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Sodium Channel �2 Subunits Prevent Action Potential
Propagation Failures at Axonal Branch Points

X In Ha Cho, X Lauren C. Panzera, X Morven Chin, and X Michael B. Hoppa
Department of Biological Sciences, Dartmouth College, Hanover, New Hampshire 03755

Neurotransmitter release depends on voltage-gated Na � channels (Navs) to propagate an action potential (AP) successfully from the
axon hillock to a synaptic terminal. Unmyelinated sections of axon are very diverse structures encompassing branch points and numer-
ous presynaptic terminals with undefined molecular partners of Na � channels. Using optical recordings of Ca 2� and membrane voltage,
we demonstrate here that Na � channel �2 subunits (Nav�2s) are required to prevent AP propagation failures across the axonal arboriza-
tion of cultured rat hippocampal neurons (mixed male and female). When Nav�2 expression was reduced, we identified two specific
phenotypes: (1) membrane excitability and AP-evoked Ca 2� entry were impaired at synapses and (2) AP propagation was severely
compromised with �40% of axonal branches no longer responding to AP-stimulation. We went on to show that a great deal of electrical
signaling heterogeneity exists in AP waveforms across the axonal arborization independent of axon morphology. Therefore, Nav�2 is a
critical regulator of axonal excitability and synaptic function in unmyelinated axons.
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Introduction
The cycle of synaptic transmission is set in motion by an action
potential (AP) invading the presynaptic terminal (Lisman et al.,
2007). Although individual synapses along an axon can have
substantially different responses in vesicle release probability and
Ca 2� influx (Rosenmund et al., 1993; Koester and Sakmann,
2000; Ariel et al., 2012; Ermolyuk et al., 2012), the AP is often

ignored as a source of this variability because of its perception as
a uniform “all-or-none” signal. In essence, the AP waveform is a
command signal that forces closed voltage-gated Ca 2� channels
(Cavs) through a series of conformational transitions to their
open state, a process that is steeply dependent on membrane
voltage (Vm) (Li et al., 2007). At the same time, vesicle fusion is
also a supralinear process that is steeply dependent (by a third-
fourth order power-law) on Ca 2� entry at the synapse (Dodge
and Rahamimoff, 1967; Augustine et al., 1985). Therefore, the AP
shape can exert enormous impact on neurotransmission (Siegel-
baum et al., 1982; Sabatini and Regehr, 1997; Borst and Sakmann,
1999; Bischofberger et al., 2002; Rama et al., 2015).

Much of what we know about AP shape in mammalian neu-
rons has come from whole-cell recordings, with few recordings
from axons or synaptic terminals due to their fine structure
(Bean, 2007). Recent optical measurements of the axonal AP
demonstrated localized voltage-gated K� channel (Kv) activity
between presynaptic terminals of cerebellar stellate cells (Rowan
et al., 2014; Rowan et al., 2016). In addition, subcellular hetero-
geneities in axonal voltage-gated Na� channel (Nav) enrichment
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Significance Statement

Voltage-gated Ca 2� channels are fulcrums of neurotransmission that convert electrical inputs into chemical outputs in the form
of vesicle fusion at synaptic terminals. However, the role of the electrical signal, the presynaptic action potential (AP), in modu-
lating synaptic transmission is less clear. What is the fidelity of a propagating AP waveform in the axon and what molecules shape
it throughout the axonal arborization? Our work identifies several new features of AP propagation in unmyelinated axons:
(1) branches of a single axonal arborization have variable AP waveforms independent of morphology, (2) Na � channel �2
subunits modulate AP-evoked Ca 2�-influx, and (3) �2 subunits maintain successful AP propagation across the axonal arbor.
These findings are relevant to understanding the flow of excitation in the brain.
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between the axon and synapse has been demonstrated in inhibi-
tory basket cells (Hu and Jonas, 2014), the calyx of Held (Leão et
al., 2005), and Purkinje cells (Kawaguchi and Sakaba, 2015). To-
gether, these results suggest that AP shape and membrane excit-
ability may in some cases be controlled locally within discrete
sections of the axon and/or synaptic terminals. However, the
mechanism(s) that defines local excitability and ion channel
function has yet to be determined for unmyelinated axons.

In terms of successful AP propagation, Navs are the critical
drivers for active conduction. In the brain, Navs are often found
as complexes between the pore-forming �-subunit and trans-
membrane �-subunits (Hartshorne et al., 1982; Isom et al., 1994;
Yu et al., 2003; Namadurai et al., 2015). Na� channel �2 subunits
(Nav�2s) have been shown to regulate membrane trafficking of
the pore-forming � subunit (Nav�), with acutely isolated somata
from the hippocampus of Nav�2-null mice displaying a �50%
reduction in Na� current density (Isom et al., 1995; Chen et al.,
2002). In addition, the integral of compound APs recorded from
optic nerved bundles was also reduced, demonstrating a role for
Nav�2 to modulate Nav density in the myelinated axon (Chen et
al., 2002). Interestingly, NaV�2-null mice display a resistance to
neurodegeneration in an experimental model of multiple sclero-
sis, suggesting an important role for Nav�2 in demyelinated
axons (O’Malley et al., 2009). As a result of these data, we hypoth-
esized that Nav�2 may play a critical role in modulating the AP
within normal unmyelinated sections of axon that form en pas-
sant synaptic terminals in many regions of the brain. We explore
this hypothesis using a combination of genetically encoded Ca 2�

and membrane voltage (Vm) indicators within single axonal ar-
borizations in dissociated hippocampal neurons. First, we found
that normal axons have a large degree of heterogeneity in the
waveform throughout the axonal aborization that is independent
of axon morphology. Second, we demonstrate that depletion of
Nav�2 subunits impairs AP-evoked presynaptic Ca 2� influx.
Third, we report that the Nav�2 subunit plays a critical role in
maintaining AP propagation across axonal ramifications of excit-
atory hippocampal neurons. Together, our results point to a fun-
damental role for Nav�2 for controlling AP waveform fidelity in
unmyelinated branches of axonal arborizations and an important
role for branch points in axonal signaling beyond controlling the
timing of synaptic transmission.

Materials and Methods
Cell culture. Hippocampal CA1–CA3 regions were dissected with dentate
gyrus removed from postnatal day 1 Sprague Dawley rats of either sex
(mixed litter), dissociated (bovine pancreas trypsin; 5 min at room tem-
perature), and plated on polyornithine-coated coverslips inside a 6-mm-
diameter cloning cylinder as described previously (Hoppa et al., 2012a).
Calcium-phosphate-mediated transfection was performed on 5-d-old
cultured neurons with the plasmids described below. All measurements,
unless otherwise noted, are from mature 14- to 24-d-old neurons.
Experiments with Sprague Dawley rats were approved by Dartmouth
College’s Institutional Animal Care and Use Committee. INS-1 cell lines
(823/13, passage 47–50) were obtained from Dr. Justin Taraska (National
Institutes of Health). INS-1 cells were cultured and transfected as de-
scribed previously (Hoppa et al., 2012b).

Plasmids. SypGCaMP and �2�-1 were obtained as described previ-
ously (Hoppa et al., 2012a) and QuasAr was acquired from Addgene
(Plasmid 51692: FCK-QuasAr2-mO2). For knock-down of endoge-
nous Nav�2 or Nav�4, prevalidated shRNA plasmids were purchased
from Origene against the following mRNA target sequences:
GCTATACCGTGAACCACAAGCAGTTCTCT and TACTTCAGGTGG
TCCTACAATAACAGCGA, respectively. To confirm shRNA-mediated
knock-down data, we inserted single-guide RNA (sgRNA) targeting
Nav�2 (CACCGCCACTCTTAGTGTCCTCAAC) into pU6-(BbsI)CBh-

Cas9-T2A-mCherry plasmid purchased from Addgene (plasmid 64324).
For expression of human Nav�2 (NM_004588.3, plasmid RC207778) to
perform rescue experiments, we inserted both human Nav�2 fused to
T2A peptide synthesized using GeneArt Gene Synthesis (Invitrogen) and
SypGCaMP into pFCK plasmid, inducing independent expression of two
different proteins in neurons. To measure Ca 2� influx and Vm in the
same cell, we designed a DarkQuasAr-T2A-SypGCaMP construct. We
inserted DarkQuasAr, which has a mutation in the mOrange sequence
not to show any fluorescence (Y327A) before T2A-SypGCaMP, which is
under the human Synapsin 1 promoter. We validated that DarkQuasAr
and SypGCaMP were coexpressed in the same cells through many repet-
itive experiments.

