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e Nav1.6 mediates Iy.p and self-sustained spiking activity in
bistable motoneurons

e Silencing Nav1.6 in spinal motoneurons alters posture and
locomotor performance

e Nav1.6 works with Nav1.7 to mediate Iy.p and bursting
pacemakers within locomotor CPG

e The Nav1.71-Nav1.6 partnership generates the locomotor
rhythm
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In brief

Drouillas et al. show how Nav1.7 and
Nav1.6 channels regulate spinal
locomotor activity. Nav1.6, by mediating
persistent sodium current (Iyap) in
bistable motoneurons, produces postural
tone and ampilifies locomotor outputs.
Together with Nav1.1, it drives the
locomotor rhythm by mediating /nap-
dependent bursting activities in
interneurons of the central pattern
generator.
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SUMMARY

Persistent sodium current (/yap) in the spinal locomotor network promotes two distinct nonlinear firing pat-
terns: a self-sustained spiking triggered by a brief excitation in bistable motoneurons and bursting oscilla-
tions in interneurons of the central pattern generator (CPG). Here, we identify the NaV channels responsible
for Iyap and their role in motor behaviors. We report the axonal Nav1.6 as the main molecular player for Iyap in
lumbar motoneurons. The inhibition of Nav1.6, but not of Nav1.7, in motoneurons impairs Iy,p, bistability,
postural tone, and locomotor performance. In interneurons of the rhythmogenic CPG region, both Nav1.6
and Nav1.1 equally mediate /y,p. Inhibition of both channels is required to abolish oscillatory bursting activ-
ities and the locomotor rhythm. Overall, Nav1.6 plays a significant role both in posture and locomotion by
governing Inap-dependent bistability in motoneurons and working in tandem with Nav1.1 to provide Iyap-

dependent rhythmogenic properties of the CPG.

INTRODUCTION

The spinal central pattern generator (CPG) is a neural network
that plays a pivotal role in generating rhythmic motor patterns,
essential for locomotion in vertebrates. The CPG operates
autonomously but can be modulated by sensory feedback and
higher brain centers, ensuring adaptability to environmental
needs.”? Positioned downstream of the CPG, motoneurons
act as the “final pathway”, relaying CPG commands to the mus-
cles to initiate movement.

Within motor CPGs, rhythm generation is theorized to emerge
from two primary mechanisms.>* The “emergent properties”
mechanism proposes that rhythmic activity is a consequence
of the synergistic interactions between excitatory and inhibitory
interneurons, with no individual neuron inherently possessing
rhythmic characteristics. On the other side, the “pacemaker-
driven” hypothesis contends that specific neurons or neuron
clusters, characterized by distinct ion channel dynamics, intrinsi-
cally manifest rhythmic behaviors, subsequently shaping the
rhythmic activity across the entire network. These two mecha-
nisms, while distinct, might not operate in isolation. Recent
studies suggest an interplay between the global network dy-
namics and the innate attributes of individual neurons, playing
a pivotal role in determining the rhythmic locomotor outputs of
the CPG.>°

Central to the rhythmogenic module of the locomotor CPG are
a group of excitatory interneurons exhibiting membrane oscilla-
tions within a frequency range congruent with typical locomotor

uuuuu

rhythms, primarily due to the persistent sodium current (/ngp).* "

The pivotal role of Iyap in locomotion becomes even more
evident when observing that an activity-dependent increase of
Inap coincides with the emergence of the locomotor rhythm.‘r"8
Conversely, inhibiting Iyap in vertebrates leads to a marked
disruption in this rhythm, emphasizing its critical nature in the
locomotion process.®'?7'® These findings collectively highlight
the fundamental role of /y4p in driving the locomotor rhythm, pri-
marily by fostering neuronal oscillations within the CPG. How-
ever, the role of Iyap is not limited to rhythm generation alone.
It also plays a crucial role in amplifying synaptic current, notably
by facilitating a self-sustained spiking activity in spinal motoneu-
rons, which can be initiated by a brief excitatory input.'”~'° This
bistable behavior has recently been shown to be linked to the
maintenance of postural tone in the hindlimbs.?° In sum, in
agreement with motor dysfunctions often associated with its
alteration,”’ ™’ Iy.p appears to be critical for the operation of
the spinal locomotor network in vertebrates.

Despite our progress in understanding the functional roles
played by Inap Within the spinal locomotor network, there re-
mains a significant gap in our understanding of the specific
Nav channel isoforms that contribute to /n,p. Among the nine
a-subunits, Nav1.1, Nav1.2, Nav1.3, and Nav1.6 predominate
in the CNS.?® We focused on Nav1.7 and Nav1.6 because of their
strong expression within the ventral spinal cord,”®>° while
Nav1.2 and Nav1.3 are predominantly found in dorsal horn sen-
sory neurons.®°"%® Here, we identified Nav1.6 as the molecular
constituent of Iysp in bistable motoneurons and provided
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Figure 1. Distribution of Nav1.1 and Nav1.6
subunits in the axon initial segments (AlSs)
of lumbar motoneurons and interneurons of
the rhythmogenic CPG region for locomotion
(A and D) Representative optical sections showing
the immunostaining of all Nav a-subunits (left,
green), Nav1.1 subunits (top middle, blue), or Nav1.6
subunits (bottom middle, red) along the AlSs (ar-
rowheads) of lumbar L4/L5 motoneurons (A) or L1/
L2 ventromedial interneurons (D). The right panels
are merged images. Scale bars represent 10 um for
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(A) and 5 um for (D).

(B and E) The mean fluorescence intensity profile for
the PanNav (green), Nav1.1 (blue), and Nav1.6 (red)
immunostainings along the PanNav-labeled AIS of
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motoneurons (B, n = 12 cells) and interneurons (E,
* n = 12 cells). For each antibody, the immunofluo-
| ; rescence was normalized to its maximum intensity.
= (C and F) Violin plots of the Pearson’s coefficient be-
tween PanNav and Na1.1 (cyan) or between PanNav
and Nav1.6 (yellow) in motoneurons (C, n = 30-43
cells) and interneurons (F, n = 35-39 cells).
Numbers in brackets in (C) and (F) indicate the
numbers of neurons. Each dot in (C) and
(F) represents an individual neuron. n.s., no signifi-
cance; **p < 0.001 (unpaired t test for C and F).
See also Figures S1 and S2.
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evidence of its critical role in promoting self-sustained spiking to
support a postural tone in hindlimbs. We also found Nav1.6
working in tandem with Nav1.7 within the CPG to produce
both Iyp-dependent oscillations at the neuronal level and the lo-
comotor rhythm at the network level.

RESULTS

Nav1.6 expression predominates in lumbar
motoneurons

To study the subcellular distribution of the two main sodium
channels (Nav1.7 and Nav1.6) of the ventral spinal cord,*%*"
we performed immunohistochemistry both in lumbar motoneu-
rons (L4—Ls) and interneurons of the rhythmogenic CPG region
(L4-Ly) for locomotion. The pan-specific antibody (PanNav) high-
lighted all Nav channel isoforms along ankyrin-G-positive axon
initial segments (AlSs; Figures S1A-S1D). The distribution of
Nav1.1 and Nav1.6 channels is segregated in motoneurons (Fig-
ure 1A). Nav1.1 was expressed proximally within the first 10 uM
of the PanNav staining, while Nav1.6 mostly paralleled the stain-
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more extensively with Nav1.6 than with

Nav1.1 (Figure 1C). In interneurons of the
P rhythmogenic CPG region located in the

ventromedial part of the upper lumbar seg-

ments,***° Nav1.1 and Nav1.6 were ex-

pressed mainly within the first and the sec-
ond half of the PanNav staining, respectively (Figures 1D and 1E).
The distribution of the PanNav staining uniform along the AIS
results from this complementary gradient (Figure 1E). Thus,
PanNav exhibited an equal colocalization with Navi.7 and
Nav1.6 (Figure 1F).

Altogether, the Nav1.6 channels predominate in lumbar moto-
neurons, while the relative expression of Nav1.7 and Nav1.6
appears more balanced in interneurons of the rhythmogenic
CPG region. This observation holds true across the entire lumbar
enlargement (Figure S1E).

Nav1.6 channels are instrumental for bistability in
motoneurons

To explore the biological significance of Nav1.7 and Nav1.6 in
firing properties of spinal neurons, we used ICA-121431 (ICA)
and 4,9-anhydrotetrodotoxin (4,9-ahTTX) as blockers of Nav1.1
and Nav1.6, respectively.’°°® We defined the specific and
optimal concentration of ICA and 4,9-ahTTX as the highest
dose that did not affect characteristics of the spike in Nav1.1~/~
and Nav1.6~/~ motoneurons, respectively. Before proceeding
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Figure 2. Nav1.6 channels are instrumental for bistability in lumbar motoneurons

(A-C, F, and I-K) Voltage traces from motoneurons recorded in response to suprathreshold (A-C), near-threshold (F), or incrementing (I-K) depolarizing pulses
before (A, F, and |, gray, n = 6 mice) or during bath application of ICA-121431 (ICA) (B, F, and J, green, 350 nM, n = 4 mice) or 4,9-anhydrotetrodotoxin (4,9-ahTTX)
(C, F, and K, orange, 200 nM, n = 4 mice).

