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SCIENCE ADVANCES | RESEARCH ARTICLE

NEUROSCIENCE

Differential encoding of mammalian proprioception by

voltage-gated sodium channels

Cyrrus M. Espino‘, Chetan Nagaraja’, Serena Ortiz?, Jacquelyn R. Dayton‘, Akash R. Murali'?3,
Yanki Ma"?3, Emari L. Mann*, Snigdha Garlapalli"s, Ross P. Wohlgemuthﬁ, Sarah E. Brashear®,
Lucas R. Smith®, Katherine A. Wilkinson? Theanne N. Griffith'*

Animals requiring purposeful movement for survival are endowed with mechanoreceptors, called proprioceptors,
that provide essential sensory feedback from muscles and joints to spinal cord circuits, which modulates motor
output. Despite the essential nature of proprioceptive signaling in daily life, the mechanisms governing proprio-
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ceptor activity are poorly understood. Here, we identified nonredundant roles for two voltage-gated sodium
channels (Nays), Nay1.1 and Nay1.6, in mammalian proprioception. Deletion of Nay1.6 in somatosensory neurons
(Nay1.6%C mice) causes severe motor deficits accompanied by loss of proprioceptive transmission, which con-
trasts with our previous findings using similar mouse models to target Nay1.1 (Nay1.1 X0 In Nay1.6%° animals, we
observed impairments in proprioceptor end-organ structure and a marked reduction in skeletal muscle myofiber
size that were absentin Nay1.1 KO mice. We attribute the differential contributions of Nay1.1 and Nay1.6 to distinct
cellular localization patterns. Collectively, we provide evidence that Nays uniquely shape neural signaling within

a somatosensory modality.

INTRODUCTION

Proprioception, often referred to as our “sixth sense,” is a largely un-
conscious sensation that allows for the detection of one’s own body
position and movement in space (1, 2). Proprioceptive signaling is initi-
ated by a subclass of peripheral mechanosensory neurons, called pro-
prioceptors, whose cell bodies reside in the dorsal root ganglia
(DRG) or mesencephalic trigeminal nucleus (I, 3, 4). The peripheral
axons of proprioceptors innervate skeletal muscle and form mecha-
nosensitive end organs, referred to as muscle spindles and Golgi
tendon organs, which are activated by changes in muscle length or
force, respectively (1). In proprioceptors, the mechanosensitive ion
channel Piezo2 transduces changes in muscle movement into elec-
trical signals that give rise to sustained trains of action potentials,
which are subsequently transmitted to spinal cord circuits (4, 5).
Patients harboring Piezo2 loss-of-function (LOF) mutations have
impaired proprioception in the absence of visual input (6). Recently,
we determined that the voltage-gated sodium channel (Nay), Nay1.1,
is also essential for mammalian proprioception and plays a specific
role in maintaining proprioceptor firing during sustained muscle
stretch (7). Furthermore, we determined Nay1.1 to be haploinsuffi-
cient for proprioceptor function and motor behaviors, which is con-
sistent with the clinical manifestations associated with the thousands
of human disease-causing mutations associated with its gene, Scnla.
Unexpectedly, Nayl.1 was not required for muscle proprioceptor
responses to dynamic muscle movement or vibration. This raises the
question as to whether Nays play distinct roles in encoding proprio-
ceptive signals.
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In addition to Nayl.1, proprioceptors also express Nay1.6 and
Nayl.7 (7). Nayl.7 is most notable for its role in pain signaling,
whereby gain-of-function (GOF) or LOF mutations in Scn9a, the
gene encoding Nay1.7, cause congenital hypersensitivity or insensi-
tivity to pain, respectively (8, 9). Mice and humans lacking Nay1.7,
however, do not have reported motor deficits, indicating a limited
role for this channel in proprioception at the behavioral level (9, 10).
Conversely, the gene encoding Nay1.6, Scn8a, is linked to various
pathophysiological conditions associated with motor impairments,
such as developmental epileptic encephalopathy and ataxia (11).
Furthermore, global inactivation of Scn8a in mice leads to hindlimb
paralysis and death by postnatal day 21 (P21) (12). In cerebellar
Purkinje neurons, loss of Nay1.6 significantly reduces spontaneous
activity and leads to impairments in motor coordination (13). While
these data highlight critical roles for Nay1.6 in brain-mediated mo-
tor control, Nay1.6 function remains understudied in the peripheral
nervous system, and how this channel contributes to propriocep-
tion is unknown. Understanding the unique contributions of Nays
to peripheral proprioception will enhance our mechanistic under-
standing of the sensorimotor phenotypes associated with various
Nay channelopathies.

In the present study, we set out to determine whether Nays plays dis-
tinct or redundant roles in proprioceptive signaling, focusing on the con-
tributions of Nay1.1 and Nay1.6. The use of a Pvalb-Cre mouse line to
drive Nay deletion in proprioceptors is not feasible due to parvalbumin
expression in the brain and spinal cord (7, 14, 15). Thus, we used a
somatosensory-neuron wide genetic targeting strategy to conditionally
deleted Nay1.6 (Pirt"?*;Scn8d™" Nay1.6™°) and found that this resulted
in severe impairments in motor coordination that were phenotypically
distinct from those that we previously observed in mice lacking Nay1.1 in
SOMatosensory neurons (Pirt""*;Scn1a™ Nay1.1%9; (7)]. In line with
behavioral observations, ex vivo proprioceptor muscle-nerve recordings
showed afferent excitability in response to both dynamic and static
muscle movements was abolished in the absence of Nay1.6, which con-
trasts with our prior finding of a selective role for Nay1.1 in propriocep-
tor encoding of static muscle stretch. Electrophysiological recordings
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of the proprioceptor-mediated monosynaptic reflex in the spinal cord
further confirmed an essential, albeit developmentally dependent, role
for Nayl.6 in proprioceptor synaptic function, whereas Nayl.1 was
found to be dispensable. Nay1 .6© mice also exhibited abnormal muscle
spindle end organ structure, which was not observed in Nay1.1%° mice,
suggesting that severely but not moderately impaired proprioceptive sig-
naling interferes with proprioceptor end organ development. Unexpect-
edly, we also observed non-cell-autonomous deficits in skeletal muscle
in Nay1.6° mice, but not Nay1.1%° mice, that are suggestive of blocked
hypertrophy during development. Last, cellular localization experiments
found that Nay1.1 and Nay1.6 occupy discrete excitable domains in pro-
prioceptor muscle spindles, which we predict underlies their unique
roles in electrical transmission.

Collectively, our findings reveal that Nay1.1 and Nay1.6 are both
essential to proprioceptive signaling but have independent and non-
redundant functions. The differential contribution of Nayl1.1 and
Nay1.6 to the activity of individual somatosensory neuron subtypes
has not been directly interrogated, and we hypothesize that our
findings are broadly applicable to other somatosensory neurons that
rely on these channels for neuronal signaling.

RESULTS

Genetic ablation of Nay1.6 in sensory neurons leads to
profound motor coordination deficits

To examine the in vivo role of Nay1.6 in sensory-driven motor be-
haviors, we generated a mouse line in which Nay1.6 is deleted in all
peripheral sensory neurons: Pirt™™*Scn8a™" (hereafter referred to
as Nay1.6°©), an approach that we previously used to investigate
Nayl1.1 function in proprioception (7). While not selective to pro-
prioceptors, this approach avoids oft-target effects on the central
nervous sgrstem, which include premature death and seizures (14).
Nay1.6™° mice displayed extreme motor deficits that were absent in
mice, retaining a single copy (Navl.6h5t) or both copies (Navl.6ﬂ/ ﬂ)
of Scn8a (Fig. 1). Motor deficits included abnormal hindlimb posi-
tion when suspended by the tail (Fig. 1, A to C, top; and movie S1)
or when placed on a flat surface (Fig. 1, A to C, bottom; and movie
S2) and an inability to use the tail to guide movements. The motor
phenotype produced by Nay1.6 deletion was more severe than the
phenotype that we observed following deletion of Nay1.1 in sensory neu-
rons [Pirt”*;Scn1a™ Nay1.1%; (7)]. However, Nay1.6%° mice did
not display the tremor-like movements that we previously observed
in Nay1.1%C animals, highlighting a behaviorally distinct phenotype
between the two models. We quantified spontaneous locomotion in
the open-field and found that Nay1.6™° animals traveled significantly
less distance (Fig. 1D), on average, walked at slower speeds (Fig. 1E),
and reached slower maximal speeds (Fig. 1F), compared to Nay1.6™"
and Nay1.6"" animals. Conversely, maximum acceleration was not
different between Nay1.1"%, Nay1.1", and Nay1.1%° animals (fig.
S1A). There were no genotype-dependent differences in time spent
moving or in the center for the Nay1.6 conditional knockout line (fig.
S1, B and C), consistent with our previous finding in the Nay1.1
conditional knockout line (7). Furthermore, we did not observe any
sex-dependent differences between genotypes (fig. S1 D to F). Us-
ing a grip strength meter, we quantified grip force when all four
paws were placed on a metal grid and found that Nay1.6°° animals
had a significantly reduced grip strength compared to other geno-
types (Fig. 1G). We next assessed motor coordination using the
rotarod; however, the severe motor phenotype of Nay1.6°< mice
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Fig. 1. Nay1.6 is required for somatosensory neuron-driven motor behaviors
and function. Representative images showing limb position of adult Nay1.6""
(A), Nay1 6" (B), and Nay1 6% (€) mice suspended from the tail (above) and on
flat surface (below). White arrows indicate the direction of hindlimbs. Quantifica-
tion of distance traveled [(D), Nay1.6" (P > 0.999) and Nay1.6*° (P = 0.0003) com-
pared to Nay1.6"", average speed [(E), Nay1.6™ (P > 0.999) and Nay1.65
(P = 0.0003)], and the maximum speed [(F), Nay1.6™ (P > 0.999) and Nay1.65C
(P > 0.0001) compared to Nayl .6ﬂ/ﬂ] for Nay1 61 (cyan), Nay1 6"t (gray), and
Nay1.6%C (magenta) mice as measured in the open-field assay for a 10-min testing
period. (G) Average grip force in grams measured across six consecutive trials;
Nay1.6™ (P = 0.4947) and Nay1.6™° (P < 0.0001) compared to Nay1.6"". (H) Aver-
age latency to fall from the rotarod across three consecutive training days. No sta-
tistically significant genotype-dependent difference was observed (P = 0.1342).
(1) Average latency to fall on third day of testing [Nay1 6"t (P =0.3943) compared to
Nay1.6"™. Each dot represents one animal, except in (H) were each dot represents the
mean across animals. Box and whisker plots represent maximum, minimum, median,
and upper and lower quartiles of datasets. A Kruskal-Wallis test with Dunn’s multiple
comparisons [(D) to (G)], a two-way analysis of variance (ANOVA) with Sidak’s multiple
comparisons (H), and a Welch's T test (I) were used to determine statistical signifi-
cance. Nay1.6", N = 8; Nay1.6™, N = 20; and Nay 1.6, N = 20. n.s., not significant.
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precluded their testing in this assay. We did not observe genotype-
dependent differences in latency to fall between Nay1.6™' and
Nay1.6"™ animals across training days (Fig. 1H) or on the final day
of testing (Fig. 1I). Collectively, these data show that genetic abla-
tion of Nay1.6 in sensory neurons leads to severe motor deficits that
are distinct to those due to Nay1.1 deletion. We previously reported
that Nay1.1 was haploinsufficient in sensory neurons for motor be-
haviors; however, our current results suggest that a single copy of
Nay1.6 is sufficient to drive normal behaviors in these motor assays.
Nevertheless, we did observe Nay1.6 haploinsufficiency at the af-
ferent level.