Antibodies. Rabbit polyclonal anti-Nav�2 antibody was kindly
provided by Dr. Nobuyuki Nukina (Miyazaki et al., 2014). Mouse
monoclonal antibodies were used against Nav1.2 and GFP (Neuromab),
pan-sodium channel and �-Tubulin (Sigma-Aldrich), and PSD-95
(Thermo Fisher Scientific). Rabbit polyclonal Nav1.6 and chicken poly-
clonal GFP-tag antibody were purchased from Millipore and Invitrogen,
respectively. Alexa Fluor 488-, 546-, and 647-conjugated goat anti-
rabbit, anti-mouse, and anti-chicken IgG and horseradish peroxidase-
conjugated anti-mouse and anti-rabbit IgG were from Invitrogen.

Live-cell imaging and optical setup. All experiments were performed at
34°C using a custom-built objective heater. Coverslips were mounted in
a rapid-switching, laminar-flow perfusion and stimulation chamber on
the stage of a custom-built laser microscope. The total volume of the
chamber was �75 �l and was perfused at a rate of 400 �l/min. During
imaging, cells were perfused continuously in a standard saline solution
containing the following (in mM): 119 NaCl, 2.5 KCl, 2 CaCl2, 2 MgCl2,
25 HEPES, and 30 glucose plus 10 �M 6-cyano-7-nitroquinoxaline-2,3-
dione (Sigma-Aldrich) and 50 �M D,L-2-amino-5-phosphonovaleric
acid (Sigma-Aldrich). For high K � solution experiments, cells were per-
fused in a modified solution with equimolar substitution to create a 90
mM KCl concentration. Tetrodotoxin (TTX) was made at a stock con-
centration of 3 mM and used at different diluted concentrations (Alo-
mone Laboratories).

For measuring Ca 2� influx, specimens of SypGCaMP-transfected
neurons were illuminated by a 488 nm laser 6 – 8 mW (Coherent OBIS
laser) with ZET488/10x and ZT488rdc dichroic (Chroma) through a
Zeiss EC Plan-Neofluar 40 � 1.3 numerical aperture (NA) objective.
SypGCaMP florescent emission was collected through an ET525/50m
filter (Chroma) and captured with an IXON Ultra 897 EMCCD (Andor).
SypGCaMP fluorescence was collected with an exposure time of 9.83 ms
and images were acquired at 100 Hz.

For the measurement of APs, specimens of QuasAr-transfected neu-
rons were illuminated by a 637 nm laser 50 –92 mW (depending on
imaging soma vs axon, respectively; Coherent OBIS laser) with ET620/60
excitation filters and a 660 long-pass dichroic with an ET700/75 emission
filter all purchased from Chroma. Light was collected through a Zeiss EC
Plan-Neofluar 40 � 1.3 NA objective using a cropped sensor mode (10
MHz readout, 500 ns pixel shift speed) to achieve 2 kHz frame rate
imaging (exposure time of 485 �s) using an intermediate image plane
mask (Optomask; Cairn Research) to prevent light exposure of nonrel-
evant pixels as described previously (Hoppa et al., 2014). The camera was
cooled using an EXOS liquid cooling system (Koolance). For simultane-
ous measurements of somatic voltage under patch-clamp conditions,
experiments were performed as described previously (Kralj et al., 2011)
except using 2 kHz acquisition.

For measuring axon and bouton diameter, experiments were per-
formed on a Zeiss LSM 880 with Airyscan at 34°C. SypGCaMP imaging
was performed on a 40 � 1.3 NA objective by confocal imaging for
detecting where branch point failure happened by TTX treatment.
SypGCaMP fluorescence images were acquired at 5 Hz. Subsequently,
mOrange signal from QuasAr was taken on a 100 � 1.46 NA objective by
Airyscan imaging to measure axon and bouton diameter. Airyscan im-
ages were zoomed at 1.8 –2.3� and z sections were taken at 0.18 �m
intervals. Image analysis of axon and bouton diameter was performed
blinded and independently (see below).
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Stimulus control. APs were evoked by passing 1 ms current pulses,
yielding fields of �12 Vcm �2 (unless otherwise noted) through the
chamber via platinum/iridium electrodes. Unless otherwise noted, trial
averages of AP waveforms were derived from 100 stimuli delivered at �8
Hz. For averaging across many trials in QuasAr recordings, the stimulus
was locked to defined frame number intervals using a custom-built board
named “Neurosync” powered by an Arduino Duo chip manufactured by
an engineering firm (Sensorstar).

Immunofluorescence. To measure the Nav�2 shRNA and sgRNA effi-
ciency, neurons were visualized at 14 –17 d in vitro (DIV). Cells were
fixed with 4% paraformaldehyde and 4% sucrose in PBS and permeabil-
ized with 10% Triton X-100 and 10% goat serum in PBS for 30 min,
which helped to visualize Nav localization at the axon initial segment
(Akin et al., 2015). Cells were then incubated with the appropriate pri-
mary antibodies and visualized using Alexa Fluor-conjugated secondary
antibodies in the 5% goat serum in PBS. Images were obtained using a
custom-made fluorescence microscope equipped with 40� oil-immersion
objectives.

Western blotting assay. Hippocampal neurons at DIV 7 and DIV 14 and
INS-1 cell lines were washed with cold PBS twice and extracted for 1 h at
4°C in radioimmunoprecipitation assay (RIPA) buffer containing 50 mM

Tris, pH 8.0, 150 mM NaCl, 1% Nonidet P-40 (NP-40), 0.5% sodium
deoxycholate, and 0.1% SDS supplemented with protease inhibitors
(Sigma-Aldrich). The extracts were then clarified by centrifugation for
10 min at 13000 rcf and the protein concentrations in the supernatants
were determined using bicinchoninic acid assays (Thermo Fisher Scien-
tific). The resultant extracts were separated by SDS-PAGE and trans-
ferred onto PVDF membranes. The membranes were then blocked with
5% skim milk in buffer containing 10 mM Tris-HCl, pH 7.5, 100 mM

NaCl, and 0.1% Tween 20. Once blocked, the membranes were probed with
primary antibodies followed by horseradish peroxidase-conjugated
antibody (Invitrogen) and the blots were detected using enhanced
chemiluminescence reagent (Thermo Fisher Scientific) on a Bio-Rad
Chemidoc MP and accompanying software was used for quantifica-
tion of imaged bands.

Experimental design and statistical analysis. Before measurement of
QuasAr based on a priori knowledge of the signal-to-noise ratio, we
determined that, to identify a change of 20% in signal across genetic
deletion conditions would require n � 8 dishes. This value was calculated
using a power analysis (� � 0.05, � � 0.80) for a K-sample means
one-way ANOVA. For all experimental conditions, hippocampi from
both genders of rat pups were mixed before digestion and culture. A
minimum of three separate cultures were used for experimentation. The
comparison of means for two independent distributions was performed
with the two-sample t test given that the data were normally distributed.
In many cases, where more than two groups were compared, a one-way
ANOVA followed by Tukey’s post hoc comparison was calculated to de-
termine statistical significance using OriginPro version 9.1. The use of
these tests is specified in the Results and figure legends for clarity. The
analysis of axon morphology was performed blinded (as detailed in the
“Image and data analysis” section below).