(D) Quantification of the proportion of bistable motoneurons (n = 12-77 cells).

(E, G, and H) Violin plots of the rheobase (E), peak amplitude (G), and threshold (H) of the action potential (n = 23-70 cells).

(F) Representative individual action potentials (left) with their phase plots (right) generated from the first derivative (dV/dt; y axis) versus membrane potential (mV;
x axis). Dashed lines indicate the spiking threshold (V).

(L) Firing frequency as a function of the amplitude of the current pulse (n = 22-32 cells).

Numbers in brackets in (D), (E), (G), (H), and (L) indicate the number of motoneurons. Each dot in (E), (G), and (H) represents an individual motoneuron. Continuous
lines in (L) represent best-fit functions for experimental data with 95% confidence interval. n.s., no significance; **p < 0.01; ***p < 0.001 (two-tailed Fisher test for
D; one-way ANOVA with multiple comparisons for E, G, and H; comparison of the fits for L).

See also Figure S4.

with the pharmacological experiments, we ensured by immuno-
histochemistry the complete absence of the Nav1.7 and Nav1.6
channels in the Nav1.1 and Nav1.6 knockout mice, respectively
(Figures S2A and S2B). From a dose-response curve, the optimal
concentration was established at 350 nM for ICA and at 200 nM

for 4,9-ahTTX (Figure S3). As we previously reported,’”*° most

of the large motoneurons (~90%) displayed a self-sustained
spiking activity dependent on /y,p and triggered by a brief exci-
tation (Figure 2A). This bistability was insensitive to ICA but abol-
ished by 4,9-ahTTX (Figures 2B-2D). The Nav1.6 blocker
decreased the excitability of motoneurons (Figure 2E) and
altered both waveform and dynamics of the spike more strongly

Cell Reports 42, 113085, September 26, 2023 3
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Figure 3. Nav1.6 channels work in tandem with Nav1.1 channels for generating Iy,p-dependent bursting properties

(A-D) [Ca®*],-free-saline-induced bursting activity recorded from ventromedial interneurons of the rhythmogenic CPG region (L;-Ly) before (A, n = 7 mice) or
during the bath application of ICA (B, 350 nM, n = 5 mice) or 4,9-ahTTX (C, 200 nM, n = 6 mice) or when the two drugs were coapplied (D, n = 7 mice).

(E) Quantification of the proportion of bursting cells (n = 10-27 cells).
(F-H) Quantification of burst parameters (n = 10-13 cells).

(I, L-N, and O) Voltage traces recorded from interneurons of the rhythmogenic CPG region in response to near-threshold (I) or incrementing (L-N) depolarizing
pulses before (I and L, gray, n = 3 mice) or during the bath application of ICA (land M, green, 350 nM, n = 3 mice) or 4,9-ahTTX (I and N, orange, 200 nM, n = 2 mice).
(I) Representative individual action potentials (left) with their phase plots (right) generated from the first derivative (dV/dt; y axis) versus membrane potential (mV;
x axis). Dashed lines indicate the spiking threshold (V1,). (J and K) Violin plots of the peak amplitude (J) and threshold (K) of the action potential (n = 14-28 cells). (O)
Firing frequency as a function of the amplitude of the current pulse (n = 14-28 cells).

4 Cell Reports 42, 113085, September 26, 2023

(legend continued on next page)



Cell Reports

than the Nav1.1 blocker (Figure 2F). Specifically, the spike was
smaller and displayed a higher threshold (Figures 2G and 2H).
Furthermore, ICA and 4,9-ahTTX lowered the firing rate (Fig-
ure 21-2L). Notably, the Nav1.6 blocker diminished the capacity
to spike at high frequencies and led to a frank failure of the repet-
itive firing, not observed with ICA. The genetic deletion of Nav1.1
or Nav1.6 broadly recapitulated the distinct contributions of the
two channels in firing properties of motoneurons, with only
one-third of Nav1.6~~ motoneurons remaining bistable (Fig-
ure S4). In Nav1.6~/~ motoneurons, the expression of Nav1.1
was not restrained to the proximal part of the AIS like in wild
type but was spread along the full length of the AIS
(Figures S2C and S2D). The Nav1.1 colocalized more extensively
with PanNav in Nav1.6 ™/~ than in wild-type motoneurons (Fig-
ure S2E). The compensation was independent of structural
changes as the ankyrin-G expression pattern did not differ
from wild type (Figure S1F). A similar compensation by Nav1.6
did not occur in Nav1.7~~ motoneurons (Figures S2F-S2H).

Overall, these data indicate a critical role of Nav1.6 channels in
setting the excitability and firing properties of motoneurons,
notably by supporting the self-sustained spiking activity that
cannot be supported by Nav1.7 channels.

Nav1.6 partnered with Nav1.1 to generate bursting
properties in interneurons

Most of interneurons (~90%) from the rhythmogenic CPG region
displayed nonlinear firing properties manifested by bursting ac-
tivities dependent on Iy,p and triggered by removing the extra-
cellular Ca* (Figures 3A and 3E).>® In nearly half of these inter-
neurons, the pharmacological inhibition of either Nav1.1 or
Nav1.6 abolished the bursting activity (Figure 3E). In the other
half, the robustness of bursts decreased both in amplitude and
duration without affecting the frequency (Figures 3B, 3C, and
3F-3H). The simultaneous application of the two blockers was
required to abolish all bursting cells (Figures 3D and 3E). Similar
results were obtained in locomotor-related Hb9 interneurons
(Figures S5A-S5D). Bursting activities in Nav1.7~~ and
Nav1.6~'~ mice remained robust, comparable to those recorded
in wild-type mice, but were abolished by 4,9-ahTTX and ICA,
respectively (Figure S5E-S5J). In wild-type interneurons re-
corded in normal artificial cerebrospinal fluid (aCSF), the phar-
macological inhibition of one of the two Nav channels equally
decreased the amplitude of the spike and depolarized the
threshold (Figures 31-3K). Likewise, ICA and 4,9-ahTTX indistin-
guishably lowered the firing rate as the depolarizing current
pulses increased (Figures 3L-30). Smaller spikes were also
observed both in Nav?.7’~ and Nav1.6~/~ interneurons
(Figures S5K and S5L). However, the higher voltage threshold
and the lower firing rate were observed only in Nav1.17/~
interneurons (Figures S5K-S5Q). Once again, partial compensa-
tory mechanisms occurred in Nav?1.6~/~ interneurons with
the Nav1.1 expression extended to the distal part of AIS
(Figures S2I-S2K). Conversely, such homeostatic regulation by
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Nav1.6 was not present in Nav?1.17~/~ interneurons (Figures
S2L-S2N).

Together, these data show that both Nav1.7 and Nav. 1.6 chan-
nels, ubiquitously expressed in the rhythmogenic CPG region,
are partners and that they take an equivalent parts in regulating
spiking properties and dynamics of oscillatory activities in
interneurons.

Inap dominantly relies on Nav1.6 in motoneurons and on
the cooperative gating between Nav1.7 and Nav1.6 in
interneurons
We here examined the contribution of the two Nav channels in
the biophysical properties of Inap. In response to a slow ramp
voltage, motoneurons and interneurons typically displayed a
large inward voltage-dependent current attributable to Iya.p
(Figures 4A and 4E; see also Tazerart et al.?). In motoneurons,
the Nav1.1 blocker ICA did not significantly alter Inap
(Figures 4A-4D). By contrast, the Nav1.6 blocker 4,9-ahTTX
strongly decreased Iygp in amplitude and shifted toward more
depolarized values its voltage activation threshold without modi-
fying the half-activation potential (Figures 4A-4D). The coappli-
cation of 4,9-ahTTX and ICA abolished Iyap (Figure 4B). Data
were recapitulated in Nav1.17~/~ and Nav7.6~/~ motoneurons
(Figures S6A-S6D), and the residual /yp Was abolished by 4,9-
ahTTX and ICA, respectively (Figures S6E-S6H). In interneurons,
in the presence of either ICA or 4,9-ahTTX, the peak amplitude of
Inap Was mostly halved without affecting its activation threshold
or the half-activation potential (Figures 4E-4H). Likewise, the
coapplication of 4,9-ahTTX and ICA abolished /nap (Figure 4F).
Astonishingly, biophysical properties of Iyap in Navi.7~~ and
Nav1.6~/~ interneurons were similar to wild-type littermates
(Figures S61-S6L), but it was almost inhibited by 4,9-ahTTX
and ICA, respectively (Figure S6M-S6P).

