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Contribution to the Publications

Contribution to Paper |

The effect of methocarbamol and mexiletine on murine muscle spindle

function.

The effects of skeletal muscle relaxants, including peripherally acting neuromuscular
blocking agents, have been well studied in extrafusal fibres (Boon et al., 2018; Hunter,
1995; Raghavendra, 2002). Acetylcholine receptors (AChRs) are one target of muscle
relaxants because they are crucial in transmitting neuronal signals from a-motoneurons
to extrafusal muscle fibres, and skeletal muscle relaxants therefore target these receptors
to alleviate muscle tension and reduce muscle contraction (Boon et al., 2018). A previous
doctoral student (Laura Gerwin) established that AChRs negatively modulate muscle
spindle stretch responses (Gerwin et al., 2019), and this work led the lab to investigate
further effects of skeletal muscle relaxants on muscle spindle function. In 2016, using ex-
vivo electrophysiology, former lab members (Hedwig Schuster and Laura Gerwin) deter-
mined that the skeletal muscle relaxant methocarbamol has an inhibitory effect on muscle
spindle afferent action potential generation in C57BL6/J mice. Hedwig Schuster gener-
ated preliminary data to construct methocarbamol dose-response curves (methocarba-
mol concentrations 0-2000uM), determined that methocarbamol inhibitory effects are re-
versible in muscle spindles, and performed the associated functional experiments (Figure
5, methocarbamol data only). The dose-response curves were incomplete, and in order
to obtain a more detailed overview of the effect of methocarbamol on muscle spindle
afferent action potential generation, | initially verified the previously obtained data, and
then extended the work by analysing muscle spindle function at increasing concentrations
of methocarbamol dosages (3000-4000uM). | next expanded the study by including a
muscle relaxant that is chemically and structurally similar to methocarbamol — mexiletine.
| initially established that mexiletine also inhibits muscle spindle afferent action potential
generation, and subsequently designed all protocols and executed all ex-vivo electro-
physiology functional experiments involving mexiletine. In collaboration with the Wilkinson
lab in San Jose, California, USA, | optimised previously established data collection pro-
tocols in the lab by implementing new ramp and hold macros in LabChart. | then curated
all data collected from methocarbamol and mexiletine experiments, and, using GraphPad
Prism, performed precise statistical modelling required for the generation of dose-re-
sponse curves and associated ICso values, as well as maximum tetanic force and tension
calculations. From these results, | was able to conclude that mexiletine and methocarba-

mol inhibit muscle spindle afferent action potential generation in a reversible manner,
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without decreasing overall muscle tension at rest and during ramp and hold stretch pro-
tocols. Furthermore, | integrated the results from mexiletine and methocarbamol into a
cohesive study, demonstrating that both drugs have a similar inhibitory effect on muscle
spindle afferent action potential generation, with both drugs resulting in an all-or-nothing

action potential generation, albeit at different concentrations (Watkins et al., 2022).

As methocarbamol had been recently shown to directly affect Nav1.4 in extrafusal muscle
fibres (Zhang et al., 2021), | also investigated whether Nav1.4 is present in intrafusal fibres
using immunohistochemistry. To this end, | optimised previously used staining protocols
(Gerwin et al., 2019; Gerwin et al., 2020; Zhang et al., 2014) and performed high-resolu-
tion confocal microscopy to determine the precise subcellular distribution of Nav1.4 in the
contractile ends of intrafusal fibres. | designed and executed all associated quantitative
immunohistochemistry experiments and provided the first evidence that the subcellular
distribution of the T-tubule system in intrafusal fibres may potentially differ to that present
in extrafusal fibres (Watkins et al., 2022). Additionally, | contributed to the drafting and
subsequent reviewing of the manuscript, including the generation of all Figures used in
the final manuscript accepted for publication.

Contribution to Paper Il

Degeneration of muscle spindles in a murine model of Pompe disease.