Nay1.6 is required for transmission of proprioceptive signals
from muscle spindle afferents
Our prior work found that Nay1.1 plays a key role maintaining mus-
cle afferent activity only during static muscle stretch (7). Deletion of
Nay1.1 had no effect on muscle afferent responses to dynamic mus-
cle movement or vibratory stimuli. To test whether Nay1.6 serves a
similarly specific role in proprioceptive transmission, we used an
ex vivo muscle nerve preparation to investigate proprioceptor activity
from muscle spindle afferents (16). First, we tested afferent firing in
response to a series of ramp and hold stretches (Fig. 2). Afferents
from Nay1.6"" mice displayed consistent firing throughout the du-
ration of a 4-s ramp and hold stretch protocol and had a high likeli-
hood of resting discharge (Fig. 2A), consistent with wild-type group
Ta and II proprioceptor responses. Afferents from Nayl.6het mice
had a similar prevalence of resting discharge compared to those from
Nay1.6"" mice and did not exhibit any significant differences in firing
during ramp and hold stretches (Fig. 2B). Notably, afferents from
Nay1.6° mice did not have resting discharge and afferent excit-
ability during ramp and hold stretches were nearly abolished (Fig.
2C). In 6 of the 10 mice tested, no stretch-sensitive electrical activity
was observed despite the muscle exhibiting healthy twitch contrac-
tions. In the four Nay1.6°° afferents with stretch-induced firing, it
tended to be very sparse and occurred primarily near the beginning
of stretch, especially at lower stretch lengths. We quantified afferent
properties by examining instantaneous firing frequencies and found
a significant reduction in firing at the end of the ramp and hold pro-
tocol in Nay1.6°%C afferents compared to that in Navl.6ﬂ/ﬂ afferents
across all stretch lengths (Fig. 2D). There were no significant
genotype-dependent differences in firing between Nay1.6™" and
Nay1.6"" afferents. We also quantified the regularity of afferent fir-
ing by measuring the coefficient of variation of the interspike inter-
val (ISI CV; measured at 1.5 to 3.5 s of the stretch protocol). We only
observed firing near the beginning of muscle stretch in two
Nay1.6© afferents at 2.5 and 5% of optimal length (Lo), and, in
four Nay1.6°© afferents at 7.5% of Lo, we observed sparse firing
throughout stretch. ISI CV was similar between Nay1.6"" and
Nay1.6™" afferents but was significantly higher in Nay1.6° affer-
ents (Fig. 2E). Together, these findings provide strong evidence that
Nay1.6 is required for proprioceptor encoding of static stretch.
Given that Nay1.1 only contributes to proprioceptor afferent fir-
ing in response to static muscle stretch, we next asked whether this
was also true for Nay1.6. Afferents were tested using a series of sinu-
soidal vibration protocols at varying frequencies and stimulus am-
plitudes. In line with the absence of electrical activity during static
stretch, Nay1.6 afferents were completely unable to entrain to vibra-
tory stimuli regardless of stimulus amplitude and frequency (Fig. 3).
Logistic regression analyses of entrainment probability found that,
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compared to Navl.6ﬂ/ﬂ afferents, afferents from Navl.6het animals

were significantly less likely to entrain sinusoidal waves (P < 0.001;
Fig. 3, A and B). This analysis could not be used to assess entrain-
ment probability in Nay1.6°© afferents because these afferents never
entrained to vibration. Consistent with logistic regression analyses,
quantification of the instantaneous firing frequency at 25-pm ampli-
tude vibrations found significant impairments in the ability of
Nay1.6™" afferents to respond to vibration, consistent with the no-
tion that Nay1.6 is partially haploinsufficient at the proprioceptor
afferent level (Fig. 3D). Thus, unlike Nay1.1 that only serves a role in
maintaining proprioceptor responses to static stretch, we find that
Nayl.6 plays a direct role in transmitting both dynamic and static
muscle movements.

Nay1.6 is essential for proprioceptor synaptic transmission
in a developmentally dependent manner

Electrical signals initiated at proprioceptive end organs in skeletal
muscle are transmitted to central circuits in the spinal cord. Specifi-
cally, proprioceptor Ia afferents directly synapse with alpha motor
neurons, comprising the monosynaptic reflex response (17, 18).
This spinal circuit provides a tractable model to assess propriocep-
tor synaptic transmission. Our current results demonstrate that
Nay1.6 plays a central role in sensory transmission from muscle
spindles; thus, we next asked whether the peripheral deficits that we
observed in ex vivo muscle nerve recordings are also evident in pro-
prioceptive circuits in the spinal cord. We used an ex vivo hemi-
sected spinal cord preparation and measured properties of the
monosynaptic reflex circuit in Nay 16", Nay1.6™, and Nay1.6°<°
mice (Fig. 4). We first analyzed responses from mice in early postna-
tal development (P6 to P11) as all prior work has used this age range
for monosynaptic reflex analysis, largely due to technical challenges
associated with increased myelination in the ventral horn as devel-
opment proceeds (19). In stark contrast to our muscle-nerve record-
ings, monosynaptic responses were similar between genotypes at
this time point (Fig. 4). We only observed a significant difference in
response latency in Nay1.6™° hemicords compared to that in
Na\;1.6hEt and Nav1.6ﬂ/ f hemicords (Fig. 4B). No other genotype-
dependent differences were observed across quantified parame-
ters (Fig. 4, C to F). These findings suggest that, during early
postnatal development, Nay1.6 is dispensable for proprioceptor
synaptic transmission.

Previous studies indicate that proprioceptors are not transcrip-
tionally mature until walking behaviors begin to emerge (20), which
occurs around P13. Thus, we decided to test monosynaptic responses
beyond this time point (P14 to P18). Notably, at this age, propriocep-
tive synaptic transmission is nearly lost in Nay1.6° hemicords (Fig.
4G). We found highly significant genotype-dependent differences
between Nay1.65° and Nav1.6ﬂ/ f hemicords across all quantified
parameters (Fig. 4, H to L). This suggests that, following the onset of
walking behaviors, Nay1.6 is essential for proprioceptor synaptic
transmission onto alpha motor neurons, which is also consistent with
data from ex vivo muscle nerve recordings in adult afferents (Figs. 2
and 3). In addition, we also found significantly increased monosyn-
aptic reflex response latencies and thresholds (Fig. 4, H and J), as well
as significantly reduced response amplitudes in Nay1.6" hemicords
compared to those in Navl.6ﬂ/ fl controls (Fig. 4I). Last, when looking
within genotypes, we found that, unlike in Nay1.6™" hemicords,
which only showed a significant increase in response latency, there
was a significant degradation of the monosynaptic reflex response in
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Fig. 2. Loss of Nay1.6 abolishes muscle proprioceptor static stretch sensitivity. Representative responses to ramp-and-hold muscle stretch at 7.5% of optimal length
(Lo) in Nay1 61/ (A), Nay1 6t (B), and Nay1 6K (€) muscle proprioceptors. The percentage of afferents that displayed resting discharge at Lo are represented by the pie
charts to the right (black indicates absence of resting discharge). (D) Quantification of afferent firing frequency 3.25 to 3.75 s into stretch protocol. Nay1 6V (cyan),
Nay1.6"t (gray), and Nay1.6%© (magenta). Nay1.6™t (P = 0.178) and Nay1.6%° (P = 0.001) compared to Nay1.6"". (E) Firing regularity was quantified as the coefficient of
variation of the interspike interval (ISI CV) of 1.5 to 3.5 s into the stretch protocol. Nay1 6t (P=0.669) and Nay1 6 (P =0.000) compared to Nay1 6" 1n 6 of the 10 ani-
mals, we observed no response to stretch and therefore could only include the quantifiable responses from four afferents from Nay1.6°° mice. Only quantifiable re-
sponses were included in statistical analyses in (D) and (E). Box and whisker plots represent maximum, minimum, median, and upper and lower quartiles of datasets. Each
dot represents a single afferent. A two-way mixed-design ANOVA (Dunnett’s post hoc comparison) was used to determine statistical significance in (D) and (E). Nay1.6™",
n=8andN=7;Nay1.6™ n=8and N =8;and Nay1.6°, n = 4 and N = 10. n = afferents and N = mice.
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Fig. 3. Nay1.6 is required for proprioceptor responses to vibration. Representative traces from Nay1 61 (A), Nay1 6t (B), and Nay1 650 (C) afferents that were able to
entrain to a 25-Hz, 100-pm amplitude vibration stimulus. Tables to the right indicate the percentage of afferents that were able to entrain across stimulus frequencies and
amplitudes (Nay1.6™", top; Nay1.6™, middle; and Nay1.6°, bottom). (D to F) Quantification of firing frequency across vibration amplitudes. At 25 um (D), Nay1.6"
(P = 0.005) (# denotes significance in Nay1.6"") and Nay1.6%° (P = 0.001) compared to Nay1.6™" (* denotes significance in Nay1.6%°). At 50 pm (E), Nay1 6" (P=0.053)
and Nay1.6%C (P = 0.002) compared to Nay1.6"1. At 100 pm (F), Nay1.6"* (P = 0.414) and Nay1.6%C (P = 0.018) compared to Nay1.6™". Nay1.6"" (cyan), Nay1.6™ (gray),
and Nay1.6K° (magenta). A two-way mixed-design ANOVA (Dunnett’s post hoc comparison) was used to determine statistical in (D) to (F). Box and whisker plots represent
maximum, minimum, median, and upper and lower quartiles of datasets. Each dot represents the average afferent response per genotype. Nay1.6" n=8and N=7;