These results further support the concept that /y,p is domi-
nantly mediated by Nav1.6 in motoneurons and by the Nav1.7-
Nav1.6 partnership in interneurons.

Nav1.1 and Nav1.6 channels participate in fictive
locomotion

The presence of Iy.p at the level of the CPG is required for the lo-
comotor rhythm generation in rodents.”*" %213 Since the
Nav1.1-Nav1.6 partnership generates Iy.p in the rhythmogenic
CPG region, we examined the role of the two channels in the oper-
ation of the locomotor rhythm-generating network by using whole-
mount spinal cord preparation. During fictive locomotion, the bath
application of ICA or 4,9-ahTTX on rhythm-generating networks
decreased the locomotor burst amplitude without affecting tem-
poral parameters of locomotor outputs (Figures 5A-5E). The
coapplication of the two drugs strongly impaired locomotor out-
puts and ultimately led to them being abolished in most prepara-
tions (Figures 5F-5H). Note that the spinal cords isolated from
Nav1.1~/~ or Nav1.6~'~ mice exhibited a quite normal locomo-
tor-like activity (Figures S7A and S7B).

Numbers in brackets in (E)-(H), (J), (K), and (O) indicate the numbers of interneurons. Each dot in (J) and (K) represents an individual interneuron. Continuous lines
in (O) represent best-fit functions for experimental data with 95% confidence interval. n.s., no significance; *p < 0.05; **p < 0.01; **p < 0.001 (two-tailed Fisher test
for E; two-tailed Wilcoxon paired test for F-H; one-way ANOVA with multiple comparisons for J and K; comparison of the fits for O). Error bars: mean + SEM.

See also Figure S5.
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n = 4 mice).

604 (B-D and F-H) Amplitude (B and F), threshold
(C and G), and half-activation voltage (D and H) of

70— T Inap (N = 10-17 cells).
Numbers in brackets indicate the number of neu-
rons. Each dot represents an individual neuron.
n.s., no significance; *p < 0.05; **p < 0.01;
**p < 0.001 (one-way ANOVA with multiple

(17) comparisons).

See also Figure S6.
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The recurrent recruitment of /yzp in motoneurons has also
been shown to increase the amplitude of the locomotor drive
from the CPG."? To test the role of motoneuron Nav1.7 and
Nav1.6 channels in the integration of rhythmic locomotor inputs,
we applied drugs to motoneuron pools caudally located
(Figures 51 and 5J). The Nav1.1 blocker ICA did not affect fictive
locomotor outputs (Figures 5K and 5M). By contrast, the Nav1.6
blocker 4,9-ahTTX strongly decreased the amplitude, duration,
and regularity of locomotor outputs without affecting the cycle
period (Figures 5L and 5M). Note that these effects were
observed without noticeable alterations of locomotor outputs re-
corded at the CPG level spared from blockers by the Vaseline
barrier (Figures S7TC-S7F).

Together, these data indicate that Nav1.7 and Nav1.6 taken
individually are not essential for the locomotor rhythm generation
but that they work in tandem at the level of the CPG to ensure
rhythmogenesis. Our findings also suggest that Nav1.6 channels
are rhythmically activated in motoneurons to amplify locomotor
outputs.

Silencing Nav1.6 in spinal motoneurons disturbs motor
behaviors

To specifically discriminate the behavioral role of Nav1.6 in spi-
nal motoneurons, we injected the adeno-associated virus sero-
type 2 retrograde (AAV2-retro) encoding the Nav1.6-shRNA
with a green fluorescent reporter (EGFP) into the triceps surae
muscle of neonatal mice. The AAV2-retro was previously shown
to high-efficiently, extensively, and bilaterally transduce most of
lumbar motoneurons after the unilateral intramuscular injection
in neonatal mice.®® Note that the following analyses are not
exclusively focused on the triceps surae motoneurons, as the
viral vector transfects all the motoneurons indiscriminately. As
early as the 2" week post-injection, the expression of EGFP
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80 46.8% + 8.8% of lumbar motoneurons

(533 out of 1,169 large cholinergic
neurons in the L3-L5 ventral horns from
3 mice) were transduced (Figure G6A).
Concomitantly, the viral transfection led to a decrease of the
membrane protein expression of sodium channels in the lum-
bar spinal cord by ~28% (Figure 6B). The weak fixation condi-
tion required for immunostaining Nav1.6 channels is not suffi-
cient to retain the cytosolic GFP reporter from transduced
cells. Despite this constraint, we observed that one-third
(85%) of lumbar motoneurons no longer expressed Nav1.6 at
the AIS (Figures 6C-6F). Compared with motoneurons trans-
duced with the scramble short hairpin RNA (shRNA), the pro-
portion of bistable motoneurons markedly decreased to
~23% in Nav1.6-shRNA mice (Figures 6G-6l) with a significant
decrease of Iy,p amplitude without modifying the activation
threshold (Figure 6J-6L). The amplitude of the spike and firing
rates also decreased without affecting the spike threshold or
the excitability of motoneurons (Figures S4M-S4S).

Mice transduced with Nav1.6-shRNA can be phenotypically
distinguished from control-shRNA mice as early as the 2"
week post-injection. At rest, Nav1.6-shRNA mice typically
showed a wider base of support, with hind paws pointed out-
ward and visible outside the body contour (Figure 7A). Besides
having reduced hind paw print areas (Figure 7B), Nav1.6-shRNA
mice showed striking locomotor deficits as they failed to adapt to
accelerated speed in the rotarod test (Figure 7C). These locomo-
tor deficits did not fade over weeks and persisted in young
(4-week-old) adult mice (Figure 7C). At this age, our data indicate
that temporal parameters of the stepping movements were
normal in Nav1.6-shRNA mice, with animals walking with a reg-
ular and alternating locomotor pattern, although with a wider
base of support (Figure 7D). However, Nav1.6-shRNA mice ste-
reotypically walked with a markedly collapsed basin (Figure 7E;
Videos S1 and S2). Kinematic reconstruction of hindlimb move-
ments revealed that hip and knee joint angles from Nav1.6-
shRNA mice were ~10° less extended throughout the stance
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N
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phase, while ankle joint angles remained similar to control-
shRNA mice (Figures 7F and 7G). No significant differences
were observed in kinematic variables during the swing phase
(Figures 7F and 7G).

Altogether, these data provide evidence that Nav1.6, as the
molecular constituent of Iyap in lumbar motoneurons, is critical
in promoting self-sustained spiking activity and plays a key
role in producing an efficient postural tone in hindlimbs.

DISCUSSION

The study provides important insights into how the spinal loco-
motor network operates: (1) it shows that Nav1.6 works in tan-
dem with Nav1.7 in CPG interneurons to generate /y,p bursting
and thereby the locomotor rhythm, (2) it identifies Nav1.6 as
the main molecular player for Iysp in bistable motoneurons to
promote a self-sustained spiking activity, and (3) it assigns to
motoneuronal Nav1.6 channels behavioral roles in producing a
postural tone and amplifying the locomotor output.

In our study, the distinct localization of Nav1.7 and Nav1.6
channels along the AIS resonates with earlier observations in
the spinal cord.*®*" This specific spatial organization of sodium
channel isoforms, evident in multiple brain regions, is believed
to modulate neuronal excitability and firing dynamics, facili-
tating accurate temporal encoding and information process-
ing.*>*® We identified Nav1.7 and Nav1.6 as the molecular de-
terminants for most of the /y,p within the spinal locomotor
network. If Nav1.7 and Nav1.6 conduct Iy,p in the rhythmogenic
CPG region, Nav1.6 makes a larger contribution to Inap in mo-
toneurons. This agrees with the predominant expression of
Nav1.6 in the AIS of motoneurons, supposed to be the primary
source of Iyap.** As also found in supraspinal structures,*°~*°
Nav1.6 controls the excitability of spinal neurons by hyperpola-
rizing the spike threshold. The /Iy.p hyperpolarizes the
spike threshold both in motoneurons and CPG interneurons. '
Since Nav1.6 singularly mediates Iygp,*”°°°° it might be
assumed that the persistent Nav1.6 current regulates neuronal
excitability by lowering the spike threshold, especially in
motoneurons.®’

In vertebrates, Inap functions as the primary mechanism to
produce the locomotor rhythm,” and we here show that Nav71.1
and Nav1.6 cooperate to mediate Inop Within the rhythmogenic
CPG region. Both are sufficient for rhythmogenesis, but the com-
bination of the two is required for a robust locomotor rhythm.
When applied over the caudal-most lumbar segments, the
Nav1.6 blocker 4,9-ahTTX reduces locomotor outputs similarly
to the Iyap blocker riluzole.'®'® It is thus believed that the persis-

Cell Reports

tent Nav1.6 current in motoneurons potentiates synaptic drives
from the CPG to amplify locomotor outputs. This is highly plau-
sible considering the role of Iya,p membrane oscillation amplifica-
tion in motoneurons® and in initiating spikes during locomotor-
like inputs.®” As fast walking is more difficult without Nav1.6 in
motoneurons, such mechanisms appear critical for highly
demanding locomotor tasks. It is conceivable that the recruit-
ment of Nav1.6 channels in motoneurons rises with the speed
of locomotion, amplifying drives from the CPG to produce force-
ful motor outputs.

