium channel, Kv2.1, which forms large, micron-sized clus-
ters on both the soma and AIS of hippocampal neurons
(48,49). These channels were recently found to mediate
the formation of junctions between the endoplasmic reticu-
lum and PM, which act as membrane trafficking hubs (50).
As illustrated in Fig. S4 C, Nav1.6-BAD nanoclusters were
excluded from the large Kv2.1 clusters. This exclusion
from Kv2.1-induced endoplasmic-reticulum-PM junctions
is likely due to the large intracellular mass of the Nav1.6
channel and may explain the small regions of soma mem-
brane that were consistently devoid of Nav1.6 single-mole-
cule tracks, as illustrated in Fig. 5 C.
DISCUSSION

Due to the low numbers of somatic Nav1.6 channels and
lack of tools to visualize them, the cell surface distribution
of this protein has not been previously visualized in living
neurons. Here, with the use of Nav1.6 constructs allowing
the specific labeling of Nav1.6 surface channels com-
bined with the high sensitivity of TIRF microscopy, we
were able to visualize with single-molecule sensitivity the
compartmental distribution of somatic Nav1.6 channels
in live cells for the first time, to our knowledge. Specif-
ically, we find a novel localization pattern of Nav1.6 in
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cultured hippocampal neurons where channels are anchored
within long-lived (>30 min) nanoclusters with radii of
114 nm. Nanoclustering was detected using three distinct
experimental strategies, saturation labeling of all surface
Nav1.6 with fluorescent streptavidin (Fig. 1), single-particle
tracking of a Nav1.6 subpopulation labeled with fluorescent
streptavidin (Fig. 4), and spt-PALM using a fluorescent
protein tag without surface streptavidin labeling (Fig. 5).
The consistency of the protein distribution between these
methods argues that these structures are not an artifact of
the fluorescent protein or epitope tagging of Nav1.6, nor
are they due to streptavidin labeling. In addition, the
Nav1.6 nanoclusters were not observed in glial cells, which
suggests that Nav1.6 nanoclustering is dependent on a pro-
tein or lipid component present in neurons but not glial cells.
Importantly, Nav channel localization to these membrane
domains is ankyrin independent, which is a striking discov-
ery, since this is the only known ankyrin-independent mech-
anism for Nav channel localization in neurons.

The detection of Nav1.6 channel localization with single-
molecule sensitivity in living cells enabled analysis of chan-
nel mobility. This is important, since both location and
dynamics provide insights into protein regulation, for teth-
ering into macromolecular complexes and molecular en-
counters govern most biological signaling. Our current
understanding is that the plasma membrane is structured
such that molecular movement is influenced in a manner
that increases the likelihood of relevant biochemical inter-
actions. This organization is achieved through several
different mechanisms, including compartmentalization by
the actin cytoskeleton and protein-protein interactions, as
well as through effects of local lipid environments (36).
Our analysis of long trajectories provides information on
the heterogeneity of individual Nav1.6 behavior that is lost
in ensemble techniques such as FRAP. Using spt-PALM
data in combination with Bayesian inference tools, we
were able to describe the diffusion and potential energy
landscapes both surrounding and within stable membrane
nanostructures. The strength of this approach lies in its abil-
ity to investigate the entire population of Nav1.6 surface pro-
tein within a substantial timescale (8 min) and with high
resolution.

Three distinct behaviors were observed in the dynamics
of somatic Nav1.6 channels. Single-particle tracking data
indicate that 41% of channels are efficiently confined within
nanoclusters for long times and a second population (11%)
diffuses freely without interacting with the nanoclusters.
Also apparent in the single-molecule data is a third pop-
ulation (47%) for which capturing interactions are weak
and thus result in transient confinements. These observa-
tions suggest that Nav1.6 channels undergo posttranslational
modifications that alter interactions and localization within
the plasma membrane.

We hypothesize that functional differences exist between
clustered and nonclustered channels, perhaps in a fashion
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similar to the behavior of Kv2.1 channels where clustered
channels are held in a nonconducting state (51). Thus, mod-
ifications that regulate Nav1.6 clustering would allow the
effective regulation of Nav1.6 function without the need of
protein internalization to reduce voltage-dependent Naþ

currents. Alternatively, clustered Nav1.6 channels could
have biophysical properties distinct from the mobile popula-
tion. Another possibility is that nanoclustering is linked to
the function of other ion channels such as Naþ-dependent
Kþ channels. Nav1.6-dependent Naþ influx is likely to
only activate Naþ-dependent Kþ channel activity if the
two channels are in very close proximity (52,53). However,
it is possible that Nav1.6 nanoclustering exists simply to
enhance signaling fidelity. Theoretical work has demon-
strated that 5–10 signaling molecules within a nanocluster
can achieve an optimal signal/noise ratio by digitizing an
analog signal (54). The physiological role of Nav channels
is to transduce the analog-based membrane potential into
the digital action potential. When Nav channels are clus-
tered, it becomes much more likely that depolarizing stimuli
will generate an action potential, for the localized depolari-
zation caused by a single channel opening is more likely to
activate other channels in its close vicinity before being
dissipated.

What could be the mechanism responsible for the stable
nanoclustering of Nav1.6? The channels appear to be
corralled within 114- to 130-nm-radius domains, which
suggests an interaction with the cortical cytoskeleton. How-
ever, the actin cytoskeleton is not involved, given the
actin imaging and depolymerization experiments shown in
Figs. S2 and S3. It is possible that cytoplasmic regions of
Nav1.6 tether to intracellular scaffolds such as the recently
described Kidins220/ARMS scaffolding protein that in-
teracts with Nav1.2 and modulates its activity (55). Alter-
natively, another possible mechanism involves Nav1.6
glycosylation. Indeed, in Chinese hamster ovary cell
lines expressing a dendritic cell membrane receptor (DC-
SIGN), N-linked glycan-mediated interactions influence
the overall lateral mobility of the protein (12). Nav channels
can carry up to 40% of their mass in extracellular carbohy-
drate (56), and glycosylation is required for stable surface
expression (57). Perhaps interaction of Nav1.6 carbohydrate
with extracellular structures influences the surface distribu-
tion in a fashion analogous to cytoskeletal interactions.
CONCLUSIONS

Despite the fact that Nav channels were discovered decades
ago and their central importance to neuronal function has
been long accepted, knowledge of Nav cell biology is sur-
prisingly lacking relative to that regarding other ion chan-
nels. This has been especially true for the Nav1.6 isoform
that is perhaps the most abundant Nav channel in the
mammalian brain. Our current study provides insight into
the dynamics of Nav1.6 on the cell surface and raises new
questions such as how somatic localization and function
are linked and how localized regulation of these channels
may influence overall neuronal physiology. Importantly, un-
derstanding the complex diffusion and energy landscape of
the neuronal surface is essential to furthering our under-
standing of basic neuronal cell biology and the molecular
regulation of electrical activity in the brain.
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