Image and data analysis. Images were analyzed in ImageJ using
custom-written plugins (http://rsb.info.nih.gov/ij/plugins/time-series.
html). Averaged data are presented as means � SEM (n � number of
neurons) and all experiments were performed on more than three inde-
pendent cultures from different litters. 	F/F values of the Ca 2� influx
were calculated after background subtraction. Measurements of back-
ground were measured using a rectangular 30 � 30-pixel ROI. Using the
equation and the optimized fit parameters, we converted any SypGCaMP
signal to a linearized MagGreen (Invitrogen) equivalent proportional to
the actual Ca 2�. These linearized values were then used to estimate the
effect of Nav�2 expression on single AP Ca 2� responses (Ariel et al.,
2012; Hoppa et al., 2012a). For measuring TTX susceptibility of synaptic
boutons, we calculated 	F/F of each bouton and determined its suscep-
tibility if the 	F/F after TTX treatment was 
10% of the initial value. To
measure AP propagation at branch points, we counted electrically stim-
ulated responsive boutons compared with nonresponsive boutons. First,
we marked all synaptic boutons that showed increased Ca 2� influx level
by perfusion of high K � solution. Next, we counted synaptic boutons,

which were responsive to electrical stimulation. For counting synaptic
bouton densities, we drew a box surrounding each branch and deter-
mined the “responsive boutons” that had increased fluorescence values
compared with the backgrounds.

For quantifying the QuasAr signal, stimulation with 300 nM TTX was
used to isolate the field stimulation from AP signal and was subtracted
from our AP recordings at the soma and bouton. Generally, stimulation
was made using 6 Vcm �2 to minimize the stimulus signal. 	F/F values of
the AP were calculated after background subtraction (generally a 4 �
10-pixel ROI). Finally, AP waveforms were corrected for the temporal
resolution of QuasAr by deconvolution using an FFT-based algorithm in
Origin Pro 8 with a normalized 500 �s exponential response function.
Automated peak and full-width at half maximum (FWHM) analyses
were performed using Origin Pro 8’s peak-fitting algorithm.

For measuring axon diameter from the images taken by Airyscan, we
used Fiji for image processing and analysis on raw data. A maximum-
intensity projection was applied to the images. To measure axon diame-
ters around the branch points, a reference image was produced by
thresholding and binarizing the raw image (Fiji). To define the regions, a
4 �m line was drawn from the branch point to each axon branch and the
area was measured automatically along the axon and occasionally bou-
tons by analyze particle method in Fiji (see Fig. 4D). Data analysis for
axon or bouton diameter was performed blinded to the conditions of the
experiments. The average of axon diameter of each branch was calculated
by division of the area by a 4 �m line length. To acquire axon and bouton
profiles, analysis was done by threshold images and axon shaft and bou-
tons were selected along the regions. The line for measuring axon and
bouton diameters was drawn perpendicularly along axon shafts.

Results
Heterogeneous AP waveforms between axonal branches
Recent measurements of APs in excitatory hippocampal neurons
found a lower amplitude at presynaptic terminals compared with
the soma (Hoppa et al., 2014), which likely indicates a lower
density of Navs in the axon and/or presynaptic terminals of hip-
pocampal neurons compared with Kvs. We were therefore curi-
ous to determine whether this type of ion channel composition
would lead to a loss of uniformity in the waveform of propagating
APs. The fine structure of axons and presynaptic terminals ema-
nating from hippocampal neurons is too small to use whole-cell
patch clamp consistently to measure local ion currents or mem-
brane potential directly across an arborization. Therefore, we
chose to measure axonal AP propagation directly using a nonin-
vasive genetically encoded Vm indicator, QuasAr (Hochbaum et
al., 2014). QuasAr is an improved variant of the voltage sensor
archaerhodopsin with extremely fast kinetics (�100 �s) and
displays large linear responses to changes in membrane poten-
tial. Comparing it with electrophysiological recordings at the
soma show that it can track membrane potential accurately and
distort or filter measurements of AP shape minimally (Fig. 1A).
QuasAr’s improved brightness and excellent membrane traffick-
ing (Fig. 1B) allow quantitative measurements of subcellular APs
with a large signal-to-noise ratio that require less trial averag-
ing to resolve the axonal AP waveform at high-time resolution
(2 kHz; Fig. 1C). On average, axonal AP measurements displayed
robust responses in fluorescence to field stimulation for single
trials (signal-to-noise ratio of 4.6 � 0.4), allowing detailed mea-
surements of averaged AP waveforms (signal-to-noise ratio of
40.1 � 5.6 for 100 trials). We examined the normal level of bio-
physical fidelity for the shape of an AP within a given branch
(intrabranch) and between branches (interbranch) of normal
hippocampal neurons (Fig. 1D). Therefore, we measured QuasAr
waveforms within discrete sections of axons to compare AP
waveform shape (Fig. 1E,F). Overall AP amplitude within a
10 �m section of axon displayed a coefficient of variation (CV) in
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Figure 1. Heterogeneity of AP waveform across branches of the axonal arborization. A, Left, Simultaneous electrical (black) and optical (blue) recording of APs in a rat hippocampal neuron
expressing QuasAr stimulated with 100 pA current injections for 10 ms at 8 Hz. Optical acquisition frame rate 2 kHz. Right, Average response from 40 trials peak aligned to electrophysiological APs.
Inset shows basal QuasAr fluorescence. Scale bar, 5 �m. B, Montage of several fields (mOrange fluorescence) from a dissociated hippocampal neuron expressing QuasAr-mOrange. Inset image
shows the axon branches expressing QuasAr’s inherent fluorescence in far red. Scale bar, 20 �m. C, Left, QuasAr fluorescence intensity of the branches shown in B stimulated with single stimuli
recorded at 2 kHz. Right, Average (100 trial) AP recorded from the branches shown in B (n � 9). D, Schematic model of axon branches describing intrabranch and interbranch boutons. E, 	F image
of SypGCaMP (green) with inset showing 	F DarkQuasAr fluorescence in white from stimulation with 1 AP. Scale bar, 5 �m. F, AP waveforms from associated axon shown in E with colors of ROIs
matched with waveforms. G, Coefficient of variation of AP peak between intrabranch and interbranch for three recorded regions of the axonal arborization (n � 8). H, CV of AP FWHM between
intrabranch and interbranch for the same cells in G. Error bars indicate mean � SEM. *p � 0.041, Student’s t test.
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amplitude of 7.1 � 1.4 for intrabranch, whereas the interbranch
CV was 19.3 � 7.3 (Fig. 1G). A difference was also observed for
the FWHM between branches with a CV of 5.6 � 1.7 intrabranch
and 11.1 � 0.7 interbranch (Fig. 1H). Different membrane inser-
tion of the QuasAr indicator cannot be ruled out as a source of
variability in AP amplitude between branches. However, variable
membrane insertion of our indicator would not explain the variabil-
ity in interbranch FWHMs. No branches failed to respond to stim-
ulation when measuring from three different axonal branches of an
arborization and no noticeable bleaching was observed in our mea-
surements. These results indicate significant heterogeneity of the AP
waveform between branches of the unmyelinated axon. The changes
in interbranch amplitude could be related to heterogeneous Nav

activity across the unmyelinated axon branches.