The acute pharmacological inhibition of Nav channels differs
qualitatively from the chronic deletion in genetic models. Specif-
ically, the striking robustness of both bursting cells and the
locomotor rhythm in mutant mice suggests long-term compen-
satory mechanisms. A shift from Na*- to Ca®*-dependent mech-
anism of bursting reported in Nav1.6~/~ Purkinje neurons®® is
unlikely in our Ca®*-free recording solution. A reciprocal homeo-
static expression between Nav channel isoforms may
contribute®®°%5455 put does not appear as the main factor in
our study. An alternative mechanism might involve a lower
recruitment of K* currents in response to the decrease of the
Na* conductance.’®®® This hypothesis appears to be the most
likely since rhythmogenesis of the CPG relies on dynamic inter-
actions between /\zp and the M-current mediated by Kv7.2
channels.”” Because Kv7.2 channels are coexpressed with
Nav channels in CPG interneurons, '® we posit that Nav7.7 and
Nav1.6 are key partners of Kv7.2 in regulating responsiveness
of locomotor-related bursting cells.

Our finding shows Nav1.6 as a key player of the bistability in
motoneurons, while Nav1.7 channels have a secondary role.
The reduction in self-sustained spiking activity may be due to
the unique biophysical properties of Nav1.6, which exhibits a
use-dependent potentiation during a long-lasting discharge.®®
This behavior is in contrast to Nav1.7, which becomes inacti-
vated under similar conditions.®” Once again, we posit the
persistent Nav1.6 current component as critical. This assump-
tion follows earlier studies where bistable motoneurons disap-
pear with the Iyap blocker riluzole, " '®?" irrespective of the spike
threshold shift induced by riluzole.'*62:%:5% Therefore, the sub-
stantial drop in Iyap following the deletion of Nav1.6 offers a bio-
physical basis for the lower capacity of motoneurons to spike
tonically. Collectively, a scenario arises where the persistent
Nav1.6 current leads to a mechanism of self-maintaining moto-
neuronal output as follow: secondary to the recruitment of
Ca®* channels during repetitive spikes, Nav1.6-mediated /yap
indirectly fuels motoneurons in Ca?* to activate Trpm5 channels
governing a plateau potential responsible for the self-sustained

Figure 5. Nav1.1 and Nav1.6 channels participate in fictive locomotion

(A, B, F, I, and J) Schematic representation of the whole-mount spinal cord with the recording glass electrodes from the lumbar segment L5 (LsR/L). The yellow
solid line represents the Vaseline barrier. Built at the Lo/L3 level, the Vaseline barrier allows the selective application of drugs over the rostral (A, B, and F, above the

L; segment) or the caudal lumbar segments (I and J, below L; segment).

(C, D, G, K, and L) Ventral-root recordings of NMA/5-HT-induced fictive locomotor activity before and after adding ICA (C and K, 350 nM, n = 12 mice) or
4,9-ahTTX (D and L, 200 nM, n = 14 mice) or the two drugs (G, n = 7 mice) to rostral (C, D, and G) or caudal (K and L) lumbar segments.

(E, H, and M) Quantification of locomotor burst parameters.

Numbers in brackets in (E), (H), and (M) indicate the number of spinal cords. n.s., no significance; *p < 0.05; **p < 0.01 (two-tailed Wilcoxon paired test for E, H, and

M). Error bars: mean + SEM.
See also Figure S7.
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A B Figure 6. Silencing Nav1.6 channels in spinal moto-
AAV2-retro—shRNA-Nav1.6-eGFP MW Ctrl Nav1.6 nel.!rc_ms impairs Iy,p and the self-sustained spiking
(i.m. injection at birth) (kDa) shRNA ~ shRNA activity

(A) Left: native GFP-expressing motoneurons visualized in the
lumbar spinal cord from a postnatal day 10 (P10) mouse and
260 - . . . transduced by the AAV2-retro-shRNA-Nav1.6-EGFP injected
- into the triceps surae muscle at birth. Scale bar represents

200 pum. Insets are high magnifications of the ventral horn

Relative protein level showing native GFP-expressing motoneurons. Scale bar
06 08 10 1.2 represents 50 pm. Right: high magnification of the ventral horn
showing native fluorescence of motoneurons transduced by

ctrl

ShR,r\‘A' (4)e “}—l . AAV2-retro (top) and immunostained for choline acetyl-
Navi.6 * transferase (middle, ChAT antibody; bottom, merged images).
o [N

(B) Top: PanNav immunoblots of lumbar segments from P10
mice intramuscularly injected at birth with the AAV2-retro
encoding either a scramble shRNA (n = 4 mice) or a Nav1.6-
targeting shRNA (n = 4 mice). One mouse per lane. Bottom:
group means quantification of the ~260 kDa band normalized
to scramble-injected controls.
(C-E) Representative single optical sections showing immu-
nostaining against ankyrin-G (C) and Nav1.6 (D) expressed in
AlSs of motoneurons from a P14 mouse transduced by the
Nav1.6-targeting shRNA; merge image in (E). Asterisks indi-
cate the motoneuron nucleus position and arrows AlSs. Scale
bars represent 20 pm.
(F) Proportion of motoneurons double labeled with ankyrin-G
F AnkG*/Navi.6* and Nav1.6 antibodies in mice transduced with the scramble
= AnkG*/Nav1.6- *%k% ShRNA (left, n = 37 cells from 3 mice) or with the Nav1.6-
37) shRNA (right, n = 40 cells from 3 mice).
(G and H) Voltage traces in response to suprathreshold de-

(40)
polarizing pulse and recorded from EGFP+ motoneurons
transduced either with the scramble (G, gray, n = 3 mice) or
with the Nav1.6-targeting shRNA (H, green, n = 4 mice).
100 % () Group mean quantification of the proportion of bistable
motoneurons (n = 13 cells).

Ctrl-shRNA Nav1.6-shRNA (J) Superimposed leak-subtracted /y.p recorded in response

to a slow ramping depolarization from EGFP+ motoneurons
G H 1 transduced either with the scramble (gray, n = 2 mice) or with
the Nav1.6-targeting shRNA (green, n = 2 mice).

Scramble shNav1.6
100- S (K and L) Violin plots of the peak amplitude (K) and voltage
9 threshold (L) of Inap (n = 16-19 cells).
Py Numbers in brackets in (F), (I), (K), and (L) indicate the numbers
c
S 751 of motoneurons. Each circle represents an individual moto-
§ neuron. n.s., no significance; *p < 0.05; ***p < 0.001 (two-tailed
—g 50 Mann-Whitney test for B, K, and L; two-tailed Fisher test for
E - F and I). Error bars: mean + SEM.
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spiking.'”*° By virtue of this recruitment cascade, Nav1.6 chan-
nels serve as the gateway to self-sustained spiking allowing effi-
cient postural tone in muscles.

Nav1.6 is expressed throughout the nervous system but not in
muscles.?>"7%"" |ts global deletion develops ataxia and
tremors of hindlimbs progressing to paralysis.”® The disrupted
function of the motor system likely involves central motor control
impairments but not that of the CPG for locomotion since it op-
erates normally in Nav?1.6~'~ mice (Figures S7A and S7B). The
selective inactivation of Nav1.6 in cerebellar Purkinje neurons re-
sults in ataxia and tremor symptoms without paresis of hin-
dlimbs.“® Here, the selective loss of Nav1.6 in a large proportion
of lumbar motoneurons decreases the hindlimb postural tone
without ataxia or tremors. Then, the neurological disorders of
Nav1.6~~ mice can be decoupled and respectively attributed
to distinct alterations in cerebellar (ataxia, tremor) and spinal
(paresis of hindlimbs) neurons. We recently related the postural
tone deficit to a decrease in the ability of motoneurons to pro-
duce a self-sustained spiking.?° From the present study, a
straightforward conclusion is that Nav1.6 supports most of the
native Iyap involved in promoting self-sustained spiking activity
in bistable motoneurons. Therefore, the postural deficit after de-
leting or silencing Nav1.6 channels can be considered a direct
consequence of the loss of bistable motoneurons. According
to a cell-type-dependent expression of sodium channels,”® a
heterogeneous role of Nav1.6 channels throughout the motoneu-
ronal population might explain the proximodistal gradient motor
deficit observed in Nav1.6-shRNA mice, reminiscent of the prox-
imal muscle weakness reported in Nav1.6~/~ mice.”*

Overall, this study provides insights into the operation of the
locomotor network whereby Nav1.1 and Nav1.6 represent a
functional set of voltage-gated sodium channels that endow
the locomotor CPG with rhythmogenic properties, whereas a
powerful motor output during locomotion is associated with
the cyclic activation of Nav1.6 channels in motoneurons. It also
brings clear support to a specific behavioral role of Nav1.6 in mo-
toneurons in controlling the postural tone by providing Iyap-
dependent bistable properties.