Muscle spindle function is known to be either affected directly in the pathology of muscular
and neuromuscular disorders (Aimonetti et al., 2005; Cazzato & Walton, 1968; Gerwin et
al., 2020; Papaioannou & Dimitriou, 2020; Swash & Fox, 1976) or indirectly as a second-
ary effect of, for example the degeneration of extrafusal fibres (Abbruzzese & Berardelli,
2003; Cameron et al., 2008; Conte et al., 2013; Sangari et al., 2016; Swash & Fox, 1975;
Vaughan et al., 2015). To investigate muscle spindle function in a degenerative neuro-
muscular disorder, we characterised muscle spindle structure and function in a murine
model of Pompe disease (Gaa” mice (B6;129-Gaa™'Re*"/J mice; JAX stock #004154)).
This project was conceptualised in collaboration with the group of Prof. Schoser (Benedikt
Schoser, Peter Meinke and Stefan Hintze; Friedrich Baur Institut, LMU Klinikum). We
hypothesised that an impaired muscle spindle function may contribute to the frequent falls
and motor coordination deficits experienced by Pompe patients. | initially identified suita-
ble time points (4 and 8 months) to assess whether Gaa” mice display motor coordination
impairments in comparison to age-matched 129/SvJ control mice (129X1/SvJ; The Jack-
son Laboratories; strain #000691). | then conducted observer-independent behavioural
experiments using the CatWalk XT system on Gaa” mice and aged-matched 129/SvJ
mice. After acquiring all data, | implemented robust data analysis protocols, which allowed
me to subsequently perform all statistical analyses using Microsoft Excel and GraphPad

Prism. In order to determine if Gaa” mice displayed motor coordination impairments,

2
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which could be a consequence of an impaired proprioceptive system, | grouped the pa-
rameters according to Pitzer et al, (2021). As the Gaa” mice displayed progressive inter-
limb coordination deficits that were consistent with an altered motor coordination and,
thus with an altered muscle spindle function in these mice, | next designed an experi-
mental protocol using ex-vivo electrophysiology, to determine whether muscle spindles
from Gaa” mice were functionally impaired. | performed all ex-vivo electrophysiology ex-
periments, and performed the analyses of all data acquired from these experiments. |
wrote VBA macros for Excel to specifically analyse the data recorded from muscle spindle
afferents that were categorised as non-stretch responsive. | implemented new Python
codes and verified existing components, which | then optimised for the analysis of all
parameters on the recordings categorised as stretch responsive. | performed all statistical
analyses associated with the functional ex-vivo electrophysiology experiments using Mi-
crosoft Excel, and GraphPad Prism. This allowed me to draw accurate conclusions that

muscle spindle function progressively degenerates in Gaa” mice.

To investigate whether structural abnormalities accompanied the observed motor coordi-
nation impairments and functional deficits, | used immunohistochemistry to compare the
morphology of age-matched 129/SvJ mice and Gaa” mice. | designed extended immuno-
histochemistry protocols (Gerwin et al., 2019; Gerwin et al., 2020; Watkins et al., 2022;
Zhang et al., 2014) with multiple antigen retrievals to accurately visualise neuronal com-
ponents (including fusimotor innervation), contractile apparatus, capsule integrity, lyso-
somal enlargement, and autophagosome presence in muscle spindles, and | produced
all high-resolution confocal images shown in Figures 4 A, B, and Figures 5-8. | observed
that the structural degeneration of muscle spindles was very heterogeneous within a
given muscle. This, and additional data suggested that the structural degeneration pro-
cess of muscle spindles in Gaa” mice is progressive. Jirgen Schultheil} consequently
categorised muscle spindle structure into four groups, acquired the representative bright-
field microscopy and confocal images and conducted the associated statistical analysis
(Figure 4 C, D). Muscle spindle numbers in wildtype and Gaa” soleus muscles were de-
termined by Andi Rafuna, a graduate student in the lab. | performed all experiments re-
quired for the quantitative analysis of LAMP1 and LC3A/B accumulation in Gaa” and
129/SvJ EDL, soleus and TA muscles. | conducted the associated statistical analyses of
‘above threshold pixels’ using Zen software and Imaged. Collectively, my results demon-
strated that muscle spindle structure progressively degenerates in Gaa” mice. Addition-
ally, | contributed to the drafting and subsequent revising of the manuscript, and | gener-

ated Figures 1-4A, B, 5-8 of the published manuscript.
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Contribution to Paper Ill (Appendix A)