Heterogeneous Nav activity between axonal branches
QuasAr requires high temporal sampling rates that necessitate
small sampling windows (�12 � 32 �m), so we required a slower
indicator to measure large sections of the axonal arborization at
lower sampling rates. Therefore, we turned to measurements of
Ca 2� as a proxy for AP arrival across the axonal arborization
(Cox et al., 2000) using the Ca 2� indicator GCaMP6F (�20 ms
response kinetics) (Chen et al., 2013) fused to synaptophysin
(SypGCaMP) for synapse specificity (Li et al., 2011) to give a
robust indication of AP arrival at synaptic terminals (Fig. 2A). To
determine relative Nav activity across the axonal arborization,
we challenged control neurons by perfusing low concentrations
(1–30 nM) of TTX and stimulating neurons expressing SypGCaMP
with a brief train of APs. TTX is a broad inhibitor of Nav channels.
Surprisingly, we did not detect uniform TTX sensitivity across a
single axonal arborization. Instead, we observed a significant heter-
ogeneity in TTX sensitivity for a single neuron, in which individual
branches of the axon stopped responding to stimulation at different
concentrations of TTX and “failed” to propagate (Fig. 2B, red and
yellow arrows). We defined branch failures in these measurements as
a decrease in 	F/F of SypGCaMP after TTX treatment that was

10% of pre-TTX fluorescence (3-fold above the SD of baseline
fluorescence). Individual branches started to demonstrate AP
propagation failure even with very low (�1 nM) levels of TTX,
consistent with comparatively high TTX sensitivity in excitatory
axons, as described previously (Prakriya and Mennerick, 2000).
Nevertheless, some branches still retained AP-evoked Ca 2� re-
sponses at 30 nM TTX despite elaborating from a single cell (Fig.
2C). This unexpected heterogeneous response to TTX was not
due to impaired health of the hippocampal neuron over the
course of the experiment because all Ca 2� responses returned to
initial levels after TTX washout (Fig. 2C,D). Although unlikely
due to our small perfusion volumes (
150 �l) used in live-cell
imaging, we tested whether these heterogenous responses to TTX
could be due to local variability in TTX concentration resulting
from perfusion. Therefore, we used a static bath application of
TTX and repeated the measurements across multiple trials. The
failed response of certain branches to AP stimulation was consis-
tent across trials, with the same branches failing to respond to
subsequent rounds of stimulation for �30 min (Fig. 2E). The
large variability in TTX susceptibility across branches of a single
axonal arborization suggests a significant local heterogeneity in
Nav activity or a molecular repertoire of ion channels and associ-
ated subunits between branches of the unmyelinated axon.

Branch points demarcate variability in AP propagation
Interestingly, when mature (DIV 14 –23) neurons were chal-
lenged with TTX, the loss of AP-evoked Ca 2� was not selective

for individual boutons, but was for contiguous boutons along
select axonal branches. To confirm the location of failures more
clearly, we also measured SypGCaMP signals in less complicated
axonal arborizations from DIV 12–13 neurons, in which we
could often trace the origin of failures to what appeared to be
bifurcations (Fig. 3A). Recent studies have found local changes of
the AP in other small-diameter axons, indicating a more active
contribution of local voltage-gated ion channels to electrical sig-
naling (Kawaguchi and Sakaba, 2015; Rowan et al., 2016). There-
fore, we measured synaptic Ca 2� responses at a branch level in
relation to TTX propagation failures (Fig. 3B). To accomplish
this task, we measured SypGCaMP responses in branches of an
axonal arbor by stimulating with 10 AP trains before and after
TTX application at various concentrations until we could identify
�30% of synapses failing (Fig. 3C). To determine the physio-
logical significance of branch responses to TTX in relation to
synaptic Ca 2� influx, we measured synaptic Ca 2� level for 1 AP
stimulation in branches of axons that responded to AP stimula-
tion in the presence of TTX (TTX-Success) and those that did not
(TTX-Failure) (Fig. 3D). We found that TTX-Success branches
of the axon had a significantly higher (19%) increases in Ca 2�

influx (0.82 � 0.05 	F/F) compared with TTX-Failure branches
(0.68 � 0.05 	F/F) (Fig. 3E). These results indicate a potentially
significant role of branches of an arborization to tune presynaptic
output that is molecular or geometrical in nature.

Axon geometry does not alter AP propagation fidelity
As APs actively propagate through unmyelinated sections of the
axon, they encounter several geometric irregularities such as en
passant boutons and branch points. These changes in diameter
and membrane surface along the axon may alter the AP wave-
form (Lüscher and Shiner, 1990). We assessed this possibility
experimentally by measuring axon morphology optically beyond
the diffraction limit at 125 nm resolution using an Airyscan
(Zeiss) detector to measure axon geometry taking advantage of
QuasAr’s excellent membrane trafficking with a representative
image shown in Figure 4A. We combined this sensitive spatial
resolution with SypGCaMP responses with or without TTX to
induce branch point failures and measured differences in mor-
phology related to AP propagation success. Measuring in both
indicators separately was possible due to the orthogonal emission
spectra of the mOrange2-labeled QuasAr and GFP-based
GCaMP (Fig. 4B). We assessed SypGCaMP responses from a
train of 20 APs delivered at 20 Hz before and after TTX applica-
tion (Fig. 4B). Failures were identified by an average drop of
�90% in Ca 2� influx before TTX application across all adjacent
boutons of an axonal branch. An example of SypGCaMP mea-
surements is shown in Figure 4C of the intersection of three axon
collaterals at one branch point from the axon shown in Figure 4B.
We then measured the average diameter (axon � boutons) of
branches under TTX application that had a successful (TTX-
Success) or failed (TTX-Failure) AP-induced Ca 2� response. Fig-
ure 4D shows the diameter measurements corresponding to
branches, “a– c” from Figure 4B. Overall, we did not find any
significant difference between the average axonal diameter of
branches that failed or were successful (TTX-Success; 602 � 49
nm, TTX-Failure; 656 � 65 nm, p � 0.1; Fig. 4E). As a control, we
also compared the axon diameters of branches that did not dis-
play any failure when challenged with low (
9 nM) TTX, which
were also nearly identical to impaired branches in morphology
(631 � 49 nm, p � 0.1; Fig. 4E). To verify how well our prepa-
ration of QuasAr-transfected cells represented hippocampal
neurons with Airyscan resolution, we measured the axon and
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boutons diameters across the arborization (Fig. 4F) with synaptic
identity confirmed by SypGCaMP responses. We found that our
cells had an average axon diameter of (392.28 � 5.58 nm, 428
axon segments, n � 22 cells; Fig. 4G, top) and bouton diameter of
(964.01 � 19.56 nm, 265 boutons, n � 22 cells; Fig. 4G, bottom),
which are in excellent agreement with previous measurements of
axons (�200 nm) from neuropil of the hippocampus using elec-
tron microscopy (Mishchenko et al., 2010) taking diffraction of
light into account. Although axon diameter was not related to the
success/failures of AP propagation, we also assessed how bouton

density alters propagation success because boutons often have
much higher changes in geometric ratio than axon branch points.
To assess this possibility, we measured synaptic bouton density
along sections of the axon using SypGCaMP as a marker compar-
ing collaterals of successful verses failed propagation when chal-
lenged with TTX. Again, we did not find any differences between
branches based on the density of en passant synapses that were
predictive of propagation failures (n � 8 cells, p � 0.910; data not
shown). Together, these results suggest that geometry and im-
pedance mismatches alone are not predictive of propagation fail-

Figure 2. Heterogeneity of TTX sensitivity across branches of the axonal arborization. A, Montage of 	F images obtained for trains of 20 AP at 20 Hz stimulation from one axon in a dissociated
hippocampal neuron expressing SypGCaMP. Scale bar, 20 �m. B, Representative 	F image obtained for a 20 AP stimulus with different concentrations of TTX from a SypGCaMP transfected neuron’s
axonal field. Yellow arrows indicate branches which were sensitive to 3 nM TTX treatment and red arrows indicate branches that were sensitive to 12 nM TTX treatment. Scale bar, 20 �m. C, Ratio of
responsive boutons to 20 AP stimulus with different concentrations of TTX and washout (WO) to that of 20 AP stimulus without TTX (n � 9). Error bars indicate mean � SEM. *p 
 0.05, ANOVA with
Tukey’s post hoc comparisons. D, Average trace of measured SypGCaMP response to 20 AP stimulus under control condition and with TTX and washout (WO). E, 	F SypGCaMP images of an axonal
field stimulated with a train of 10 AP at 50 Hz stimulation at various time points before and in the presence of 1 nM TTX. TTX incubation induced selective AP propagation failure in the same branches
across each trial (time points for TTX application in top right corner of image). Toxin was washed out and reapplied for the second row; note the repeated loss of selective branches of synapses from
the axonal field. Scale bar, 20 �m.
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ures at branch points, suggesting that diversified and local
molecular repertoires within the axon dominate this process.