Limitations of the study
Our study provides valuable insights into the roles of Nav1.1
and Nav1.6 within the spinal locomotor network. However,
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some limitations warrant consideration. Primarily, by focusing
on Navi1.1 and Nav1.6, we may have overlooked the potential
contributions of other ion channels or molecular components,
notably  subunits, which could play a pivotal role in regulating
Inap- Additionally, the in vitro conditions, especially the use of a
Ca?*-free recording solution, may not accurately mirror the
complexities of the in vivo environment, potentially influencing
the neuronal behaviors observed. A significant constraint is
that our experiments were predominantly conducted on young
animals still undergoing developmental processes, raising
questions about the applicability of our findings to mature,
adult animals. To achieve a comprehensive understanding of
the spinal locomotor network and its multifaceted functions,
future research should address and expand upon these
limitations.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:
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celrep.2023.113085.

Figure 7. Silencing Nav1.6 in lumbar motoneurons disturbs motor behaviors
(A) Left and middle: top views of 2-week-old wild-type mice transduced either with the scramble shRNA (left) or with the Nav1.6-shRNA (middle). Right: violin plots

of the base of support at rest (n = 5 mice).

(B) Left: typical hind paw prints captured by the CatWalk XT automated gait analysis system from 2-week-old wild-type mice either transduced with the scramble
shRNA (top) or with the Nav1.6-shRNA (bottom). Right: violin plots of the hind paw print area (n = 5 mice).
(C) Violin plots of the latency to fall from a rod rotating at accelerated speed (4—-40 rpm). The mice (n = 7-9 mice) were stratified into two age groups: 2- and 4-week-

old mice.

(D) Violin plots of the base of support (left), step cycle (middle), and regularity index of paw placements (right) during CatWalk locomotion from 4-week-old mice

(n = 8-11).

(E) Side view of 4-week-old wild-type mice freely walking through a corridor on a glass walkway and transduced either with the scramble shRNA (left, n = 7 mice)
or with the Nav1.6-shRNA (right, n = 9 mice). Bottom: color-coded stick decomposition of hindlimb movement during two consecutive steps.

(F) Angular excursion of three joints (hip, knee, and ankle) during the locomotor cycle.

(G) Decoding performance for three joint angles (mean 6 of the hip, knee, and ankle) during the stance and swing phases.

Numbers in brackets indicate the number of mice. Each circle represents an individual mouse. n.s., no significance; *p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed

Mann-Whitney test for A-D and G).
See also Videos S1 and S2.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

polyclonal antibody anti-Nav1.1 Merck-Millipore CAT#AB5204; RRID: AB_91751
polyclonal antibody anti-Nav1.6 Alomone CAT#ASCO009; RRID : AB_2040202
polyclonal antibody anti-Ankyrin G Clinisciences CAT#SC-28561; RRID : AB_633909
monoclonal anti-pan Na, Sigma-Aldrich CAT#S8809; RRID : AB_477552
monoclonal anti-Ankyrin G Merck-Millipore CAT #MABN466; RRID : AB_2749806
Alexa Fluor® 488- anti-mouse IgG Lifetechnologies CAT#A-11017; RRID : AB_2534084
Alexa Fluor® 546-anti-rabbit IgG Lifetechnologies CAT#A-11071; RRID : AB_2534115
polyclonal horseradish peroxidase-conjugated ThermoFisher CAT#31430; RRID : AB_228307
anti-mouse IgG

Bacterial and virus strains

Ultra-purified custom shRNA AAV2-retro virus Vector Builder N/A

(typical titer: >2x10"® GG/ml, minimum titer: >10'® GC/mL)

Chemicals, peptides, and recombinant proteins

NaCl Sigma-Aldrich CAT# 71376

KClI Sigma-Aldrich CAT# P3911

NaH,PO,4 Sigma-Aldrich CAT# S0751

MgSO, Sigma-Aldrich CAT# 1880

CdCl, Sigma-Aldrich CAT# 208299

CaCl, Sigma-Aldrich CAT# 21115

NaHCO3 Sigma-Aldrich CAT# S6014

D-glucose Sigma-Aldrich CAT# G8270

K*-gluconate Sigma-Aldrich CAT# P1847

MgCl, Sigma-Aldrich CAT# M8266

HEPES Sigma-Aldrich CAT# H3375

EGTA Sigma-Aldrich CAT# E3889

ATP Sigma-Aldrich CAT# A9062

GTP Sigma-Aldrich CAT# G9002

Sucrose Sigma-Aldrich CAT# S9378

Tetraethylammonium chloride Sigma-Aldrich CAT# T2265

N-methyl-DL-aspartic acid Sigma-Aldrich CAT# M2137

5-hydroxytryptamine creatinine sulfate Sigma-Aldrich CAT# S2805

kynurenic acid Sigma-Aldrich CAT# K3375

ICA121431 Tocris Bioscience CAT#5066/10
4,9-Anhydrotetrodotoxin Tocris Bioscience CAT# 6159

Paraformaldehyde Ficher Scientific CAT# 50-980-495

Phosphate Buffered Saline Argene Biomérieux CAT# 33-011

Tissue-Tek OCT compound VWR CAT# 25608-930

Triton X-100 Sigma-Aldrich CAT# T9284

Bovine Serum Albumin Sigma-Aldrich CAT# A7906

iodoacetamide Sigma-Aldrich CAT# 11149

Trizma hydrochloride Sigma-Aldrich CAT# T3253

Trizma base Sigma-Aldrich CAT# T1503

Experimental models: Organisms/strains

C57BL/6 mice Charles River Laboratories RRID:IMSR_CRL:643

Nav1.1~/~ mice, 129S-Scn1atm1 Kea/Mmjax The Jackson Laboratory RRID:MMRRC_037107-JAX

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Nav1.6~~ mice, C3Fe.Cg-Scn8a™/J RRID:IMSR_JAX:003798

The Jackson Laboratory

Oligonucleotids
Nav1.6 targeting sequence TTGTCCTGAACACACTATTTA Vector Builder
Scrambled sequence CCTAAGGTTAAGTCGCCCTCG Vector Builder

ID: VB201204-1040dts
ID: VB190708-1058bsm

Software and algorithms

Clampex 10 Molecular Devices v10.3

Clampfit 10 Molecular Devices v10.3

Graphpad Prism Prism RRID: SCR_002798
Zen2.6 (Blue Edition) Zeiss V2.6

Catwalk xt10.6 https://www.noldus.com/catwalk-xt V10.6

Other

Vibrating microtome Leica VT1000S
Temperature controller Warner Instruments CL-100
Nikon Eclipse microscope Nikon E600FN
Confocal microscope Zeiss LSM700
Infrared-sensitive CCD camera Roper Scientific GmbH N/A

Digidata 1550b interface Molecular Devices N/A
Multiclamp 700B amplifier Molecular Devices N/A
Borosilicate glass capillaries World Precision Instruments CAT# TW150-4
Sutter P-97 puller Sutter Instruments P-97

Knittel Glass coverslips Dutscher CAT# 900529
Polysine slides Thermoscientific CAT# P4981

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Frédéric
Brocard (frederic.brocard@univ-amu.fr).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Mice (C57/BI6 background) of either sex (P2-P3 for fictive locomotion experiments, P8-P14 for patch-clamp recordings, P14-P28 for
behavioral experiments) were housed under a 12h light/dark cycle with ad libitum access to water and food. Room temperature was
kept between 21°C and 24°C and between 40 and 60% relative humidity. Mice heterozygous for the Scn1a (Nav1.1*/7) and Scn8a™
(Nav1.6*'~) were purchased from the Jackson laboratory (Bar Harbor, ME). Only homozygous animals were studied. All animal care
and use were in compliance with the French regulations (Décret 2010-118) and approved by the ethics committee (Comité d’Ethique
en experimentation animale, CEEA-071 Nb A1301404, authorization Nb 2018110819197361).