The mechanosensitive ion channel ASIC2 mediates both proprioceptive
sensing and spinal alignment

It has been suggested that whilst PIEZO2 is strictly required for the initiation of an action
potential, other mechanosensitive channels contribute to the generation of the receptor
potential and the propagation of the stretch response along the sensory neuron (Bewick
& Banks, 2015; Wilkinson, 2022). | therefore was interested in identifying additional ion
channels contributing to mechanotransduction. This project was conducted in collabora-
tion with Bavat Bornstein and Elazar Zelzer (Weizmann Institute, Rehovot, Israel). We
identified ASIC2 as one such potential candidate channel. | designed the data acquisition
protocol for, and performed all ex-vivo electrophysiology experiments, including prepara-
tion of the findings to be included in the manuscript, and produced all elements of Figure
5 for the final manuscript.
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2.1

Introductory Summary

Chapter 2.1: Introduction

Proprioception allows for coordinated movements by perceiving the body’s position in
space (Gandevia et al., 1993; Tuthill & Azim, 2018). While proprioception is an integrative
system achieved through a combination of peripheral sensory inputs describing muscle
length and tension, joint angle, and skin stretch (Macefield & Knellwolf, 2018), a key com-
ponent of this intricate system is the muscle spindle (Matthews, 2015; Proske &
Gandevia, 2012). Embedded in skeletal muscles, these primary proprioceptive sensors
relay constant information about muscle length and tone to the central nervous system
(CNS; Kroger, 2018; Proske & Gandevia, 2012). From this information, the CNS com-
putes the spatial position and motion of the body in space. This process is crucial for

motor control, sustaining posture and ensuring a stable gait (Kréger & Watkins, 2021).

The general functional properties of muscle spindles have been established, however
many fundamental aspects of muscle spindle function remain unknown. In particular, the
molecular basis of muscle spindle function and the pathological changes particularly in
neuromuscular diseases are mostly uncharacterised. The recent introduction of trans-
genic mouse models, and electrophysiological techniques that enable the isolation and
functional analysis of individual muscle spindles (Franco et al., 2014; Gerwin et al., 2019)
allow the analysis of muscle spindle function on a molecular level. Moreover, the ad-
vances in observer-independent behavioural assays (Brooks & Dunnett, 2009; Garrick et
al., 2021; Mock et al., 2018), now allow for the detailed effect of individual molecules on
a systemic level. These new assay systems have introduced the possibility for further and
more comprehensive investigations into specific structural and functional aspects of mus-

cle spindles.

The objective of the following combined works is to provide a better understanding of
muscle spindle structure and function on a molecular basis under healthy and pathologi-
cal conditions.

2.1.1 Chapter 2.1.1: Muscle spindle history and recent implications

The concept of proprioception was first described as ‘a sense of locomotion’ by Julius
Caesar Scaliger in 1557 (Cohen, 1958; Kaya et al., 2018), and in 1833 this idea was
expanded by Charles Bell (Bell, 1833b). Bell described the ‘muscle sense’, where mus-
cles themselves report back to the brain after receiving motor input (Bell, 1833a). Muscle
spindles themselves were first described in 1862 by Koélliker (Kdlliker, 1862) and in 1863
by Kihne (Kihne, 1863). However, it wasn’'t until 1894 when Sir Charles Sherrington

initially characterised ‘sensory organs’ in feline subjects (Sherrington, 1894) and their
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sensory contribution was described by Ruffini in 1898 (Ruffini, 1898). In 1907, Sherring-
ton coined the term ‘Proprioception’ (Sherrington, 1907), and experiments two decades
later demonstrated that these structures are sensitive to stretch (Adrian & Zotterman,
1926; Matthews, 1933).