Nay1.6™, n =8 and N = 8; and Nay1.6%°, n = 4 and N = 10. n = afferents and N = mice.

Nay1.6™" and Nay1.6°° hemicords (table S1). Thus, during post-
natal development, Nay1.6"" animals exhibit an enhancement in
central proprioceptive signaling, whereas, in both Nay1.6™' and
Nay1.6°%° mice, central proprioceptive signaling degrades. This pro-
vides additional evidence that, at the circuit level, Nay1.6 is haploin-
sufficient for proprioceptor synaptic function.

The developmental dependence of the proprioceptor-mediated
monosynaptic reflex response on Nay1.6 prompted us to investigate
motor behaviors in this line at P7 and P14, before and after the onset
of weight-bearing locomotion, respectively. We analyzed P7 mice in
a righting reflex assay, a hindlimb suspension test, a grasping reflex
assay, and quantified hindlimb angle. In line with spinal cord elec-
trophysiology data, behavioral testing at P7 found a minimal role of
Nay1.6 across behavioral assays (fig. S2, A to H); we only observed a

Espino et al., Sci. Adv. 11, eads6660 (2025) 8 January 2025

significant difference in hindlimb angle at this age. Conversely,
when we analyzed motor abilities in a limb coordination assay at
P14, we observed significant differences in functional grasping in
both Nay1.6™ and Nay1.6°<° mice compared to that in Nay1.671
controls (fig. S2, Ito J). These data highlight a developmentally spe-
cific contribution of Nay1.6 to proprioceptive synaptic transmission
in the spinal cord, which also manifests at the behavioral level.
Because we did not observe a role for Nay1.6 in the proprioceptor-
mediated monosynaptic reflex response between P6 and P11, we
next asked whether instead Nay1.1 was required for proprioceptor
synaptic transmission at this developmental stage. In line with our
findings across Nay1.6 genotypes, monosynaptic reflex responses
were genotype-independent in the Nayl.1 mouse line in this
age range (Fig. 5). These data suggest that proprioceptor synaptic
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Fig. 4. Nay1.6 plays a developmentally dependent role in proprioceptor synaptic transmission in the spinal cord. (A) Representative monosynaptic reflex respons-
es from Na\,1.6ﬂ/ﬂ (cyan), Nav1.6he' (gray), and Nay1 6° (magenta) hemicords during P6 to P11. Quantification of response properties. (B) Response latency, Nav1.6het
(P=0.760) and Nay1 650 (P=10.019) compared to Nay1 6. (C) Monosynaptic response amplitude, Nay1 6t (P=0.238) and Nay1 650 (P =0.640) compared to Nay1 6.
(D) Stimulus threshold, Nay1.6"* (P = 0.910) and Nay1.65° (P = 0.271) compared to Nay1.6". (E) Full width half maximum, Nay1.6" (P = 0.999) and Nay1.65° (P = 0.929)
compared to Nay1 6, (F) Polysynaptic response amplitude, Nay1 6t (P=0.514) and Nay1 60 (P =0.704) compared to Nay1 6, (G) Representative monosynaptic re-
flex responses in Nav1.6ﬂ/ﬂ (cyan), Nav1.6hEt (gray), and Nav1.6CKo (magenta) hemicords during P14 to P18. (H) Response latency, Nav1.6hEt (P =0.023) and Na\/1.6CKO
(P < 0.0001) compared to Nay1 6V Monosynaptic response amplitude, Nay1.6"" (P = 0.037) and Nay1.6™° (P = 0.018) compared to Nay1 6" (J) Stimulus threshold,
Nay1.6" (P = 0.164) and Nay1.6™° (P < 0.0001) compared to Nay1.6"1. (K) Full width half maximum, Nay1.6"* (P = 0.784) and Nay 1.6 (P < 0.0001) compared to Nay1.6"".
(L) Polysynaptic response amplitude, Nay1 6t (P=0.143) and Nav1.6CK° (P =0.092) compared to Nay1 6" Each dot represents a single hemicord. [(A) to (F)] Nav1.6ﬂ/ﬂ,
n=9;Nay1.6™, n = 13; and Nay1.6%C, n = 14. [(G) to ()] Nay1.6™", n = 8; Nay1.6™*, n = 12; and Nay1.6°, n = 15. N = 8 to 15. n = hemicords and N = mice. Box and whis-
ker plots represent maximum, minimum, median, and upper and lower quartiles of datasets. A two-way mixed-design ANOVA (Tukey’s post hoc comparison) was used to
determine statistical significance.
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Fig. 5. Nay1.1 does not contribute to proprioceptor synaptic transmission before the onset of walking behaviors. (A) Representative monosynaptic reflex re-
sponses from Nay1.1%" (cyan), Nay1.1 het (gray), and Nay1.1%° (magenta) hemicords recorded during P6 to P11. (B to D) Quantification of monosynaptic response proper-
ties. (B) Response latency, Nay1.1 het (p=0.723) and Nay1.1C (P = 0.238) compared to Nay1.1"1. (C) Monosynaptic response amplitude, Nay1.1 het (p = 0.378) and Nay1.1°
(P> 0.999) compared to Nav1.1ﬂ/ﬂ. (D) Stimulus threshold, Nay1 A" (P> 0.999) and Na\,1.1CKO (P> 0.999) compared to Nay1 A% (E) Full width half maximum, Nay1.1 het
(P> 0.999) and Nay1.1%C (P = 0.255) compared to Nay1.1". (F) Polysynaptic response amplitude, Nay1.1 het (p = 0.574) and Nay1.1C (P = 0.473) compared to Nay1.1".

Each dot represents a single hemicord. Nay1 .1ﬂ/ﬂ, n=12; Nay1 .1het, n = 4; and Nay1

.1CK°, n=9.N=4to 10 mice. Box and whisker plots represent maximum, minimum,

median, and upper and lower quartiles of datasets. A Kruskal-Wallis test with Dunn’s multiple comparisons was used to determine statistical significance.

transmission at early postnatal development is not dependent on
Nayl1.1 or Nay1.6 and could indicate Nay functional redundancy in
proprioceptors before the onset of walking behaviors. We attempted
to measure the monosynaptic reflex in later postnatal development
(P14 to P18) in these mice; however, responses across all genotypes
were too small to reliably quantify, despite our ability to obtain re-
cordings at this age from mice in the Nav1.6 line (Fig. 4) as well as
age-matched C57Bl/6] controls (fig. S3). Thus, we cannot rule out
the possibility that Nayl.l1 may serve a role in proprioceptor-
mediated synaptic transmission following the acquisition of weight-
bearing locomotion. Behavioral testing at P7 did not reveal changes
in motor function across genotypes (fig. S4, A and B). At P14, how-
ever, we did observe a significant difference in functional grasping
in Navl.ICKo mice compared to that in Navl.lﬂ/ fl controls (fig. S4E),
suggesting that Nay1.1 also becomes important for motor coordina-
tion at the onset of walking behaviors. These data show that, in early
postnatal development neither Nay1.1 nor Nay1.6 alone is required
for proprioceptor synaptic transmission; however, upon the acquisi-
tion of weight-bearing locomotion, we find that Nay1.6 becomes
functionally dominant at the circuit level, and both Nayl.1 and
Nay1.6 are required at the behavioral level.