METHOD DETAILS
shRNA construct

Specific shRNA sequence designed to knockdown Nav1.6 transcript (TTGTCCTGAACACACTATTTA) was incorporated into a re-
combinant adeno-associated viral vector serotype 2 retrograde (rAAV2-retro), which features a U6 polymerase promoter to drive
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shRNA expression and a CMV promoter to drive eGFP expression for identification of transduced neurons (Vector Builder, Chicago,
IL). We also used a non-targeting shRNA sequence (CCTAAGGTTAAGTCGCCCTCG) which has no homology to any known genes in
mouse as a control. The standard titers of AAVs were >1 x 10'® GC/mL (genome copies/ml).

Intramuscular vector delivery

The rAAV2-retro has been reported to extensively and high-efficiently transduce spinal motoneurons following a single intramuscular
injection in neonatal mice.*® This technique was therefore chosen by unilaterally injecting the triceps surae muscle. Briefly, in pups
cryoanesthetized at P2, the tip of the microcapillary preloaded with the AAV particles was lowered into the center of the muscle under
optical microscope control. A total volume of 1.5 pl/animal was then slowly injected by hand with the micropipette held in place for an
additional 30 s after injection before being slowly retracted.

In vitro preparations

For the slice preparation, the lumbar spinal cord was isolated in ice-cold (+4°C) artificial CSF (aCSF) solution composed of the
following (in mM): 252 sucrose, 3 KCI, 1.25 NaH,PO4, 4 MgSOy,4, 0.2 CaCl,, 25 NaHCO3, 20 D-glucose, pH 7.4. The lumbar spinal
cord was then introduced into a 1% agar solution, quickly cooled, mounted in a vibrating microtome (Leica, VT1000S) and sliced
(325 pum) through the L1-L2 or L3-L5 lumbar segments. Slices were immediately transferred into the holding chamber filled with
bubbled (95% O, and 5% CO,) aCSF solution composed of (in mM): 120 NaCl, 3 KClI, 1.25 NaH,PQOy4, 1.3 MgS0Oy,4, 1.2 CaCl,, 25
NaHCO3, 20 D-glucose, pH 7.4, 30°C-32°C. After a 30—60 min resting period, individual slices were transferred to a recording cham-
ber continuously perfused with aCSF heated to 32°C-34°C. For the whole-spinal cord preparation, the spinal cord was transected at
T8-9, isolated and transferred with intact dorsal and ventral roots to the recording chamber. The tissue was continuously bubbled
(95% O, and 5% CO,) and perfused with heated (~27°C-28°C) aCSF solution composed of (in mM): 120 NaCl, 4 KCI, 1.25
NaH,PO,, 1.3 MgS0Oy,, 1.2 CaCl,, 25 NaHCO3, 20 D-glucose, pH 7.4.

In vitro recordings. For the slice preparation, whole-cell patch-clamp recordings were performed using a Multiclamp 700B amplifier
(Molecular Devices) from Ls-Ls motoneurons with the largest soma (>400um?) located in the lateral ventral horn or from L;-L, ventro-
medial interneurons adjacent to the central canal, a region proposed to contain a large part of the rhythm-generating locomotor
network.®® Patch electrodes (2-4 MQ) were pulled from borosilicate glass capillaries (1.5 mm OD, 1.12 mm ID; World Precision In-
struments) on a Sutter P-97 puller (Sutter Instruments Company) and filled with intracellular solution containing (in mM): 140 K*-glu-
conate, 5 NaCl, 2 MgCl,, 10 HEPES, 0.5 EGTA, 2 ATP, 0.4 GTP, pH 7.3 (280-290 mOsm). Pipette and neuronal capacitive currents
were canceled and, after breakthrough, the series resistance was compensated and monitored. Recordings were digitized on-line
and filtered at 10 kHz through a Digidata 1322A interface using Clampex 10.3 software (Molecular Devices). The main characteriza-
tion of Iyap Was accomplished by slow ramp increase from —70 mV to —10 mV, slow enough (12 mV/s) to prevent transient sodium
channel opening. All experiments were designed to gather data within a stable period (i.e., at least 5 min after establishing whole-cell
access). For the whole spinal cord preparation, motor outputs were recorded from lumbar ventral roots by means of glass suction
electrodes connected to an AC-coupled amplifier. The ventral root recordings were amplified (x 1,000), high-pass filtered at 100 Hz,
low-pass filtered at 5 kHz, and sampled at 10 kHz. Custom-built amplifiers enabled simultaneous online rectification and integration
(100 ms time constant) of raw signals. Locomotor-like activity was induced by a bath application of N-methyl-DL aspartate (NMA,
10 uM) and 5-hydroxytryptamine (5-HT, 10 uM). In some experiments, a Vaseline barrier was built at the L./L3 level to superfuse
the highly rhythmogenic region of the locomotor network located in the rostral lumbar cord independently from the lumbar enlarge-
ment where most of motoneurons are present.

Assessment of motor behaviors

Walking. The CatWalkXT (Noldus Information Technology, Netherlands) was used to measure walking performance. Each animal
walked freely through a corridor on a glass walkway illuminated with beams of light from below. A successful walking trial was defined
as having the animal walk at a steady speed (no stopping, rearing, or grooming), and three to five successful trials were collected per
animal. Footprints were recorded using a camera positioned below the walkway while a second camera placed parallel to the corridor
captured hindlimb movements of the right side. The paw print and kinematic parameters were then analyzed using the CatWalk and
the deepLabCut softwares, respectively. Rotarod test. Mice were placed on a rotarod (Bioseb) accelerating from 4 to 40 rpm over a
span of 5 min. Mice were given 3 trials with a 30-s inter-trial interval.

Immunostaining

Spinal cords from 2-wk-old mice were dissected and immersion-fixed for 1 h in 0.25% paraformaldehyde (PFA), then rinsed in phos-
phate buffered saline (PBS) and cryoprotected overnight in 20% sucrose at 4°C. Spinal cords were frozen in OCT medium (Tissue
Tek) and 30 um cryosections were collected from the L1-L2 and L4-L5 segments. Slices were rehydrated in PBS at room temperature
for 15 min, permeated for 1 h in a blocking solution (BSA 1%, Normal Donkey Serum 3% in PBS) with 0.2% Triton X-100, and for 12 h
at 4°C in a humid chamber with the primary polyclonal antibody anti-Nav1.7 (1:400; #AB5204, Merck-Millipore from rabbit), or anti-
Nav1.6 (1:200; #ASC009, Alomone from rabbit) or anti-Choline Acetyltransferase (1/200; AB144P, Sigma-Aldrich) or anti-Ankyrin G
(1:500; #SC-28561, Clinisciences from rabbit), or with the primary monoclonal anti-pan Na, (1:1000, #S8809,Sigma from mouse) or
anti-Ankyrin G (1:500; #MABN466, Merck-Millipore from mouse). Slices were then washed 3 x 5 min in PBS and incubated for 2 h
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with Alexa Fluor 488-anti-mouse or 546-anti-rabbit or 546-anti-goat IgG secondary antibodies (1:800, 1:400, 1:400, #A-11017, #A-
11071, A-11056, Lifetechnologies). After 3 washes of 5 min in PBS, they were mounted with a gelatinous aqueous medium. Sections
were scanned using a laser scanning confocal microscope (Zeiss LSM700) in stacks of 0.3—-1 um-thick optical sections at x 63 and/
or x20 magnification respectively and processed with the Zen 12.0 software (Zeiss). Each optical section resulted from two scanning
averages. Each figure corresponds to a projection image from a stack of optical sections. We used identical settings, finely tuned to
avoid saturation, for the whole series.

Nav channels protein quantification

Membrane protein isolation and Western blots. Tissues were collected from spinal cord lumbar enlargements and frozen after
removing the dorsal and ventral roots. For the membrane fraction, corresponding to the plasma membrane-enriched fraction, sam-
ples were homogenized in ice-cold lysis buffer (320 mM sucrose, 5 mM Tris-HCL pH 7.5, 10 uM iodoacetamide) supplemented with
protease inhibitors (CompleteMini, Roche diagnostic Basel, Switzerland). Unsolubilized material was pelleted by centrifugation at
7,000 g for 5 min. The supernatant was subjected to an additional centrifugation step at 18000g for 70 min at 4°C. Pellets were
collected and homogenized in ice-cold lysis buffer (1% Igepal CA-630, Phosphate Buffer Saline 1X, 0.1% SDS, 10 uM iodoaceta-
mide), supplemented with protease inhibitors (CompleteMini, Roche diagnostic). Protein concentrations were determined using a
detergent-compatible protein assay (Bio-Rad). Equal protein amounts (30 ng) from samples were size fractionated by 4-15%
Mini-PROTEAN TGX stain-free gels (Bio-Rad), transferred to a nitrocellulose membrane and probed with the monoclonal anti-pan
Na, (1:500, #S8809, Sigma from mouse) at 4°C overnight in Tris-buffered saline containing 5% fat-free milk powder. The blot was
then incubated for 1 h at 22°C with a polyclonal horseradish peroxidase-conjugated anti-mouse IgG secondary antibody
(1:40000; #31430, ThermoFisher). Signal intensities were measured with the image analysis software Quantity-One (BioRad).