More recently, the proprioceptive system and especially muscle spindles, have been im-
plicated in the regulation of many additional roles. These include skeletal function and
development (Bornstein et al., 2021), particularly spinal alignment (Blecher et al., 2017b;
Bornstein et al., 2021), bone fracture healing (Blecher et al., 2017a), joint morphogenesis
(Assaraf et al., 2020; Bornstein et al., 2021) and recovery of basic locomotor skills after
injury to the spinal cord, including neuronal circuit recovery and reorganisation (Takeoka
& Arber, 2019; Takeoka et al., 2014). Furthermore, muscle spindles have been demon-
strated to be affected in muscular and neuromuscular diseases (Cazzato & Walton, 1968),
for example Muscular Dystrophies (Aimonetti et al., 2005; Gerwin et al., 2020; Swash &
Fox, 1976), and additionally affected as a secondary consequence in other neuromuscu-
lar diseases including Parkinson’s disease (Conte et al., 2013), Multiple Sclerosis
(Cameron et al., 2008), Huntington’s disease (Abbruzzese & Berardelli, 2003), Amyo-
trophic Lateral Sclerosis (ALS; Sangari et al., 2016; Vaughan et al., 2015), and Myasthe-
nia Gravis (Swash & Fox, 1975). Therefore, it is of considerable clinical relevance to char-
acterise muscle spindle structure and function on the molecular level, in order to enhance

our understanding of their role under healthy and diseased conditions.

Chapter 2.1.2: Structure and Function of the Muscle Spindle

Muscle spindles are found in almost every muscle of the body, yet their abundance is
relatively low. Rough estimations suggest that there are approximately 50,000 muscle
spindles in the human body (Banks & Barker, 2004). Muscle spindle abundance within a
given muscle does not appear to be correlated with muscle size, but rather the precision
of the movement required by the muscle, with muscles requiring more precise proprio-
ception exhibiting a higher density of muscle spindles (Macefield & Knellwolf, 2018). Ad-
ditionally, muscle spindle abundance within a given muscle is highly correlated with mus-
cle fascicle length, absolute fascicle length change and velocity of fibre lengthening
(Kissane et al., 2022).

Muscle spindles of adult mice are approximately 200 um — 400 um in length and consist
of 3-5 encapsulated and independently innervated intrafusal muscle fibres (Banks,
1994b; Bewick & Banks, 2015; Lionikas et al., 2013).

These intrafusal fibres can be distinguished into two distinct groups — nuclear bag or nu-
clear chain fibres. Nuclear bag fibres have a high density of nuclei clustering in the central
region (Ovalle & Smith, 1972), and depending on the myosin ATPase isoform specificity,

can be further categorised into nuclear bag | and nuclear bag Il type fibres (Banks et al.,
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1977; Barker, 1974; Kissane et al., 2022). All types of intrafusal fibres are highly organ-
ised on the subcellular level, and consist of non-contractile equatorial regions, and con-

tractile polar ends (Bewick & Banks, 2015).

Additionally, the muscle spindle is enclosed by a connective tissue capsule (Banks,
1994a; Boyd, 1962). Formed from collagenous fibres, this capsule is critical in maintaining
the functional integrity of the muscle spindle. This is achieved by providing support and
serving as a protective barrier, separating the intrafusal fibres from the surrounding ex-
trafusal fibres and thus maintaining the niche environment (Ovalle & Dow, 1985), allowing
for the mechanical forces generated by the surrounding extrafusal fibres to be transmitted
to the intrafusal fibres (Bewick & Banks, 2015; Kroger & Watkins, 2021; Ovalle & Dow,
1985).