Severely, but not moderately, impaired proprioception
results in deficits in muscle spindle development

A recent study found that loss of Piezo2 or Nay1.6 in sensory neurons
led to changes in tactile sensory neuron end organ development (21).
This study raised the possibility that Nay1.6 may also regulate muscle
spindle development. As with our prior examination of Nay1.1%°
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mice compared to controls, we did not observe a reduction in the
overall number of proprioceptors in DRG sections (identified by
Pvalb and Runx3 colocalization) between NaV1.6ﬂ/ fl Navl.6h3t, and
Nay 1.6 mice (fig. S5B). We next examined the structure of muscle
spindles in Nay1.6™° mice by performing immunohistochemistry
against vesicular glutamate transporter 1 (VGLUT1) to visualize mus-
cle spindle sensory wrappings in sections of extensor digitorum lon-
gus (EDL) muscle. Qualitative observation of muscle spindles from
Nay1.6° mice shows notable structural abnormalities in sensory
wrappings that were not present in Navl.6ﬂ/ T or Navl.6het animals
(Fig. 6, A to C). To our knowledge, there is no standardized method
to quantitatively assess the structure of muscle spindles. Thus, we de-
vised a quantitative method to examine muscle spindle sensory ter-
minals by measuring the colocalization of VGLUT1" sensory wrappings
around clusters of 4',6-diamidino-2-phenylindole (DAPI)-positive nu-
clei, which represent intrafusal muscle fibers. By normalizing the
number of wrappings to muscle spindle length, we calculated a wrap-
ping efficiency index (WEI). We found that, compared to those from
Nay1.6”" and Nay1.6™" animals, muscle spindles from Nay 1.6
mice had significantly reduced wrapping efficiency indices, demon-
strating that Nay1.6 in sensory neurons is required for muscle spindle
development (Fig. 6D). To validate that the structural changes that
we observed were not due disruptions in VGLUT1 expression, we
repeated these experiments using the pan-neuronal marker PIII-
tubulin. Both antibodies revealed a significant reduction in WEI in
Nay1.6° muscle spindles compared to that in floxed controls (fig.
$S6). In our prior work, we qualitatively reported that loss of Nay1.1
does not change muscle spindle structure (7). To confirm our
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Fig. 6. Loss of Nay1.6, but not Nay1.1, in somatosensory neurons impairs muscle spindle development. Representative confocal images of muscle spindles from
(A) Nay1.6™", (B) Nay1.6™, and (C) Nay1.65° extensor digitorum longus (EDL) muscle sections (30 pm). Images were acquired with a 60x oil 1.4 numerical aperture (NA)
lens. VGLUT1 (gray scale) labels proprioceptor sensory terminals, and 4’,6-diamidino-2-phenylindole (DAPI; cyan) labels nuclei. Insets below images show the colocaliza-
tion of sensory terminals with DAPI. (D) Quantification of wrapping efficiency index (WEI) based on colocalization of DAPI with VGLUT1. Na\/1.6het (P = 0.0658) and
Nay1 6%C (P <0.0001) compared to Nay1 6" Representative images of muscle spindles from (E) Nay1 .1ﬂ/ﬂ, (F) Nay1.1 het and (G) Nay1 .1%©_(H) Quantification of WEI based
on colocalization of DAPI with VGLUT1. Nay1 qhet (P =0.762) and Nay1 K0 (P =0.282) compared to Nay1 17 Each dot represents a single muscle spindle section. (D)
Nay1.6", n = 8; Nay1.6™", n = 12; and Nay1.6%°, n = 10. (H) Nay1.1"", n = 10; Nay1.1", n = 8; and Nay1.1%°, n = 14. N = 3 mice per genotype. Box and whisker plots
represent maximum, minimum, median, and upper and lower quartiles of datasets. A one-way ANOVA (Dunnett’s post hoc comparison) was used to determine statistical

significance. Scale bar, 20 pm. Inset scale bar, 10 pm.

previous findings using this quantitative approach, we analyzed the
WEI of muscle spindles from Nay1.1° mice compared to those
from Na\;l.lhEt and Navl.lﬂ/ fl controls (Fig. 6, E to H). In line with
our previous work, Nay1.1 is not required for muscle spindle devel-
opment as wrapping efficiency indices were not significantly different
between genotypes (Fig. 6H). Thus, the above results show that mus-
cle spindle development is impaired when proprioceptive signaling is
severely, but not moderately, disrupted.

Proprioceptive feedback is required for normal skeletal
muscle development

Global inactivation of Nay1.6 leads to severe motor impairments
accompanied by atrophy of skeletal muscle (22). It was hypothesized
that these deficits were caused by loss of signal transmission from
motor neurons; however, whether impaired proprioceptive feed-
back onto motor neurons is sufficient to impair skeletal muscle de-
velopment has not been directly investigated. To address this, we
analyzed skeletal muscle anatomy and function in the Nay1.6 mouse
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line. We collected soleus muscle from mice and labeled for slow
(type I) and fast (type Ila) twitch muscle fibers. Muscle fibers from
Navl.6CKO mice had a visible reduction in muscle fiber size com-
pared to fibers from Navl.6hEt and Na\;1.6ﬂ/ﬂ mice (Fig. 7, A to C).
To quantify these changes, we took an unbiased approach and mea-
sured muscle fiber properties using a semiautomatic muscle fiber
analysis software in MATLAB (23). In agreement with qualitative
observation, muscle fibers from Nay1.6° mice displayed a signifi-
cant decrease in fiber area compared to Navl.6het and Na\/1.6ﬂ/fl
muscle (Fig. 7D). A cumulative distribution plot shows the spread of
muscle fiber area across genotypes (Fig. 7E). The proportion of type
I and type Ila fibers was also similar between genotypes and was
within the expected percentages for soleus muscle in wild-type ani-
mals (fig. S7, A and B) (24, 25). Furthermore, we found that the size
of both type I and type IIa fibers in Nay1.6°“° mice was significant-
ly reduced compared to other that of genotypes, indicating the
changes in muscle fiber area were not fiber-type specific (fig. S7, C
and D). We next examined whether the developmental changes in
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Fig. 7. Loss of proprioceptive feedback alters skeletal muscle development in Nay1.6“° mice. Representative images of muscle fibers from the soleus of (A) Nay1.6™",
(B) Nay1.6™, and (C) Nay1.6° mice. Images were acquired with a 20x 0.75 NA air lens. Myosin heavy chain (MHC) labels slow twitch muscle fibers (cyan), MHC type lla
labels fast twitch muscle fibers (magenta), and wheat germ agglutinin (WGA; yellow) labels the cell membrane of muscle fibers. (D and E) Quantification of muscle fiber
anatomy. (D) Fiber area, Nay1.6™" (P = 0.337) and Nay1.65C (P = 0.006) compared to Nay1.6™". (E) cumulative distribution plots showing the muscle fiber area in the so-
leus between Na\,1.6ﬂ/ﬂ (cyan), Na\,1.6het (gray), and Nav1.6CKO (magenta) mice. (F to I) Quantification of intrinsic properties of soleus muscle. (F) Tetanus stress, Na\,1.6het
(P =0.926) and Nay1 65° (P =0.990) compared to Nay1 6, (G) Tetanus force, Nay1 6t (P =0.925) and Nay1 65° (P =0.690) compared to Nay1 6, (H) Percentage of
force after fatigue, Na\,1.6het (P =0.189) and Nav1.6CKO (P = 0.150) compared to Nav1.6ﬂ/ﬂ. (I) Percentage of force after recovery, Nav1.6'“et (P =0.851) and Na\/1.6CKO
(P =0.293) compared to Nay1.6". Each dot represents a single animal. Box and whisker plots represent maximum, minimum, median, and upper and lower quartiles of

datasets. A one-way ANOVA (Dunnett’s post hoc comparison) was used to determine statistical significance. Scale bar, 50 pm.

muscle fiber properties corresponded to alterations in intrinsic
muscle strength and fatiguability; however, we found no differences
in muscle function across genotypes (Fig. 7, F to I). Collectively,
these reveal a non-cell-autonomous role for proprioceptive feed-
back in skeletal muscle development.

We next asked whether moderately impaired proprioceptive sig-
naling due to loss of Nayl.1 had the same effect on skeletal muscle
development or function. We examined muscle fiber composition of
Nayl.1 mice of all genotypes and did not observe any significant
changes in fiber area (Fig. 8, A to E). In addition, the proportion of
type I and type Ila fibers was similar between genotypes (fig. S7 E and

Espino et al., Sci. Adv. 11, eads6660 (2025) 8 January 2025

F). Functional analysis of intrinsic muscle properties in the soleus of
Nay1.1%° mice did not differ compared to that of Navl.lhet or
Nay1.1"" mice (Fig. 8, F to I), suggesting that moderately impaired
proprioceptive feedback does not result in deficits in skeletal muscle at
the anatomical or functional levels. Together, these experiments unveil
arole for proprioceptive feedback in skeletal muscle development.

Nay1.1 and Nay1.6 occupy distinct cellular domains within
muscle spindles

Qur results demonstrate that Nay1.1 and Nay1.6 have differential
roles in proprioceptive signaling. We next sought out to define the

90f19



SCIENCE ADVANCES | RESEARCH ARTICLE

MHC (slow) MCH lla (fast) WGA Merge D _ n.s.
“ 1400 | —>—
oT (0]
g o
= £12004 of o
© & 8 15
“ Iy | %1000
g
= 8004 ol |
: 600
= flrfl het  cKO
N> E
z 2000 -
21500 -
E /
; - 1000+
< P
z . < 500
0 - : |
10° 102 10°
Bin center
F G H
20+ n.s 150- s 110 - n.s. 130-
£ n.s — o n.s. > n.s.
e = n.s. 5100 - ° % 1204 B — S
815— (eXo) 15 o ° k= ° ° 3
S |oop = © af .° & ° 3]
5 | ° ooy 1008 008 8 90dohk Off ® 1104 ©
% ° o .%E 5 °© ° ol 8 ° 5 o0 o W 09
£104 g 00 Ke) ° % 804 o 00 %100— ooH o 0©
7] »n K
2 .]8 2 50- 8 704 o g 904 1 °°
s ° ° 3 ° 2 ° oo (e o
© P < 601 ° = go4°+ | 8
70
flifi  het cKO flifi het cKO flifi  het cKO fifi het cKO

Fig. 8. Mildly impaired proprioceptive feedback does not impair skeletal muscle development. Images of muscle fibers from (A) Nay1 .1ﬂ/ﬂ, (B) Nay1.1 he‘, and
(€) Nay1.6€ soleus muscle. Images were acquired with a 20x 0.75 NA air lens. MHC labels slow twitch muscle fibers (cyan), MHC type lla labels fast twitch muscle fibers
(magenta), and WGA (yellow) labels the cell membrane of muscle fibers. (D and E) Quantification of muscle fiber anatomy. (D) Fiber area, Nay1.1"t (P = 0.9827) and
Nay1 K0 (P = 0.880) compared to Nay1 AR (E) cumulative distribution plots showing the muscle fiber area between Nay1 R (cyan), Nay1 qhet (gray), and NaVHCKO
(magenta). (F to 1) Quantification of intrinsic properties of soleus muscle. (F) Tetanus stress, Nay1.1 het (P=0.841) and Nay1.1%° (P = 0.596) compared to Nay1.1 i, (G) Teta-
nus force, Nay1.1"* (P = 0.624) and Nay1.1C (P = 0.978) compared to Nay1.1"". (H) Percentage of force after fatigue, Nay1.1"* (P = 0.999) and Nay1.1%C (P = 0.934)
compared to Nay1 A0, (I) Percentage of force after recovery, Nay1 qhet (P =0.724) and Nay1 K0 (P = 0.993) compared to Nay1 1" Each dot represents a single animal.
Box and whisker plots represent maximum, minimum, median, and upper and lower quartiles of datasets. A one-way ANOVA (Dunnett’s post hoc comparison) was used

to determine statistical significance. Scale bar, 50 pm.