Nav�2 modulates AP-evoked calcium entry at
presynaptic terminals
Given Nav�2’s previously implicated role for controlling Na�

currents in myelinated axons, we decided that Nav�2 would be a
good candidate with which to modulate axonal Na� in unmyeli-
nated axons and AP-evoked Ca 2� at synapses. We confirmed the
presence of Nav�2 in our cultures, as well as the Nav�1.2 and
Nav�1.6, the expression of which increased markedly during
maturation (Fig. 5A,D). We made use of shRNA-targeted knock-
down to deplete endogenous levels of Nav�2 cotransfected with
SypGCaMP. Genetic knock-down resulted in an �70% depletion
of endogenous levels of Nav�2 (p 
 0.05; Fig. 5B,E). To confirm
specificity of knock-down by Western blot and to quantify
knock-down efficiency, we used rat-derived INS-1 cells due to
their ease of transfection, which showed 94% depletion of endog-
enous levels of Nav�2 when correcting for transfection efficiency
(p 
 0.05; Fig. 5C,F). Next, to determine the role of Nav�2s in
modulating axonal Na� and AP-evoked Ca 2� at synapses, we
made use of shRNA-targeted knock-down in conjunction with
measurements of Ca 2� influx using SypGCaMP. We compared
Ca 2� influx in the two conditions by stimulating with a train of
20 APs at 20 Hz while imaging at 100 Hz (Fig. 6A). This rapid
optical sampling allowed us to extract a measurement of Ca 2�

influx in response to individual APs during the train of stimula-
tions (Fig. 6B). We converted this nonlinear response of the Ca 2�

indicator based on the reported Hill coefficient for GCaMP6F
fluorescent responses to various Ca 2� concentrations (Chen et
al., 2013). Peak Ca 2� influx during the train was not reduced
(Fig. 6C). However, when stimulated with a single AP, the re-

sponse from Nav�2 shRNA-transfected neurons was reduced by
half (47.5 � 4.0%; p 
 0.05) compared with control neurons
(Fig. 6D). Single AP stimulations were more strongly impaired by
Nav�2 deficiency compared with trains. We attribute this obser-
vation to the slow off-rates of the GCaMP reporter, which can
complicate Ca 2� influx measurements during AP trains. We
were curious whether this reduction in AP-evoked Ca 2� influx
was for a select population of measured synapses within a single
axonal arborization or if they were universally reduced. There-
fore, we also measured single AP Ca 2� responses for individual
synapses and found a shift in peak responses more consistent
with an overall reduction with Nav�2 shRNA (Fig. 6E). These
results suggest that Nav�2 plays an important role in controlling
axonal Nav activity levels and its loss impairs AP-evoked Ca 2�

influx. We speculated that Nav�2 shRNA-transfected cells may
have a lower density of functional Navs within the axon either due
to altered voltage sensitivity or membrane insertion. Therefore,
axonal TTX sensitivity should be increased in Nav�2 shRNA-
transfected neurons. We compared Ca 2� influx as a proxy for AP
propagation across the arborization of control, Nav�2 shRNA-
transfected neurons, and neurons overexpressing a human vari-
ant of Nav�2 (hNav�2 OE), respectively (Fig. 6F). We observed a
significant shift in TTX sensitivity for Nav�2 shRNA-transfected
neurons with much higher failure rates to lower concentrations
of TTX between 1 and 12 nM TTX application (p 
 0.05; Fig. 6G).
No observable shift was seen in TTX resistance for hNav�2 OE
neurons, indicating potential endogenous saturation levels of the
subunit. The combined results of impaired AP-evoked Ca 2� in-
flux and increased TTX sensitivity suggest that Nav�2 deficiency
impairs Nav activity directly within the unmyelinated axon or
there is a significant shift in the balance of Nav and Kv channels.

Figure 3. Nav activity levels influence synaptic Ca 2� influx at the level of branches within the axon. A, 	F SypGCaMP � 6 nM TTX stimulated with a train of 20 APs at 20 Hz. TTX induced AP
propagation failure that occurred at a branch point of the axon (*). Scale bar, 20 �m. B, Schematic model of axonal Navs influencing the magnitude of presynaptic Ca 2� influx. Branches will respond
successfully to AP stimulation when challenged with TTX (TTX-Success) or fail to respond (TTX-Failure). C, 	F images obtained for the trains of 10 AP at 50 Hz stimulation in untreated and 6 nM TTX
conditions. Blue- and pink-colored boutons indicate successful and failed responses to 6 nM TTX, respectively. Scale bar, 20 �m. D, Presynaptic Ca 2� influx induced by a single AP stimulus (arrow)
from post hoc identified TTX-Success and TTX-Failure branches. E, Averaged linearized single AP 	F/F increases in TTX resistant branches in untreated neurons (n � 15). *p � 0.0028; paired t test.
Error bars indicate mean � SEM.
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Nav�2 modulates the axonal AP waveform
To assess the relationship between Nav�2 and the sculpting of the
AP waveform within the unmyelinated axon, we made subcellu-
lar measurements using QuasAr. We first measured AP initiation
by recording from the soma under control and Nav�2 shRNA
conditions (Fig. 7A). We found that the somatic APs generated
immediately after initiation of the AP at the axon initial segment
were similar in amplitude (p � 0.54) between control (30.2 �
3.7%) and Nav�2 shRNA-transfected neurons (33.5 � 2.2%; Fig.
7B). This was also true of the overall AP shape with hyperpolar-
ization and decay; we compared their FWHM between condi-
tions, which were also similar (p � 0.93) between control (1.26 �
0.05 ms) and Nav�2 shRNA-transfected neurons (1.27 � 0.12
ms; Fig. 7C). These results indicate that Nav�2 does not play an
essential role in AP initiation despite some enrichment within the
axon initial segment (Fig. 7A), which matches previous data as-
cribing a more defined functional role for Nav�1 at the axon
initial segment and soma of excitatory neurons (Wimmer et al.,
2010). However, recordings of the axonal AP (Fig. 7D) showed
that Nav�2 shRNA-transfected cells displayed a significantly
(p � 0.037) reduced AP amplitude (31.9 � 1.8% 	F/F) com-
pared with control cells (37.4 � 2.6% 	F/F; Fig. 7E). There was
not a significant difference between the FWHM of these record-

ings (p � 0.26) in control (1.4 � 0.1 ms) and Nav�2 shRNA-
transfected neurons (1.6 � 0.1 ms; Fig. 7F). Strikingly, Nav�2
shRNA-transfected neurons displayed a loss of successful AP po-
tential propagation fidelity in control conditions using optical
measurements of membrane potential across the arborization,
with a representative cell and recording shown in Figure 7G. We
were able to measure the axonal AP in Nav�2 shRNA-transfected
neurons successfully in at least three spatially distinct branches
(10 �m section) of the axonal arborization for each cell. All con-
trol cells responded with a defined AP spike, whereas 
15% of
Nav�2 shRNA cells had AP responses across all measured
branches of the axon (Fig. 7H). Importantly, all axonal record-
ings were made from cells in both conditions in which successful
AP generation could be observed at the soma indicating robust
electrical excitability. To ensure that our field-stimulus protocol
initiates AP generation at the axon initial segment, we used a very
low input stimulus (6 Vcm�2; see Materials and Methods). When
we made distinct subcellular measurements of AP arrival at the
soma compared with the distal axon, we found a reliable delay of
AP peaks of �1.2 � 0.4 ms depending on the measurement lo-
cation within the arborization (using 2 kHz sampling; Fig. 7I).
Considering that these neurons have an estimated conduction
velocity of �0.25 ms�1 (Andersen et al., 2000), this measurement