Drug list and recording solutions: Normal aCSF was used in most cases for in vitro electrophysiological recordings (see above).
Ca?*-free solution was made by removing Ca®* chloride from the recording solution and replacing it with an equimolar concentration
of magnesium chloride. Neurons were sometimes isolated from glutamatergic excitatory inputs with the kynurenic acid (1.5 mM). To
isolate Na* currents during voltage-clamp experiments we used a modified aCSF containing (in mM): 100 NaCl, 3 KCI, 1.25 NaH,POy,
1.3 MgS0Oy,, 3.6 MgCl,, 1.2 CaCl,, 25 NaHCOg3, 40 D-glucose, 10 TEA-CI and 0.1 CdCl,. All solutions were oxygenated with
95% 0,/5% CO,. All salt compounds, tetraethylammonium (TEA; #T2265), N-methyl-DL-aspartic acid (NMA; #M2137),
5-hydroxytryptamine creatinine sulfate (5-HT; #52805), were obtained from Sigma-Aldrich, 4,9-Anhydrotetrodotoxin (4,9-ahTTX;
#6159) and ICA121431 (ICA; #5066/10) from Tocris Bioscience.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis

Electrophysiological data were analyzed offline with Clampfit 10.7 software (Molecular Devices). For whole-cell recordings, several
basic criteria were set to ensure optimum quality of intracellular recordings. Only cells exhibiting a stable resting membrane potential,
access resistance (no > 20% variation) and an action potential amplitude larger than 40 mV under normal aCSF were considered.
Passive membrane properties of cells were measured by determining from the holding potential the largest voltage deflections
induced by small current pulses that avoided activation of voltage-sensitive currents. We determined input resistance by the slope
of linear fits to voltage responses evoked by small positive and negative current injections. Firing properties were measured from
depolarizing current pulses of varying amplitudes. The rheobase was defined as the minimum step current intensity required to
induce an action potential. We measured the action potential waveform properties of the first spike elicited by the rheobase sweep.
The threshold for action potential was defined as the voltage at the point of deflection for dV/dt to be greater than zero. Peak spike
amplitude was measured from the threshold potential, and spike duration was measured at half-amplitude. Action potential slopes
(up and down) were measured as maximum slope during the action potential. The instantaneous discharge frequency was deter-
mined as the inverse of interspike interval. Firing frequency was calculated as the average action potential frequency over the entire
duration of the pulse. All reported membrane potentials were corrected for the liquid junction potential. Bistable properties of moto-
neurons were investigated with a 2 s suprathreshold depolarizing current pulse elicited from a holding membrane potential at
—60 mV. The cell was considered as bistable when (1) the pre-stimulus membrane potential stays below the spiking threshold (down-
state), (2) the post-stimulus membrane potential stays depolarized (upstate), at peri-threshold for spike generation and (3) the mem-
brane potential switches to downstate after a brief hyperpolarizing pulse. Bursting properties of interneurons were measured after
smoothing to eliminate spikes but preserve the envelope of depolarization. Amplitude and duration of bursts were measured by a
threshold function which determines the peak, the onset and the end of bursts. Burst frequency was calculated by dividing the num-
ber of bursts by the total duration of the recording. Voltage dependence and kinetics of Iy,p were analyzed from normalized voltage-
ramp data by fitting them with Boltzmann functions. We defined the voltage-dependent activation threshold of the Iyp as the mem-
brane potential at which the slope of leak-subtracted current first becomes negative. We measured the magnitude of /y.p as the peak
of the leak-subtracted inward current during the ascending phase of the voltage command. For extracellular recordings, alternating
activity between right/left L5 recordings was taken to be indicative of fictive locomotion. To characterize locomotor burst parameters,
raw extracellular recordings from ventral roots were rectified, integrated and resampled at 50 Hz. Peak amplitude and duration of
locomotor bursts were measured and the cycle period was calculated by measuring the time between the first two peaks of the
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auto-correlogram. Behavioral analyses: For walking, bottom view recordings were processed by the CatWalk XT software (Noldus
Information Technology, Netherlands) to measure a broad number of spatial and temporal gait parameters in several categories.
These include (1) the paw print area that refers to the total area of the glass in contact with the paw, measured when the area of con-
tact with the glass is maximal; (2) dynamic parameters related to individual paw prints, such as duration of the step cycle; (3) param-
eters related to the position of paw prints with respect to each other, for example the hindlimb base of support (the width between the
paw pairs); (4) parameters related to time-based relationships between paw pairs. These parameters were calculated for each run
and for each paw. To estimate five hindlimb joints positions (toe, ankle, knee, hip and iliac crest) on lateral view videos of freely
walking mice, we trained a model using the DeeplLabcut toolbox. A total of 320 image frames (16 videos, 20 frames/video) were
used to label and train the model. A pre-trained network with 50 layers (ResNet50) was selected and trained for 200 000 iterations.
Parameters describing gait timing and joint kinematics were extracted for each gait cycle using a custom-written Python script. Gait
cycles were defined as the time interval between two successive paw contacts of one limb. Individual steps were identified within the
run by the acceleration of the paws to identify the “stance” and “swing” phases. We measured the total angular excursion for the hip,
knee and ankle joints across the cycle for the hindlimbs. In the rotarod test the average latency of the subject to fall was recorded (in
seconds). All behavioral tests were carried out with the experimenter blind to the experimental group.

Immunohistochemistry analysis: Quantification of staining intensities were performed with the Zen 12.0 software (Zeiss). Measure-
ments were performed on the axon initial segment (AIS) from interneurons located in the ventromedial part of upper lumbar segments
(L4-Lo) near the central canal and from motoneurons identified as the biggest cells located in the ventral horn (L4-Ls). The AIS was
identified as linear structures labeled by pan Na,-specific antibodies, and for which the beginning and the end of the structure could
be clearly determined. Immunofluorescence intensity profiles were obtained from a line traced along the AIS. For each staining, the
background intensity was first subtracted, and immunofluorescence values along each AIS were then normalized to the maximum
intensity. The Pearson correlation coefficient was used to quantify the degree of colocalization between fluorophores. The measure-
ments were repeated with similar numbers of motoneurons per animal.

Statistics

No statistical method was used to predetermine sample size. Group measurements were expressed as means + s.e.m. When two
groups (control vs. transgenic mice) were compared, we used the unpaired Mann-Whitney test or the Unpaired t test. Fisher test was
used to compare the percentages of bistability. When two conditions (control vs. drugs) were compared, we used the Wilcoxon
matched pairs test. We also used the one-way or two-way ANOVA tests for multiple comparisons. For all statistical analyses, the
data met the assumptions of the test and the variance between the statistically compared groups was similar. The level of signifi-
cance was set at p < 0.05. Statistical analyses were performed using Graphpad Prism 7 software and are indicated in Figure legends.
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Supplementary Figure. 1 (related to Figure.l): Distribution of Nav channels along the

axon initial segments (AlISs) of spinal neurons. A-C Confocal images of the ventral horn

from wildtype mice (n = 2 mice) double-labelled with anti-ankyrin-G (A, red) and PanNav (B,

green) antibodies; Merge image (C); Scale bar represent 40 um. Arrowheads point to axon

initial segments (AISs) from presumptive motoneurons. D Mean fluorescence intensity profile

for the PanNav (green), along the ankyrin-G-labelled AIS (red) of motoneurons (n =7 cells). E

Pearson’s coefficient between PanNav and Nal.1 (cyan) or between PanNav and Navl.6



(yellow) in motoneurons (n = 17-43 cells) and interneurons (n = 18-39 cells) from L1/L2 or
L4/L5 lumbar segments. F Mean fluorescence intensity profile for the ankyrin-G along the AIS
of motoneurons from wildtype (pink, n = 7 cells from 2 mice) and Nav1.67 (red, n =5 cells from

2 mice) mice. Numbers in brackets in E indicate the numbers of cells. Error bars: Mean £ SEM.
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Supplementary Figure. 2 (related to Figure.l): Distribution of Nav channels along the
axon initial segments (AlISs) of spinal neurons in mutant mice. A,B Representative optical
sections showing the immunostaining of all Nav a-subunits (left, green panels), Navl.1

subunits (middle-top, blue panels) or Nav1.6 subunits (middle-low, red panels) along the AlSs