mechanistic basis of their distinct and nonredundant contributions.
At the biophysical level, Nay1.1 and Nay1.6 are functionally very sim-
ilar, and both contribute to peak, persistent, and resurgent sodium
currents (26-28). Previous studies examining central neurons, how-
ever, show that Nay1.1 and Nay1.6 occupy distinct excitable domains
(29-31), suggesting that differences in cellular localization could dictate
the unique roles that these channels play in proprioception. Com-
pared to the central nervous system, our understanding of Nay ex-
pression in sensory terminals is extremely poor. We therefore set
out to examine the expression patterns of Nayl.1 and Nay1.6 in
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proprioceptive end organs. We focused our analysis on muscle spin-
dles, as these structures comprise two of the three proprioceptor func-
tional classes (1) and are the afferent endings from which we recorded
in ex vivo muscle nerve experiments (Figs. 2 and 3). We first labeled
for Nayl.6 channels and observed discrete, high-density clusters
across the spindle that resembled action potential initiation zones
(Fig. 9, A to C). We observed, on average, two Nay1.6" clusters per
muscle spindle section (Fig. 9D), although this is likely an underesti-
mation of the total number of clusters per entire spindle. In central
neurons, Nay1.6 has been shown to play a major role in signal
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Fig. 9. Nay1.1 and Nay1.6 localize to discrete cellular regions in muscle spindles. VGLUT1 [magenta, (A)] labeled muscle spindles express clusters of Nay1.6 [cyan,
(B and C)]. Arrows denote clusters of Nay1.6. (D) Quantification of the number of Nay1.6 clusters per muscle spindle (n = 15 spindles). WT, wild type; MS, muscle spindle.
(E to H) Nay1.6 clusters (G) colocalize with Ankyrin-G [AnkG; yellow; (E) and (F) are insets from (G)]. (H) Quantification of the percentage of AnkG clusters that colocalize
with Nay1.6 clusters (n = 9 spindles). (I to M) Co-labeling of Nay1.6 (J) with juxtaparanode maker CASPR [(K), yellow] reveal proprioceptor nodes of Ranvier (L) and hemi-
nodes (M) (n =10 spindles). Nodes of Ranvier were identified by two CASPR* signals (arrows) flanking Nay1.6 clusters (arrowheads). Heminodes were identified by a single
CASPR* signals juxtaposed to Nay1.6 cluster. (N to S) Co-labeling of Nay1.6 (O) with Nay1.1 [(P), yellow] shows discrete cellular expression patterns. [(Q) to (S)] Arrowheads
denote Nay1.6 channels, and arrows denote Nay1.1 channels. N = 3 to 5 mice. Inset scale bars, 10 pm. Scale bars, 20 pm
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initiation and propagation due to its expression at the distal axon ini-
tial segment (AIS) and nodes of Ranvier (29, 31, 32). Thus, we co-
labeled with the AIS marker Ankyrin-G [AnkG; Fig. 9, E to G; (33)]
and found that 100% of Nay1.6 clusters colocalize with AnkG (Fig.
9H). To determine whether these clusters were bona fide heminodes
or nodes of Ranvier, we co-labeled with the juxtaparanode marker
CASPR (34). Triple immunolabeling experiments found Nay1.6 clus-
ters flanked by two CASPR* signals near VGLUT1" muscle spindles
(Fig. 9, 1to L), as well as in myelinated axons of the sciatic nerve (fig.
$8). Furthermore, we also observed Nay1.6 channel clusters flanked
by a single CASPR™ signal within muscle spindles, indicative of the
presence of Nay1.6" heminodes within muscle spindles (Fig. 9M).
These findings reveal that Nayl.6 is expressed only at heminodes
within muscle spindles and nodes of Ranvier of proprioceptors, where
it likely plays a direct role in signal initiation and propagation.

If Nay1.1 and Nay1.6 differentially regulate electrical signaling in
proprioceptors through distinct cellular localization patterns, then
co-labeling for both ion channels should reveal nonoverlapping ex-
pression patterns. In line with our hypothesis, we find a notable dif-
ference in Nayl.l localization in muscle spindles compared to
Nayl1.6 (Fig. 9, N and Q). In contrast to the discrete clusters of
Nay1.6, we observe that Nay1.1 localization is not clustered but re-
stricted to more equatorial wrappings within muscle spindles and in
some presumptive axons entering the muscle spindle (Fig. 9S). We
ensured the specificity of Nay1.1 and Nay1.6 antibodies using tissue
harvested from Navl.ICKO and Nay 1.6 mice, respectively (fig. S9).

Given that we found developmentally dependent roles for Nay1.1
and Nay1.6 in proprioceptor synaptic transmission in the spinal cord
(Figs. 4 and 5), we asked whether Nay localization is dynamic during
postnatal development. We labeled for Nay1.1 and Nay1.6 in muscle
spindles from the EDL of P7 and P14 C57Bl6/] mice (fig. S10) the
time points at which we observed a change in the requirement for
either channel to motor function (figs. S2 and S4). At P7, we observed
no Nay1.6 clusters within spindles, although we did find some clus-
ters near spindles, which could represent nodes of Ranvier. At P14,
clusters of Nay1.6 begin to emerge within muscle spindles, although
these clusters appear smaller and less frequently than those observed
in adult muscle spindles. We detected little to no Nay1.1 immunore-
activity in muscle spindles at P7 and P14, suggesting either no or low
expression of this channel at these time points. Given the significant
change in functional grasping observed in Nay1.1%© at P14 (fig.
S4E), this would suggest that Nayl.1 may serve a role in sensory
transmission outside of the muscle spindle at this time point in post-
natal development. Thus, we propose that the unique localization pat-
terns of Nay1.1 and Nay1.6, which are dynamically regulated during
postnatal development, confer the unique contributions of each chan-
nel to electrical signaling in proprioceptors.

DISCUSSION

The discovery of Piezo2 shared the 2021 Nobel Prize in Physiology
and Medicine due to its essential role in the function of various
mechanosensory neurons. In proprioceptors, Piezo2 initiates mus-
cle mechanotransduction signaling (4, 5); however, the downstream
ion channels responsible for transmitting proprioceptive informa-
tion to central circuits have remained mysterious. In proprioceptors,
the acid-sensing channels ASIC2 and ASIC3 modestly contribute to
proprioceptive behaviors and muscle afferent excitability (35, 36),
and hyperpolarization-activated cyclic nucleotide-gated channels (37)
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and voltage-gated potassium channels of the Ky1 family may work to-
gether to set proprioceptor intrinsic excitability (20). Here, we demon-
strate that Nays differentially encode mammalian proprioception, and
we predict this is largely due to differences in channel localization
within proprioceptors (Fig. 10). Our prior work found that Nay1.1 is
essential for maintaining consistent and reliable proprioceptor en-
coding of static muscle stretch (7); this is consistent with its expres-
sion at sensory wrappings of muscle spindles where is it poised to
integrate and amplify Piezo2-mediated mechanotransduction cur-
rents. Conversely, because of its localization at heminodes within
muscle spindles and nodes of Ranvier, Nay1.6 has an obligate role in
initiating proprioceptor action potential firing. This is in line with
ex vivo recordings from Nay1.6°C afferents, in which responses to
both dynamic and static muscle movement are abolished (Figs. 2
and 3). Furthermore, this demonstrates that the activity of Piezo2
and other ion channels in proprioceptors cannot compensate for the
loss of Nay1.6. Thus, we conclude that Nay1.6 is equally essential for
mammalian proprioception as Piezo2. Taken together, this study in-
vestigates and defines unique and nonredundant roles for Nays in
encoding a specific somatosensory modality.