Figure 4. Axon branch point morphology is independent of AP propagation failure. A, Representative Airyscan image of axons from a hippocampal neuron. Scale bar, 2 �m. B, Representative
	F image obtained from SypGCaMP for a 20 AP stimulus with control (green) and 6 nM TTX (red) with merged images below. Inset image is an expanded and inverted Airyscan image of mOrange
signal from QuasAr to show axon morphology shown in black and white for clarity. Scale bar, 10 �m. C, Ratio of 	F/F from 20 AP stimulus (TTX/Control) for the axon branches labeled in (B; top left).
D, Left, Method to measure axon diameter strategy. Area was measured from thresholded region in the rectangle (blue) in a 4 �m length section of the axon (yellow line) to obtain an average
diameter. Scale bar, 2 �m. Right, Average of axon diameter around axon branch point from B. E, Average axon diameter from neurons showing AP propagation failure and success at branch points
(n � 9 cells) and control neurons (n � 10 cells). F, Top, Representative SypGCaMP 	F image from stimulation with a 20AP train of APs (20 Hz). Bottom, Representative Airyscan image of axon
(QuasAr mOrange signal). Red line indicates diameter of axon shaft and yellow line indicates bouton diameter. Scale bar, 5 �m. G, Distribution of axon diameters (top) and bouton diameters
(bottom) collected from 22 cells.
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seems consistent with estimations of delay, although a calculation
of exact distance is missing because the circuitous route and pro-
lific complexity of axon networks in cultured neurons renders
exact estimations of distance and branching order impossible. If
AP initiation were induced locally within the axon, then recorded
delay would not be measured. As a whole, these results describe a
particularly critical role for Nav�2 in the distal axon to enable
successful propagation of the AP waveform.

Nav�2 maintains AP propagation fidelity
To examine the propagation success of AP invasion across the
arborization in greater detail for Nav�2-deficient neurons, we
sought a robust method to reveal the nonresponding branches
that our QuasAr measurements identified across the axonal ar-
borization. We elicited Ca 2� influx using two stimulation proto-
cols: the first was AP-evoked from field stimulation and the other
was caused by a uniform membrane depolarization stimulated by
a brief (5 s) perfusion of high K� (90 mM) to open presynaptic
Cav (Fig. 8A). We found that all genetic conditions responded
nearly identically to high K� stimulation with a nonsaturating
�650% 	F/F in all boutons ruling out a defect in synaptic Cav

trafficking (Fig. 8B). Comparing these two stimulation condi-

tions allowed us to determine any responsive boutons that failed
to display evoked-Ca 2� influx during electrical stimulation. This
assay allowed us to identify AP propagation failures robustly. It
has been reported previously that excitatory pyramidal neurons
have nearly perfect reliability to transmit single APs and trains of
stimulation using injected Ca 2� dyes to measure AP arrival (Cox
et al., 2000). We confirmed these previous findings are also true
in our cultured neurons, in which we observed that AP propaga-
tion was nearly perfect in control cells when comparing electrical
and high K� stimulation (99.6 � 0.3%). Interestingly, we found
that Nav�2 shRNA-transfected neurons showed prolific branch
failures within the arborization for AP propagation, with only
62.0 � 3.5% of boutons responding to electrical stimulation (Fig.
8C). We explored how unique this phenotype was for the Nav�2
by also subjecting cells to Nav�4 depletion using a commercially
validated shRNA directed against this related subunit because it
was found recently to play a role in the axons of striatal neurons
(Miyazaki et al., 2014). Nav�4 shRNA-transfected neurons did
not elicit any branch point failures, suggesting that AP propaga-
tion at branch points is controlled selectively by Nav�2s in these
excitatory hippocampal neurons (Fig. 8C). Knock-down of Nav�4
did cause a modest but significant decrease for single AP-evoked

Figure 5. Sodium channel subunit expression during axon maturation and knock-down of Nav�2. A, Representative Western blot of Nav�2, Nav�1.2, Nav�1.6, and PSD-95 with matching bands
of �-tubulin (paired to sample shown above) to control for total protein loaded from cultured rat hippocampal neurons from DIV 7 and 14 to represent nascent axons and mature axons.
B, Immunofluorescence staining for SypGCaMP (anti-GFP antibody), Navs (pan-Nav antibody), and Nav�2 in primary cultured hippocampal neurons cotransfected with SypGCaMP and Nav�2 shRNA.
Boxes indicate axon initial segment, yellow lines indicate transfected neurons and blue lines indicate nontransfected neurons. Scale bar, 20 �m. C, Representative Western blot of Nav�2, �-tubulin,
and GFP from rat INS-1 cells to confirm the specificity of the shRNA of Nav�2. GFP was cotransfected for visualization of transfection efficiency (50.75%; n � 400 cells). D, Quantification of Nav�2
expression in cultured rat hippocampal neurons. Nav�2 expression increases during axon maturation in primary cultured hippocampal neurons from DIV 7 to DIV 14. n � 5 individual cultures from
a combination of several pups of mixed genders; *p � 0.018 with DIV 7 group, Student’s t test. E, Quantification of relative expression of Nav�2 in soma of Nav�2 shRNA-transfected neurons
compared with control neurons (n � 25 for control, n � 8 for Nav�2 shRNA-transfected neurons). *p � 0.0095, Student’s t test. F, Quantification of Nav�2 expression in rat INS-1 cells.
Quantification of bands displays a 53 � 4% expression for shRNA exposed cells. Based on a 50.75% transfection efficiency, this predicts a 94% knock-down efficiency (n � 3 individual cultures and
transfections). *p � 0.0014, Student’s t test.
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Ca 2� influx (28.5 � 8.3% reduction, p 
 0.05, n � 11 cells; data
not shown), although the exact degree of knock-down could not
be quantified. Furthermore, the reduction of Nav�2 leads to sig-
nificantly impaired AP activation of presynaptic terminals within
specific branches of the axon. This was determined by all boutons
within a branch remaining silent in terms of AP-evoked Ca 2�

entry independent of AP generation at the axon initial segment.

Branch point failures are not the result of low AP amplitudes
The decreased amplitude of the AP in Nav�2 shRNA-transfected
neurons was reminiscent of the low-amplitude synaptic AP mea-
sured in cells overexpressing �2� Ca 2� channel subunits, as
described previously (Hoppa et al., 2014). We speculated that
perhaps the decreased amplitude of the overall axonal AP in
Nav�2 absent neurons could lead to branch point failures of AP-
evoked Ca 2� entry independent of Nav subunits within branch
points of the axon. Although the overexpression of �2�-1 Ca 2�

channel subunits did lead to a reduction in AP-initiated Ca 2�

influx (Fig. 9A,B), as described previously (Hoppa et al., 2014),
we could not observe any significant AP propagation defects from
a simple lowering of AP amplitude. The ratio of boutons re-
sponding to electrical stimulation compared with high K� stim-
ulation was 93.0 � 2.1% (p � 0.1) using our SypGCaMP assay
(Fig. 9C,D). We attribute this small but insignificant dip in re-
sponding boutons to some trouble with signal detection because

“failures” were not connected within the branch and were simply
a result of overall lower responses. These results indicate a unique
role for the Nav�2 within specific regions of the axon for prevent-
ing AP propagation failures across all branch points of the axonal
arborization that is independent of AP amplitude at presynaptic
terminals.