(arrowheads) of lumbar L4/L5 motoneurons (A) or L1/L2 ventromedial interneurons (B) in
Navl.1” (top panels, n = 2) or Nav1.6” (low panels, n = 2) mutant mice. The right panels are
merged images. C-N Mean fluorescence intensity profile for the PanNav (C,F,I,L), Navl.1
(D,J) and Nav1.6 (G,M) immunostaining along the PanNav-labelled AIS of both motoneurons
(C,D,F,G, n = 5-7 cells) and interneurons (I,J,L,M, n = 5-10 cells) from Nav1.1” (F,G,L,M)
and Nav1.6” (C,D,l,J) mice. For each antibody, the immunofluorescence was normalized to
its maximum intensity. E,H,K,N Violin plots of the Pearson’s coefficient between PanNav and
Nal.l (E,K) or between PanNav and Navl.6 (H,N) in motoneurons (E,H) and interneurons
(K,N) from Nav1.1” (H,N) and Nav1.6” (E,K) mice. Numbers in brackets in E,H,K,N indicate
the numbers of cells. Each dot represents an individual neuron. n.s., no significance; ***P <

0.001 (Unpaired t-test for E,H,K,N).
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Supplementary Figure. 3 (related to Figure. 2): Determination of the optimal

concentration of ICA-121431 and 4,9-anhydrotetrodotoxin to inhibit Nav1l.1 and Nav1.6
channels, respectively. A,B Violin plots quantifying the effects of ICA-121431 (A, ICA,n=9
mice) and 4,9-anhydrotetrodotoxin (B, 4,9 ahTTX, n = 5 mice) across different concentrations
on passive and active membrane properties of Navl.1” (n = 13-31 cells) and Nav1.6” (n =

10-21 cells) motoneurons, respectively. Numbers in brackets indicate the numbers of



motoneurons. Each dot represents an individual motoneuron. n.s., no significance; *P < 0.05;

*P < 0.01; **P < 0.001 (one-way ANOVA with multiple comparisons for A and B).
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Supplementary Figure. 4 (related to Figure. 2 and 6): Altered bistability of lumbar

motoneurons lacking Nav1l.6. A-C,F,I-K,M,Q,R Voltage traces from motoneurons in



response to suprathreshold (A-C), near-threshold (F,M) or incrementing (I-K,Q,R) depolarizing
pulses recorded from wildtype (A,F,I, grey, n = 6 mice), Nav1.1” (B,F,J, blue, n =5 mice) and
Nav1.6” (C,F,K, pink, n = 7 mice) mice or from mice transduced either with the scramble
shRNA (M,Q,R, grey, n = 3 mice) or with the Nav1.6-shRNA (M,Q,R, green, n = 4 mice). D
Quantification of the proportion of bistable motoneurons (n = 18-77 cells). E,G,H Violin plots
of the rheobase (E,P), peak amplitude (G,N) and threshold (H,O) of the action potential (n =
15-70 cells). F,M Representative individual action potentials recorded in motoneurons from
wildtype/scramble (grey), Navl1.1” (blue), Nav1l.6” (pink) or Navl.6-shRNA-transduced
(green) mice with their phase plots (right) generated from the first derivative (dV/dt; y-axis)
versus membrane potential (mV; x-axis). Dashed lines indicate the spiking threshold (V). L,S
Firing frequency as a function of the amplitude of the current pulse (n = 15-60). Continuous
lines represent best fit functions for experimental data with 95% confidence interval. Numbers
in brackets in D,E,G,H,L,N-P,S indicate the numbers of motoneurons. Each dot represents an
individual cell. n.s., no significance; *P < 0.05; **P < 0.01; **P < 0.001 (two-tailed Fisher test
for D; one-way ANOVA with multiple comparisons for E,G,H; two-tailed Mann-Whitney test for

N-P; comparison of the fits for L,S).
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Supplementary Figure. 5 (related to Figure. 3): Inar-dependent bursting properties in

Hb9:GFP and mutant mice. A,C [Ca?'].-free-saline-induced bursting activity recorded from



locomotor related Hb9:GFP interneurons (Li-L;) before and after adding 4,9-
anhydrotetrodotoxin (A, 4,9 ahTTX, 200 nM, n = 6 cells from 2 mice) or ICA-121431 (C, ICA,
350 nM, n = 6 cells from 2 mice) or when the two drugs were co-applied. B,D Quantification of
burst parameters. E,F [Ca?'],-free-saline-induced bursting activity recorded from ventromedial
interneurons of the locomotor CPG region (L:-L2) in Nav1.1” mice (E) before (left) and during
(right) the bath application of 4,9-anhydrotetrodotoxin (4,9 ahTTX, 200 nM, n = 2 mice) or in
Nav1.6” mice (F) before (left) and during (right) the bath application of ICA-121431 (ICA, 350
nM, n = 2 mice). G Quantification of the proportion of bursting cells (n = 12-27). H-J
Quantification of burst parameters (n = 9-23 cells). K Representative individual action
potentials (left) recorded in interneurons from wildtype (grey), Nav1.1” (blue) or Nav1.6” (pink)
mice with their phase plots (right) generated from the first derivative (dV/dt; y-axis) versus
membrane potential (mV; x-axis). Dashed lines indicate the spiking threshold (V). L,M Violin
plots of the peak amplitude (L) and threshold (M) of the action potential (n = 28-31 cells). N-P
Voltage traces from interneurons in response to incrementing depolarizing pulses recorded
from wildtype (N, n = 7 mice), Nav1.1” (O, n = 3 mice) or Nav1.6” (P, n = 7 mice) mice. Q
Firing frequency as a function of the amplitude of the current pulse (n = 27-31 cells).
Continuous lines represent best fit functions for experimental data with 95% confidence
interval. Numbers in brackets in H-J,L,M,Q indicate the number of interneurons. Each dot
represents an individual cell. n.s., no significance; *P < 0.05; ***P < 0.001 (two-tailed Fisher
test for G; one-way ANOVA with multiple comparisons for H-J,L,M; comparison of the fits for

Q). Error bars: Mean + SEM.
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Supplementary Figure. 6 (related to Figure. 4): Motoneurons lacking the Nav1.6 subunits

display reduced Inap. A,l Leak-subtracted Inap recorded in motoneurons (A, n = 13-16 cells)



and interneurons of the CPG region (I, n = 16-17 cells) from wildtype (grey, n = 3 mice),
Nav1.1” (blue, n = 3 mice) and Nav1.6” (pink, n = 2 mice) mice in response to a slow ramping
depolarization. E,M Leak-subtracted Inap recorded in motoneurons (E, n = 11-16 cells) and
interneurons of the CPG region (M, n = 8-16 cells) from Nav1.1” mice (n = 3) with or without
the bath application of 4,9-anhydrotetrodotoxin (4,9 ahTTX, 200 nM). G,0O Leak-subtracted Inap
recorded in motoneurons (G, n = 7-13 cells) and interneurons of the CPG region (O, n = 10—
17 cells) from Nav1.6” mice with and without the bath application of ICA-121431 (ICA, 350
nM). B-D,F,H,J-L,N,P Quantification of biophysical properties of Ina,. Numbers in brackets
indicate the number of neurons. Each dot represents an individual neuron. n.s., no
significance; **P < 0.01; **P < 0.001 (two-tailed Mann-Whitney test for F,H,N,P; one-way

ANOVA with multiple comparisons for B-D,J-L).
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Supplementary Figure. 7 (related to Figure. 5): Spinal cords isolated from Nav1.1” and
Nav1.6” mutant mice display normal fiction locomotion. A L5 Ventral-root recordings of
NMA/5-HT-induced fictive locomotor activity recorded in spinal cords isolated from wildtype
(left, black, n = 6), Nav1.1” (middle, blue, n = 6) or Nav1.6” (right, pink, n = 7) mice. B,F
Quantification of locomotor burst parameters. C Schematic representation of the whole-mount
spinal cord with the recording glass electrodes from homosegmental L,-Ls (R/L). The yellow

solid line represents the Vaseline barrier. Built at L,/Ls level the Vaseline barrier allows the



selective application of drugs over the rostral (above Ls; segment) or the caudal lumbar
segments (below Lz segment). D,E L2 Ventral-root recordings of NMA/5-HT-induced fictive
locomotor activity recorded in spinal cords isolated from wildtype mice before and after adding
ICA-121431 (D, ICA, 350 nM, n = 6) or 4,9-anhydrotetrodotoxin (E, 4,9 ahTTX, 200 nM, n = 8)
to caudal lumbar segments. Numbers in brackets in B,F indicate the number of spinal cords.
Each dot represents an individual spinal cord. n.s., no significance (one-way ANOVA with

multiple comparisons for B; two-tailed Wilcoxon paired test for F). Error bars: Mean + SEM.
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