At the behavioral level, deletion of Nay1.1 or Nay1.6 in sensory
neurons led to phenotypically distinct motor deficits. Previously,
we reported that Nay1.1°° mice display uncontrollable intention-
like tremors and poor motor coordination (7). Here, we show that
deletion of Nay1.6 in sensory neurons resulted in even more severe
ataxia that precluded testing in the rotarod (Fig. 1). Notably, al-
though more impaired than Nay1.1%%C mice, Nay1.6%° mice did
not display intention tremors. The distinct motor phenotypes that
result from conditional deletion of Nay1.1 or Nay1.6 likely arise
from differences in their respective contributions to proprioceptor
function and development (Figs. 2, 3, and 6). In the open field, we
found that the maximal speed of Nay1.6°® mice was significantly
reduced compared to that of other genotypes (Fig. 1F). This find-
ing is in line with prior work in Egr3™'~ mice, in which muscle
spindles do not develop, resulting in an inability of mice to walk at
high speeds (38). It should be noted, however, that the behavioral
phenotypes in these models cannot solely be attributed to proprio-
ceptor dysfunction, as Nay1.1 and Nay1.6 are also expressed in tac-
tile sensory neurons (39), which also contribute to motor behaviors
(40, 41). Nevertheless, at the afferent level, we show that Nay1.6 is
fundamentally essential for electrical signaling in proprioceptors,
which contrasts the selective impairment on static stretch encod-
ing observed in Navl.lCKO mice. Furthermore, Nayl.1 deletion
had no significant impact on muscle spindle or skeletal muscle de-
velopment; therefore, it is likely that the deficits observed in
Nay1.1%€ are purely electrical in nature. By contrast, in addition
to loss of proprioceptive transmission, Nay1.6“® mice had abnor-
mal muscle spindle structure (Fig. 6) and significantly reduced
skeletal muscle fiber size (Fig. 7), which suggests that the severe
motor deficits in Nay1.6™° may be caused by both cell-autonomous
and non-cell-autonomous mechanisms. Prior work on Scn8a™*
mice show that global inactivation of Nay1.6 resulted in a similar
ataxic-like phenotype, as well as muscle atrophy and weakness
(12, 22). Our data show that loss of Nay1.6 function in sensory
neurons, particularly proprioceptors, is a major contributor to the
motor and muscle impairments in Scn8a™* mice. This may have
broader implications for interpreting the clinical manifestations as-
sociated with disease causing Scn8a mutations, which often result
in motor dysfunction (11).
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Fig. 10. Model of proprioceptive transmission by Nay1.1 and Nay1.6. Upon muscle stretch, Piezo2 (red) transduces mechanical stimuli into electrical potentials. Nay1.1
(blue) expressed in muscle spindle sensory terminals integrates and amplifies Piezo2 signals to drive consistent proprioceptor firing during static muscle stretch. Nay1.6
(yellow) localized to heminodes and nodes of Ranvier where it initiates and propagates proprioceptive signals from muscle spindles to the spinal cord. It is likely that
before weight-bearing locomotion, there is functional redundancy of Nays in proprioceptive axons. After walking behaviors emerge, however, proprioceptive synaptic
transmission is dependent on Nay1.6. Deletion of Nay1.6 in all sensory neurons led to a significant decrease in skeletal muscle fiber size that was not present in Nay1.1C
muscle, suggesting that complete loss of proprioceptive feedback non-cell-autonomously regulates skeletal muscle development. Image credit: J. Tulman, UC Davis,

Dept. of Physiology & Membrane Biology.

We found that a single copy of Nay1.6 in sensory neurons was
sufficient for normal motor function in adults (Fig. 1), despite being
haploinsufficient in ex vivo muscle nerve recordings in response to
vibration and in monosynaptic reflex recordings following the onset
of walking behaviors (Flgs 3 and 4). In response to vibratory stimuli,
afferents from Nay1.6™" animals were less likely to entrain to sinusoidal
vibration, particularly at 25-pm stimulus amplitudes (Fig. 3, B and
D). Furthermore, in the spinal cord Nayl. 6™t animals displayed
slower monosynaptic response latencies and required stronger cur-
rent pulses to evoke a smaller amphtude response (Fig. 4, Hto J).
Why these functional deficits in Nay1.6™" mice do not manifest at
the behavioral level is unclear. It should be noted that, at P14, we
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observed Nay1.6 haploinsufficiency in a limb coordination assay
(fig. 82) It is therefore possible that compensatory mechanisms in
Nay1.6™" animals come into play in early adulthood. Another pos-
sibility is that Nay1.6 "¢ animals have more subtle motor deficits that
were unresolvable in the open field and rotarod. More sensitive ki-
nematic analyses with higher spatial and temporal resolution will be
required to investigate the extent of Nay1.6 haploinsufficiency for
proprioceptor-driven motor behaviors.

We have very limited knowledge about the localization of ion
channels within somatosensory end organs. This information is im-
portant for understanding how electrical signals arise within struc-
turally complex sensory terminals, which can be damaged during
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pathological conditions or aging (I, 42-44). We show that Nay1.1
and Nay1.6 occupy distinct cellular compartments within proprio-
ceptive muscle spindle end organs, which we predict underlies their
differential roles in encoding proprioceptive signals. While differ-
ences in biophysical properties could also underlie the differential
roles of Nayl.1 and Nayl.6 to proprioceptive transmission, these
channels share many functional similarities. They both rapidly
activate and inactivate; can generate peak, persistent, and resur-
gent currents; and have similar recovery from inactivation kinetics
(7,27, 28, 45-47). Prior work in neurons of the central nervous sys-
tem is consistent with our hypothesis that localization dictates Nay
contributions to proprioceptor function. For example, in retinal
ganglion cells and motor neurons, Nay1.6 is preferentially expressed
at the distal AIS, suggesting a primary role in signal initiation
(48, 49). Furthermore, studies have shown that Nay1.6 is the domi-
nant isoform at nodes of Ranvier, playing a key role in action poten-
tial propagation in myelinated axons (31, 49). In contrast, Nay1.1 is
localized to the soma and proximal AIS, where it aids in repetitive
firing in fast spiking neurons of the brain (14, 50). This is in line with
our model whereby Nay1.1 integrates and amplifies mechanotrans-
duction currents from Piezo2 to maintain sustained action potential
firing during static stretch.

We found that 100% of Nayl.6 immunoreactivity colocalizes
with AnkG. AnkG is known to anchor Nays within the AIS of cen-
tral neurons (32, 33, 51, 52); thus, our findings indicate that muscle
spindles have several Nay1.6-expressing action potential initiation
zones. Unexpectedly, we never observed broad AnkG immunoreac-
tivity in muscle spindle sensory wrappings, indicating that AnkG
does not colocalize with Nay1.1, despite its known colocalization
with Nay1.1 at the AIS in other neurons of the central nervous sys-
tem (30, 53). The mechanisms that anchor Nay1.1 to sensory termi-
nals remain unknown. Scaffolding proteins known to colocalize
with Nayl.1 include BIV-spectrin, auxiliary Nayf subunits, and fi-
broblast growth factors (14, 54, 55). Proximity proteomic approach-
es could identify specific molecular players involved in Nayl.1
channel organization within proprioceptive end organs.

Another unexpected result from our study was the developmen-
tally dependent manner in which Nays contribute to proprioceptor
synaptic transmission in the spinal cord (Fig. 10). Ventral root re-
cordings from mice at ages P6 to P11 revealed that neither Nay1.1
nor Nay1.6 is required for the proprioceptor-mediated monosynap-
tic reflex response at this age. Conversely, by P14, when propriocep-
tors are nearing molecular maturation and weight-bearing locomotion
has emerged, Nay1.6 becomes critical for this circuit. There are two
principal interpretations for these data. First, before walking behav-
iors, neither Nay1.1 nor Nay1.6 contributes to proprioceptor synap-
tic transmission onto motor neurons. This interpretation would be
consistent with previous studies in myelinated neurons of the retina,
whereby the onset of eye opening corresponds with a developmental
switch from Nay1.2 to Nay1.6 (48). It is possible that another Nay
subtype, such as Nay1.7, is the dominant channel in early postnatal
development. Alternatively, another interpretation is that, in early
postnatal development, there is functional redundancy among Nay
subtypes, and loss of one is insufficient to impair synaptic transmis-
sion. This is line with a previous study that found the presence of
multiple Nay isoforms in sensory axons as early as P7 (56). We
favor the latter interpretation because functional redundancy is
a common phenomenon in the developing nervous system, and
Nay1.7 does not appear to play a substantial role in mammalian
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proprioception. Nevertheless, both interpretations indicate that the
cellular trafficking mechanisms governing the stability of each Nay
subtype in this circuit are independent of one another, as loss of
Nay1.6 did not result in compensation by other Nays following the
onset of weight-bearing locomotion. Notably, our analyses of the
monosynaptic reflex are consistent with behavioral analyses carried
out in P7 and P14 mice, where motor function in P7 Navl.lCKO and
Nay1.6™° mice was largely intact but declined by P14 (figs. $2 and
S4). At P7, we observed little-to-no immunoreactivity of Nay1.1 or
Nay1.6 in muscle spindles (fig. S9). By P14, Nay1.6 clusters begin to
appear within the spindle, while Nay1.1 immunoreactivity remained
weak. This suggests temporally distinct regulation of Nay localiza-
tion at peripheral end organs compared to central circuits. Only one
of the monosynaptic reflex parameters changed across postnatal de-
velopment in Nay1.6"" mice, response latency, which was faster
at P14 to P18 compared to that at P6 to P11 (table S1). We predict
that this is a result of activity dependent changes in primary
afferent myelination (57), which is likely impaired in Nay1.6™ and
Nay1.6°° mice.

We find that loss of Nay 1.6, but not Nay1.1, resulted in disrupted
muscle spindle development. This is in line with recent findings that
show mechanosensory neuron end organ development is activity
dependent (21). Previous work found deletion of Piezo2 in proprio-
ceptors did not alter muscle spindle structure (5); however, these
experiments were carried out in 4- to 5-week-old mice, whereas our
analysis of muscle spindle structure was carried out in mice ages 8 to
12 weeks. This raises the possibility that electrical activity is required
for the maintenance, but not development, of muscle spindle struc-
ture. We did note potentially reduced VGLUT1 immunolabeling in
Nay1.6© muscle spindle afferent endings (Fig. 6). Quantifying
VGLUT1 expression in proprioceptor afferent endings is challeng-
ing, and analysis of protein expression via immunolabeling is not
reliable or sufficiently quantitative. Reduced levels of VGLUT1 in
muscle spindle afferents has been shown to decrease firing during
static stretch (58). Whether this is contributing to loss of activity in
Nay1.6°° mice is unclear. However, our analysis of muscle spindle
structure is not compromised by changes in VGLUT1 expression as
analysis using pan neuronal marker, SIII-tubulin, also found a sig-
nificant decrease in WEI (fig. S6).