Nav�2 is essential to maintaining AP propagation fidelity
Our results suggested that Nav�2 provides subcellular tuning of
the AP waveform across various branches of the unmyelinated
axon to maintain AP propagation and ensure synaptic responses
to AP firing. To avoid off target knock-down phenotypes, we
wanted to rescue expression using an exogenous human Nav�2
(hNav�2). To ensure both efficient reduction of endogenous
Nav�2 and rescue with an exogenous hNav�2, we created two
polycistronic expression vectors including a cytosolic mCherry
marker to ensure sufficient expression of sgRNA and Cas9 and
expression of exogenous hNav�2 by linking it with SypGCaMP
on each of the two bicistronic T2A expression vectors (Fig. 10A),
as described previously for efficient polycistronic expression
(Kim et al., 2011). This CRISPR InDel approach mimicked the
shRNA phenotypes for impaired AP-driven synaptic function as
measured by SypGCaMP (Fig. 10B). The impaired AP-driven
Ca 2� entry in neurons with Nav�2 sgRNA for trains of stimula-
tion (sgRNA alone; 70.5 � 4.6% of rescue, p 
 0.05) and for

Figure 6. Presynaptic Ca 2� entry controlled by Nav�2s. A, Average SypGCaMP signals in response to trains of 20 AP at 20 Hz of electrical stimulation. B, Inset of Figure 2A. Each arrow (top)
indicates successive individual AP stimuli. C, Average peak amplitude of Ca 2� transients evoked by trains (20 AP at 20 Hz) of electrical stimulation (Control, n � 22; Nav�2 shRNA, n � 24;
p � 0.059). Each individual trial is the average of 25–35 boutons from a single cell. D, Linearized average Ca 2� transients evoked by single AP stimulation (Control, n � 22; Nav�2 shRNA, n � 24;
*p � 4.17 * 10 -9). E, Histogram of individual synaptic responses (SypGCaMP) from single AP stimulation from each condition. Peak Ca 2� influx level normalized to the first Ca 2� influx level
(Control, n � 22 cells and 763 boutons; Nav�2 shRNA, n � 12 cells and 318 boutons). All values for Ca 2� have been linearized (n � 24). F, 	F images obtained for trains of 20 AP at 20 Hz
stimulation with different concentrations of TTX from a SypGCaMP-transfected neurons’ axonal field (Control, n � 13; Nav�2 shRNA, n � 15; hNav�2OE, n � 14). G, Ratio of responsive boutons
to 20 AP � various concentrations of TTX compared with responsive boutons before application of TTX. WO, Washout. All fluorescence is shown at the same scale across images. Error bars indicate
mean � SEM; *p 
 0.05, ANOVA with Tukey’s post hoc comparisons.
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single AP stimulation (sgRNA alone; 52.5 � 5.8% of rescue, p 

0.05) was fully restored for both stimulations when rescued with
hNav�2 (Fig. 10C,D). Next, we tested overall AP-propagation
efficiency by comparing the ratio of boutons that responded to 20

AP trains with those that responded to
high-K� stimulation. We found that ex-
ogenous hNav�2 expression restored AP-
driven Ca 2� entry in 98.9 � 0.8% of
boutons compared with those elicited by
high K�, whereas sgRNA knock-down alone
found a significant 30% decrease in the ra-
tio of boutons responding to AP stimula-
tion (70.2 � 3.2%; Fig. 10E,F). Again,
these results for electrically induced Ca 2�

entry were independent of the response
to high-K� stimulation (p � 0.245; Fig.
10G). These results are consistent with
Nav�2 as a specific and powerful regulator
of AP propagation across branch points in
arborized unmyelinated axons.

Discussion
In this study, we used a combination of
sensitive, genetically encoded Ca 2� and
voltage indicators to examine the presyn-
aptic AP in unmyelinated axons that form
en passant boutons. We used cultured hip-
pocampal neurons as a proxy for en passant
synaptic terminals such as those com-
monly found in the cortex and hippocam-
pus in vivo. We report larger than expected
levels of heterogeneity in the shape of ax-
onal AP waveform between individual
branches of a single axonal arborization as
measured by the optical voltage indicator
QuasAr (Fig. 1), as well as the TTX sensi-
tivity of AP-evoked Ca 2� entry (Fig. 2).
Detailed optical analysis of axonal geome-
try revealed that axon diameter does not
seem to be a critical factor in the electrical
diversity of branch responses (Fig. 4).
Over the course of the experiments, we
uncovered a critical role of Nav�2 to
modulate AP-evoked Ca 2� influx (Fig. 6),
as well as maintenance of AP propagation
(Fig. 8). The role of Nav�2 to ensure proper
AP-evoked Ca2� entry across an axonal ar-
borization was independent of somatic AP
generation (Fig. 7). Overall, these findings
contribute to a growing importance in the
computational complexity within unmyeli-
nated segments of a single axon (Debanne et
al., 2011) and molecular repertoires that
control the local balances of Nav and Kv to
sculpt local membrane excitability. This
view is opposed to a role for the axon of
simply relaying a digital all-or-none signal
from the hillock to all synapses; modeling
the mammalian axon with cable theory
alone supports a “nanophysiology” in neu-
ronal subcompartments (Holcman and
Yuste, 2015). Although our findings were
made in cultured primary neurons due to
their high optical accessibility, we believe

that their reliability as a well studied model for presynaptic func-
tion will translate into understanding the presynaptic AP modu-
lation in vivo. A collection of molecules have been identified to

Figure 7. Optical measurements of AP waveforms in Nav�2 deficient neurons. A, Average AP recorded from soma in hip-
pocampal neuron expressing QuasAr in control (black) or Nav�2 shRNA (red)-transfected neurons. Representative image of
QuasAr 	F from soma shown in inset. B, C, Average amplitudes (B) and FWHM (C) of somatic AP waveforms as shown in A
(Control, n � 8; Nav�2 shRNA, n � 8). D, Average QuasAr measurements across control and Nav�2 shRNA-transfected axons.
Representative image of axon/bouton QuasAr 	F shown in inset. E, F, Average amplitudes (E) and FWHM (F ) of axonal AP
waveforms as shown in D. Representative image of QuasAr 	F from axon with en passant synapses shown in inset (Control, n �
8; Nav�2 shRNA, n � 8). G, Montage of several fields (mOrange fluorescence) from a dissociated hippocampal neuron expressing
QuasAr-mOrange with Nav�2 shRNA. Inset images showing the soma (bottom) and branches (middle, top) of inherent QuasAr
fluorescence. Representative AP recorded from the regions shown in each inset. Scale bar, 20 �m. H, Cells displaying successful AP
propagation across three branch points and soma (Control, n � 8; Nav�2 shRNA, n � 8). I, Example recording of AP from a single
cell at the soma (black) and axon (blue); note the delay of the AP recorded from the axon compared with the soma, as would be
expected from orthodromic propagation from the initial segment of the axon.
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stabilize and enrich Nav activity to modu-
late AP signaling at axon initial segments
and nodes of Ranvier, but, to our knowl-
edge, this is one of the first unique molec-
ular partners of Nav providing subcellular
modulation of APs in unmyelinated axons.

Subcellular physiology of Nav�2
in neurons
Navs are composed of a large (260 kDa)
pore-forming � subunits encoded by nine
genes and small (36 kDa) � subunits en-
coded by four genes, Scn1b–Scn4b (Isom
et al., 1992; Isom et al., 1995; Catterall et
al., 2005). When purified from the brain,
Nav�s are found in complex with multiple
Nav�s (Brackenbury and Isom, 2011). Co-
expression of Nav�s with various Nav�s
display significant changes in Nav current
density, voltage-dependent gating, and
inactivation kinetics in heterologous cells
(Isom et al., 1994). Nav�2-null mice have
a reduced Na� current density measured
from acutely dissociated neurons and op-
tic nerve axons bundles; however, the
conduction velocity and localization of
channels within the node of Ranvier ap-
pears normal as measured from optic
nerve bundles (Chen et al., 2002). These
optic nerve fibers have been shown previ-
ously to be have resilient conductance
even with minimal Nav concentrations in
the neonatal state, so the role of Nav�2
may be less relevant in these mature small
axon caliper neurons for successful salta-
tory conductance (Waxman et al., 1989).
However, NaV�2-null mice do have unique
protective axonal phenotypes, including a
resistance to allodynia from axon ligation
(Lopez-Santiago et al., 2006), as well as
neurodegeneration in an experimental
model of multiple sclerosis, a disease of
demyelination (O’Malley et al., 2009). It
is thought that enhanced Na� currents
within the axon increase membrane ex-
citability and underlie both of these
maladies. Slight modulation Na� current
component of the waveform during active
propagation within unmyelinated axons
and associated en passant synapses would
potentially have a much greater impact on
neural function, as modeled previously
(Engel and Jonas, 2005). Our data dem-
onstrate a decreased amplitude of axonal
AP and reduced Ca 2� influx at synapses
with acute knock-down of Nav�2 (Figs. 6,
7) that would support a model in which
the loss of Nav�2 would protect against
enhancing Na� currents in unmyelinated
sections of axon. Moreover, a functional
role for the subunits in normally unmyeli-
nated sections of axon was identified
clearly (Figs. 7, 8). Our data cannot rule

Figure 8. AP propagation failure at axon branches in Nav�2 deficient neurons. A, Representative 	F images obtained
from SypGCaMP showing the increase in fluorescence during trains of 20 AP at 20 Hz stimulation or high K � stimulation.
White arrows indicate boutons responding to high-K � stimulation but not electrical stimulation. Scale bars, 20 �m.
B, Average of high-K �-driven bouton Ca 2� influx to measure functional Cavs densities in boutons. C, Ratio of responsive
boutons to 20 AP to that of high-K � stimulation. For all experiments shown (Control, n � 12; Nav�2 shRNA, n � 19;
Nav�4 shRNA, n � 9; hNav�2OE, n � 9). Error bars indicate mean � SEM. *p 
 0.05, ANOVA with Tukey’s post hoc
comparisons.