Unexpectedly, Nay1.6%° mice showed significantly reduced skel-
etal muscle fiber size, highlighting a potential non-cell-autonomous
role for proprioceptive feedback in skeletal muscle development or
maintenance (Figs. 7 and 10). This effect was not seen in Navl.lCKO
mice but is consistent with a study that found deletion of Piezo2 in
proprioceptors led to non-cell-autonomous deficits in spine align-
ment and hip joint formation (59). This marked reduction in myofi-
ber area is impressive, as Nay1 .6© mice have severe motor impairments
but are not immobile; our open-field data show that the amount of
time Nay1.6° mice spent moving was not statistically different
from that of Navl.6het and Nayl.6 " mice. Moreover, prior work
examining hindlimb unloading find a ~30 to 40% decrease in myo-
fiber size over the course of 2 weeks of unloading (60), and unload-
ing has a stronger effect on slow-twitch myofibers that are activated
more regularly (61). We observe an even more pronounced effect on
myofiber size in Nay1.6°“° mice, and we also observe a clear reduc-
tion in the size of both slow- and fast-twitch myofiber fibers in
Nay 1.6 mice. Thus, we propose that the lack of proprioceptive
feedback in this model has non-cell-autonomous consequences on
skeletal muscle that are independent of muscle unloading.
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Despite the smaller size of Nay1.6C skeletal muscle fibers, all

Nay1.67 intrinsic muscle properties were similar to Nay1.6" and
Navl.6ﬂ/ﬂ mice. Grip strength in Nav1.6°%C mice, however, was
significantly weaker compared to that in other genotyges. These
findings suggest that reduced grip strength in Nay1.6°° mice is
likely due to impaired motor neuron activation of skeletal muscle
and not due to changes in intrinsic muscle function. The exact
mechanism that leads to impaired motor neuron activation remains
an open question. One possibility is that loss of proprioceptive feed-
back affects motor neuron excitability. Prior studies have identified
dysfunction in proprioceptive spinal cord circuits in mouse models
of spinal muscular atrophy and amyotrophic lateral sclerosis, neuro-
degenerative diseases in which motor neuron function is compro-
mised (19, 62-64). Moreover, restoration of survival motor neuron
1 gene in proprioceptors regulates the passive membrane properties
of motor neurons in a mouse model of spinal muscular atrophy (64).
An intriguing hypothesis is that loss of proprioceptive feedback
onto motor neurons in Nay1.6° mice (Fig. 4) results in patho-
physiological phenotypes similar to those observed in neuromuscu-
lar or motor neuron disease.

Mutations in the genes that encode Nay1.1 and Nayl1.6, Scnla
and Scn8a, respectively, are strongly associated with neurological
diseases in which ataxia and motor developmental delays are prom-
inent clinical manifestations (12, 26, 50). How proprioceptor dys-
function contributes to these disorders is unknown. Most patients
with Dravet syndrome have complete LOF of one copy of Scnla;
conversely, patient reported mutational variants in Scn8a are pre-
dominately GOE Our previous work found that proprioceptor af-
ferents from Nay1.1"" mice also had impaired encoding static
muscle stretch (7), suggesting that motor dysfunction in patients
with Dravet syndrome missing one functional copy of Scnla could
be, in part, sensory in nature; however, it is unclear how Scn8a GOF
mutations would affect proprioceptor function. Patients harboring
either Scnla LOF or Scn8a GOF mutations have similar motor defi-
cits (11); thus, one possibility is that Scn8a GOF mutations lead to
use-dependent block of action potential firing in proprioceptors,
which could contribute to the similar motor phenotypes observed
in these different patient populations (11). There are a few reported
cases of LOF mutations in Scn8a that lead to general ataxia (65), and
our data suggest that proprioceptor dysfunction could contribute to
their motor deficits.

In addition to Nayl.1 and Nayl.6, proprioceptors also express
Nay1.7 (7). Mice and humans that lack Nay1.7 are insensitive to
pain but do not exhibit prominent deficits in motor function, which
suggests a limited role of Nayl.7 in mammalian proprioception
(9, 10). Alternatively, Nay1.1 and Nay1.6 may compensate for the
developmental loss of Nay1.7, which occurs in constitutive genetic
mouse models and human patients. It is possible that acute deletion
of Nayl.7 in proprioceptors could reveal a previously overlooked
contribution of the channel to proprioceptor function. We found
that Nay1.7 channels contribute to roughly one third of the somal
whole-cell sodium current in genetically identified proprioceptors
(7). Thus, a role for Nay1.7 in mammalian proprioception remains
enigmatic.

A current limitation of the present study is the use of a sensory-
neuron wide genetic targeting strategy, which makes interpretation of
motor behavior and skeletal muscle impairments confounded by the
loss of Nay1.1 or Nay1.6 in other sensory neuron populations, name-
ly, touch receptors. As mentioned above, deletion of Nay1.1 or Nay1.6
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selectively in proprioceptors is not possible with now available ge-
netic tools, as the access point for Cre-driven deletion, parvalbumin,
is also expressed in neurons of brain and spinal cord that are impor-
tant for motor function. Despite this limitation, the direct role of
Nay1.1 and Nay1.6 in proprioceptors was examined at the functional
level in ex vivo muscle nerve recordings and spinal cord electrophysi-
ology experiments, as well as in the structural analysis of VGLUT1-
identified muscle spindles. To investigate the role of Nay channels
with spatial precision, future experiments will require intersectional
strategies for selective gene manipulations in proprioceptors.

Genetic and pharmacological studies have revealed how different
Nay channel subtypes encode distinct somatosensory modalities.
For example, deletion of Nay1.7 and Nay1.8 eliminates noxious me-
chanical pain (66-68), and pharmacological activation of Nayl.1
was shown promote mechanical pain but not pain induced by nox-
ious heat (69). Furthermore, pharmacological inhibition of Nay1.6
with p-conotoxin GIIIA decreases oxaliplatin-induced cold allo-
dynia, suggesting a role for Nay1.6 in cold pain (70). While studies
like these demonstrate the contributions of different Nay subtypes
across distinct somatosensory modalities, how the ensemble of
Nays expressed within a specific sensory neuron population shape
electrical signaling and thus behavior has not been shown. Our data
demonstrate that Nay1.1 and Nay1.6 play distinct and nonredun-
dant roles in mammalian proprioceptors. This work defines how
Nays uniquely shape signaling within a discrete somatosensory mo-
dality and also shows that Nays occupy distinct cellular compart-
ments in sensory neuron end organs. We predict that our results are
broadly applicable to other sensory neuron populations, namely,
mechanoreceptors, which also co-express Nayl1.1 and Nay1.6 (39).
Furthermore, these data have important translational implications
for understanding the motor deficits associated with Nay1.1 and
Nay1.6 channelopathies.

MATERIALS AND METHODS

Experimental design

Animals

Pirt“™ and Scn8a™" mice were a gift from X. Dong [Johns Hopkins
University; (71)] and M. Meisler [University of Michigan; (72)], re-
spectively. Scnla™™ mice (stock no. 041829-UCD) were purchased
from the University of California, Davis (UC Davis) Mutant Mouse
Resource and Research Center. All mice used are a C57BL/6] back-
ground (non-congenic). Genotyping was outsourced to Transnetyx.
Animal use was conducted according to guidelines from the Na-
tional Institutes of Health’s Guide for the Care and Use of Laboratory
Animals and was approved by the Institutional Animal Care and Use
Committee of UC Davis (no. 23049) and San Jose State University
(no. 990; ex vivo muscle recordings). Nay1.6°< mice were provided
with wet food and hydrogels daily. Mice were maintained on a
12-hour light/dark cycle, and food and water were provided ad libitum.
Animal behavior

Motor function was tested using three assays: rotarod, open field,
and grip strength. Behavioral assays were conducted from least to
most invasive in the order of open field, grip strength, and rotarod.
All behavioral assays were conducted between 8 and 10 weeks of
age, and the experimenter was blind to genotype. For the open field,
mice were acclimated to the behavior room for 1 hour prior testing.
The open-field apparatus consisted of a white square box with di-
mensions of 15 inches (38.1 cm) by 15 inches (38.1 cm) by 20 inches
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(50.8 cm). A camera suspended above the open field tracked animal
movement for a single 10-min period using ANY-maze software.
Following testing in the open field, mice were transported to a sepa-
rate behavior room and allowed to acclimate for 1 hour before being
assayed in the grip strength and rotarod tests. A grip strength ap-
paratus (IITC Life Science, Woodland Hills, CA) with a metal grate
was used. Mice held from the tail were placed on the metal grate and
pulled horizontally away from apparatus once all four paws touched
the grate. Mice were assayed across six trials with 5-min intervals
between trials. A rotarod machine (IITC) that has an accelerating
rotating cylinder was used. Nay1.6™° mice were excluded from ro-
tarod testing because of severe motor coordination deficits that pre-
vented them from maintaining balance on the cylinder even in the
absence of cylinder rotation. The averages of three trials across three
consecutive training days were recorded.

Ex vivo muscle nerve recordings

Detailed methods on ex vivo muscle nerve recordings can be found
in (16). Briefly, extensor digitorum muscle and innervating pero-
neal branch of the sciatic nerve were dissected from adult mice and
placed in a tissue bath of oxygenated synthetic interstitial fluid at
24°C. Tendons were tied to a fixed post and lever arm of a dual force
and length controller and transducer (300C-LR, Aurora Scientific
Inc.). The cut end of the nerve was suctioned into a bipolar glass
electrode and connected to an extracellular amplifier with headstage
(Model 1800, A-M Systems). Muscles were held at the length of
maximal twitch contraction, Lo. For static stretch experiments, nine
4-s ramp-and-hold stretches were given at 2.5, 5, and 7.5% of Lo
(ramp speed was 40% of Lo/s). Stretch lengths were repeated three
times. For sinusoidal stimuli, 16 9-s sinusoidal vibrations were given
at 5-, 25-, 50-, and 100-pm amplitudes at varying frequencies (10,
25, 50, and 100 Hz). A rest period of 1 min was given between each
length change. Resting discharge was quantified as the firing rate 10 s
before stretch. Firing rate during the static phase of stretch was
calculated 3.25 to 3.75 s into the hold phase of stretch (LabChart
software, ADInstruments). The consistency of firing during static
muscle stretch was found by calculating the interspike interval coef-
ficient of variation during the plateau phase of stretch (CV = SD/
mean of ISI 1.5 to 3.5 s after ramp up). For dynamic responses, the
average firing rates during the 9-s vibration were determined. En-
trainment was defined as whether a unit could entrain in a 1:1 fash-
ion to vibration stimulus. In most afferents, we confirmed that they
were group Ia or II afferents by looking for a pause in firing during
the shortening phase of contraction [a train of 60 stimulations of
0.5-ms pulse width was given at 1-Hz frequency from a 701C stimu-
lator (Aurora Scientific)].