Figure 9. �2�-1 overexpression induces lower AP amplitude but does not impair AP propagation. A, Average SypGCaMP
signals in response to trains of 20 AP at 20 Hz electrical stimulation for all three conditions (control, Nav�2 shRNA, and �2�-1 OE
neurons). B, Linearized average Ca 2� transients evoked by single AP stimulation. C, Representative 	F images obtained from
SypGCaMP during a 20 AP train stimulation at 20 Hz or high K � stimulation. Scale bars, 20 �m. D, Ratio of responsive boutons to
20 AP to that of high K � stimulation for all four conditions (control, Nav�2 shRNA, and �2�-1 OE neurons; n � 12 for control, n �
20 for Nav�2 shRNA and n � 18 for �2�-1OE). *p 
 0.05, ANOVA with Turkey’s post hoc comparisons. (Control and Nav�2 shRNA
were displayed previously in Fig. 5 but are displayed again here for clarity.)
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out a possible role for Nav�2 in targeting or interacting with other
ion channels such as Kvs. Previous studies revealed that Nav�1
interacts with Kv1, Kv4, and Kv7 to enhance their activity during
membrane depolarization (Marionneau et al., 2012; Nguyen et
al., 2012). We do not think that Nav�2 follows this interaction
model because the loss of Nav�2 caused the opposite response on
our axonal APs, where they lost amplitude rather than gained.
Furthermore, we also think the opposite role is unlikely because
enhanced Kv activity to decrease AP amplitude would also likely
lead to a thinner AP FWHM, which we did not observe (Fig. 7).
Based on this evidence of shorter and wider APs, we think that
Nav�2 follows a more classic interaction with the Nav� for sur-
face trafficking and modulation of gating, which, due to the fine
structure of the axon, is hard to parse experimentally. We can also
not comment on whether axons contain heterogeneities in
Nav1.6 and Nav1.2 �-subunit levels because both channels are
expressed in these cells with nearly identical sensitivities to TTX
(Rosker et al., 2007). It is interesting to speculate that various
combinations of Nav� and Nav� have defined subcellular targets,
not only within the axon, but also between myelinated and un-
myelinated sections given their divergent roles in the nervous
system. Both Nav�1 and Nav�4 have been found to enrich at the
axon initial segment with potentially antagonistic roles in mod-
ulating excitability (Aman et al., 2009). Thus far, branch points
have not been considered a subcellular signaling domain in the

axons relevant to AP shape, but data from us and others (Rowan
et al., 2016) point to further investigation of axon collateral het-
erogeneity in electrical signaling.

Implications of heterogeneous axonal Nav activity for
excitatory transmission
AP propagation is generally quite reliable in terms of AP invasion
throughout the axon (Cox et al., 2000; Apostolides et al., 2016).
Detailed measurements of CA1 axons in slices using loose-seal
recordings indicated reliable transmission of APs overall, but a
heterogeneity between branches for transmission, especially at
high-frequency stimulation (Raastad and Shepherd, 2003). Our
results agree with a reliable transmission, but we speculate that
this transmitted waveform is not uniform in its shape, which
could be due in part to varied levels of Nav activity between
branches of the axon based on optical measurement of the AP
waveform (Fig. 1) and experimental evidence using TTX phar-
macology (Fig. 2). What determines higher Nav activity within
the unmyelinated axon? We were unable to image endogenous
Nav� isoforms or Nav�2 in such small-diameter axons due to the
background of Nav in adjacent dendrites and potentially cocul-
tured astrocytes. By geometry, the two biggest impedance barri-
ers within the axon are the synaptic boutons and the axon branch
points. Our physiological data did not find a correlation with the
synaptic bouton densities or geometry within given branches that

Figure 10. Human Nav�2 rescues single AP-driven Ca 2� influx deficits associated with Nav�2 reduction. A, Schematic describing the human Nav�2 construct linked to SypGCaMP via a T2A
peptide (top). Schematic describing the construct that uses the hU6 promoter to drive Nav�2 sgRNA expression and the CBh promoter to drive Cas9 and mCherry expression (bottom). B, Average
SypGCaMP signals in response to the trains of 20 AP at 20 Hz stimulation. This trace is the average of 27 boutons from a single cell. C, Average of AP peak amplitudes of Ca 2� transients evoked by
the trains of 20 AP at 20 Hz stimulation (rescue, n � 16; Nav�2 sgRNA, n � 20). *p � 0.00064, Student’s t test. D, Average of linearized Ca 2� transients evoked by single AP electrical stimulation.
*p � 6.8 * 10 �6, Student’s t test. E, Representative images (SypGCaMP) of 20 AP-driven or high K �-induced presynaptic Ca 2� influx from boutons. Arrows indicate boutons responding to high
K � stimulation, but not electrical stimulation. Scale bars, 20 �m. F, Average 20 AP stimulus-driven bouton Ca 2� influx (rescue, n � 17; Nav�2 sgRNA, n � 24). Shown is the ratio of responsive
boutons to 20 AP to that of K � solution. *p�0.0074, Student’s t test. G, Average of high-K �-driven bouton Ca 2� influx to measure functional Cavs densities in boutons. Error bars indicate mean�
SEM. p � 0.25, Student’s t test.
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failed to propagate APs (Fig. 4); therefore, we believe the enrich-
ment of Nav activity to be perisynaptic. Furthermore, our obser-
vance of failed propagation was usually traced to the start of a
branching event (Fig. 3), indicating a specific role for the branch
point to modulate AP propagation. We attribute this observed
heterogeneity to molecular repertoires of channels and binding
partners rather than morphology. Ultimately, small CNS neu-
rons with bifurcating axons such as those in the hippocampal
CA1 invade brain regions with different release properties despite
identical cellular origins of the axon (Ali et al., 1998). These cells
may use the AP as a flexible signal in which overall transmission is
reliable, but the information it conveys to activate synaptic trans-
mission varies at the level of branches or even synapses. There-
fore, local axonal membrane excitability is not a red or green light
for propagation, but a powerful subcellular lever controlling the
spread of excitation in the brain. That being said, we do not
believe AP shape to be the only lever controlling the variability of
vesicle release probability. It is influenced by several factors, in-
cluding vesicle pool dynamics, fusion machinery, as well as the
properties of Cavs (Rizzoli and Betz, 2005; Catterall and Few,
2008; Südhof and Rothman, 2009; Körber and Kuner, 2016). The
use of new tools to make detailed measurements of the AP in
various preparations will improve our understanding of electro-
genic properties of the axon to influence synaptic transmission
going forward. Recent evidence using electron microscopy has
shown that presynaptic Cav density alone does not adequately
explain heterogeneity in Ca 2� influx within axonal branches in-
nervating various sections of the hippocampus, indicating a po-
tentially critical role for the presynaptic AP waveform (Éltes et al.,
2017). Given the critical role of en passant synapses and unmyeli-
nated sections of axon in vivo within areas such as Schaffer col-
laterals in the hippocampus, these findings and further lines of
inquiry could prove useful for specific molecular modulation of
subcircuits in the brain.
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