Spinal cord electrophysiology

Spinal cords were harvested from postnatal mice spanning the age
groups P6 to P11 and P14 to P18. The mice were deeply anesthetized
with isoflurane, decapitated, and eviscerated. We followed the pro-
tocol that has been used to record motor activity from mice of
weight-bearing age using ex vivo spinal cord preparations (73, 74).
In brief, after evisceration, the preparation was pinned to a dissect-
ing chamber and continuously perfused with ice-cold solution,
comprising: 188 mM sucrose, 25 mM NaCl, 1.9 mM KCI, 10 mM
MgSOy, 0.5 mM NaH,POy, 26 mM NaHCO3, 1.2 mM NaH,PO,,
25 mM glucose, bubbled with 95% O,/5% CO. The spinal cord was
exposed following a ventral laminectomy and transected at the tho-
racic levels (T5-T8). The dorsal and ventral roots were isolated over
the sixth lumbar segment, bilaterally, just proximal to the DRG. All
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other dorsal and ventral roots were trimmed, and the entire cord
was removed from the vertebral column together with the attached
roots and transferred to the recording chamber and continuously
superfused with artificial cerebrospinal fluid (aCSF): 128 mM NaCl,
4 mM KCl, 1.5 mM CaCl,, 1 mM MgSQOy, 0.5 mM NaH,POy4, 21 mM
NaHCOj3, 30 mM p-glucose, bubbled with 95% O,/5% CO,. A mid-
sagittal hemisection was performed, and the spinal hemicords were
allowed to equilibrate in aCSF maintained at ambient temperature.
After spinal cord isolation, dorsal and ventral roots at the sixth lum-
bar segment (L6) were placed into suction electrodes. The dorsal
root was stimulated with single-pulse stimulus, delivered every 30 s,
over 10 trials. The stimulus was delivered using a stimulus isolator
unit (A365, World Precision Instruments) with current pulse ampli-
tudes set at twice the threshold intensity of stimulation (2 T, 0.1-ms
pulse width). Extracellular recordings were made at the ventral
roots, and the signal was filtered between 0.1 and 5000 Hz, amplified
1000 times (Model 1700, A-M Systems), digitized at 10 kHz using
Digidata 1440A, acquired using Clampex software (v11.2, Molecular
Devices), and saved on a computer for offline analysis. Stretch re-
flex parameters were extracted from the signals for each experi-
ment, after averaging over the 10 trials, using Clampfit (v11.2,
Molecular Devices).

Muscle mechanics

Soleus muscles were prepared for ex vivo passive mechanical testing as
previously described (75). Briefly, 7-0 sutures were cinched at the
muscle-tendon of the soleus and EDL muscles. Suture loops were
placed on hooks connected to the 300C-LR-Dual-Mode motor arm
and force transducer (Aurora Scientific) such that the muscle remained
within 28°C oxygenated Ringer’s solution. Twitches were induced us-
ing a 701C stimulator (Aurora Scientific) across a range of muscle
lengths to determine the optimal length for isometric force generation
(Lo). The Lo length corresponded to the length between the sutures on
either muscle-tendon junction, as measured by calipers. Physiological
cross-sectional area (PCSA) was calculated using the muscle length
(Lm), mass (m), ratio of fiber length to Lo (Lf/Lo), and standard den-
sity of muscle (p = 1.06 g/cm®; PCSA = m/Lo*(Lf/Lo)*p (76).

Soleus muscles were subjected to active mechanical testing,
which consisted of a series of 24 maximum isometric tetani (300 mA,
0.3-ms pulse width, 80-Hz pulse frequency, 800-ms pulse train)
with 6 s of recovery in between each tetanus. Muscles were then
given 300 s to recover before a final tetanus with the same param-
eters. Maximum isometric force was measured during the first,
penultimate, and final tetanus protocol. Maximum forces were nor-
malized to PCSA to give isometric specific tension. The highest iso-
metric specific tension measured during each active protocol was
reported as the isometric specific tension for each muscle. The per-
cent of force maintained at the penultimate tetanus compared to the
initial tetanus was recorded as the percent force after fatigue. The
percent of force maintained at the final tetanus compared to the
initial tetanus was recorded as the percent force after recovery.
After active mechanical testing was completed, muscles were re-
moved from the mechanical testing equipment, embedded in opti-
mal cutting temperature (OCT) compound, and flash frozen in
liquid nitrogen cooled isopentane. Muscles were stored at —70°C
until cryosectioning.

Tissue processing

For muscle spindle immunolabeling experiments, mice were anes-
thetized using a ketamine/xylazine cocktail and transcardially
perfused with phosphate-buffered saline (PBS) followed by 1%
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paraformaldehyde (PFA). EDL muscle was then dissected in PBS,
post-fixed for 30 min, and then washed in PBS before incubation in
30% sucrose solution overnight at 4°C. Following cryoprotection,
muscles were embedded in optimal cutting temperature (Thermo
Fisher Scientific, no. 4585) and stored in —80°C until sectioning.
Immunohistochemistry

For immunolabeling experiments in muscle spindles, EDL muscles
were sectioned (30 pm) along the longitudinal axis. Tissue was incu-
bated in blocking solution (0.1% PBS-Triton-X/5% normal goat se-
rum in PBS), and the following primary antibodies were used:
guinea pig anti-VGLUT1 (1:8000; Zuckerman Institute, 1705) and
rabbit anti-BIII tubulin (1:3000; Abcam, no. ab18207). Secondary
antibodies are as follows: anti-guinea pig 488 (1:1000; Thermo Fish-
er Scientific, A11073) and anti-rabbit 647 (1:1000, A32733). For
muscle fiber typing experiments, soleus cross sections (20 pm) were
blocked in a solution containing 5% bovine serum albumin (BSA) in
PBS. The following primary antibodies were diluted and incubated
on muscle sections overnight: mouse immunoglobulin G2b (IgG2b)
anti-myosin heavy-chain type I [1:250; Developmental Studies Hy-
bridoma Bank (DSHB), BA-F8] and mouse IgG1 anti-myosin heavy-
chain type Ila (1:250; DSHB, SC-71). Slides were washed in PBS,
and the following secondary antibodies were diluted in 2% BSA and
incubated for 60 min: goat anti-mouse IgG2b 488 (1:500, A21141)
goat anti-mouse IgG1 555 (1:500, A21127). After secondary anti-
body incubation, slides were washed in PBS and mounted with
FluoromountG with DAPI (SouthernBiotech, 0100-20). For immu-
nolabeling of Nays, the following primary antibodies were used:
guinea pig anti-VGLUT1 (1:8000; Zuckerman Institute, 1705), rab-
bit anti-Nay1.1 (2 pg/ml; Neuromab, A11954), mouse IgG1 anti-
Nay1.6 (6 pg/ml, Neuromab K87A/10.2), rabbit anti-Nay1.6 (1:750;
Alomone, ASC009), IgG2a anti-AnkG (6 pg/ml, N106/36.1), and
chicken anti-neurofilament heavy (1:3000; Abcam, ab4680). Sec-
ondary antibodies used were as follows: anti-guinea pig 488 (1:1000;
Thermo Fisher Scientific, A11073), mouse anti-IgG1 555 (1:1000,
A21137), mouse anti-IgG2a 647 (1:1000, A21240), and anti-chicken
594 (1:1000, WA316328). All specimens were imaged in three di-
mensions on either a Zeiss LSM 880 Airyscan [63X oil objective,
1.4 numerical aperture (NA)] or Olympus LV3000 (60X oil objec-
tive, 1.4 NA) confocal microscope. Images were analyzed using Im-
age] software.

Analysis of muscle spindle structure

Disruptions in muscle spindle sensory endings were quantified by
colocalizing VGLUT1 immunoreactivity with DAPI to calculate a
WEIL Intrafusal muscle fibers are identifiable in skeletal muscle
based on mono- and bi-nucleation via DAPI" staining. To analyze
muscle spindle sensory wrappings without bias, we only analyzed
sensory wrappings VGLUT1 sensory wrappings that overlapped with
DAPI labeling. For example, in Image], regions of interest (ROIs)
were drawn around each sensory wrapping. If the ROI did not over-
lap with DAPI, then it was not counted as a sensory wrapping and
was excluded from the analysis. The total number of sensory wrap-
pings (n) was counted and normalized to muscle spindle length (I).
The following equation was used to calculate the WEI

WEI=1n/1
Experimental design and statistical analysis

Summary data are presented as means + SD, from # cells, afferents,
sections, or N animals. All analysis of immunofluorescent images
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contained at least three biological replicates per condition. Investi-
gator was blinded to genotypes during analysis. For all behavioral,
electrophysiological, and mechanics experiments, the investigator
was blind to genotype. To determine differences in entrainment
properties between Nay 1671 Nay1.6" and Nay1.6%°, we used
a logistic regression analysis (SPSS), which is a statistical model
that calculates the log-odds of an event (i.e., entrainment or non-
entrainment) as a linear combination of one or more independent
variables (vibration frequency, vibration amplitude, and genotype).
All other statistical testing was carried out using Prism 10.1 (Graph-
Pad software). Statistical differences were determined using para-
metric tests for normally distributed data and nonparametric tests
for data that did not conform to Gaussian distributions or had dif-
ferent variances. Statistical significance in each case is denoted as
follows: *P < 0.05, ¥*P < 0.01, ***P < 0.001, and ****P < 0.0001.
Source files for each figure can be found on Mendeley.

Supplementary Materials
The PDF file includes:

Supplementary Methods

Figs.S1to S10

Table S1

Legends for movies S1 and S2

Other Supplementary Material for this manuscript includes the following:
Movies S1 and S2
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