2.1.3 Chapter 2.1.3: Muscle Spindle Innervation

Intrafusal fibres are innervated by both afferent and efferent neurons. The central or equa-
torial region is associated with two different types of myelinated, proprioceptive sensory
neurons, group la and group Il afferent endings (Banks, 2015; Hunt, 1990). Group la
afferents coil around the equatorial region forming the annulospiral endings, and inner-
vate bag |, bag Il and chain fibres (Banks, 1986; Hulliger, 1984). Group la afferents have
a higher conduction velocity (50-80 ms™) in contrast to the ‘flower-spray’ Group Il endings
(30-70 ms™"). First described by Ruffini (Ruffini, 1898), group Il endings selectively inner-
vate bag Il and chain fibres (Banks et al., 1982; Sonner et al., 2017). Additionally, bag Il
fibres predominantly control the resting discharge of primary endings (Proske et al.,
1991).

The firing frequency of both group la and group Il endings are proportional to the magni-
tude of muscle stretch (De-Doncker et al., 2003; Matthews, 1972). Group la afferents
respond primarily to the dynamic component of stretch (i.e. the speed of length change),
whilst group Il endings respond primarily to static stretch (i.e. the amount of length
change; Boyd et al., 1977). The cell bodies of both group la and group Il afferents are
located in the dorsal root ganglion (DRG), where they make up approximately 5-10% of
the total neurons in the DRG (Oliver et al., 2021). Their projections extend into the spinal
cord, where they divide into two distinct branches. One branch consists of a centrally
orientated neurite that transmits proprioceptive information to the brain, while the other
remains within the specific spinal cord segment, establishing direct monosynaptic con-
nections with a-motoneurons (Marasco & de Nooij, 2023). These sensory neurons serve
as afferents, while the a-motoneurons act as an efferent component of the monosynaptic

stretch reflex circuit.

Intrafusal fibres receive additional efferent innervation from y-motoneurons, referred to as

the fusimotor innervation (Banks, 1994b; Proske, 1997). Along with the afferent neurites,
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y-motoneuron axons enter the spindle in the equatorial region, but within the spindle cap-
sule project to the polar ends of the intrafusal fibres, where they form cholinergic synap-
ses that are functionally similar to the neuromuscular junction (NMJ; Banks, 1994b; Hunt
& Kuffler, 1951a). Their cell bodies account for approximately 30% of all motoneurons in
the ventral horn (Nyberg-Hansen, 1965). By inducing contraction in the polar regions of
intrafusal fibres, and consequently exerting tension on the equatorial region of the intra-
fusal fibres, the y-motoneurons are able to continuously control the mechanical sensitivity
of the muscle spindle over varying muscle lengths and stretch velocities (Banks, 1994b;
Proske, 1997). When both intrafusal and extrafusal fibres are simultaneously stretched
through a- and y-coactivation, the sensitivity of muscle spindles is controlled by y-moto-
neurons, which modulate the length of intrafusal fibres (Colon et al., 2017; Manuel &
Zytnicki, 2019). This mechanism allows for muscle spindle sensitivity under both relaxa-
tion and contraction conditions (Bewick & Banks, 2015; Hunt & Kuffler, 1951b; Kréger &
Watkins, 2021).

Group la afferent

Group Il afferent

y-dynamic

|
Bag |
| |
y-dynamic
Bag Il
L] ” - -
y-static y-static
Chain
y ‘ ‘ y-static
y-static

Outer capsule

Figure 1: Schematic representation of a muscle spindle. The intrafusal muscle fibres
(pink) are encased within a protective connective tissue capsule (green). All intrafusal
muscle fibres receive innervation from group la afferents (yellow) and form the annulo-
spiral endings in the equatorial region. Bag Il and chain fibres are additionally innervated
by flanking group |l afferents. In the polar regions, bag Il and chain fibres are innervated
by static y-motoneurons (purple), while bag | fibres are innervated by dynamic y-moto-

neurons (purple). Adapted from Kréger & Watkins, 2021.
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2.21

Chapter 2.2: Muscle Relaxants

Chapter 2.2.1: Introduction to muscle relaxants

Skeletal muscle relaxants represent a large and diverse group of chemical compounds
that can lead to a reduction in skeletal muscle tone. This can prevent and effectively re-
lieve painful muscle symptoms and increase muscle mobility (Chou et al., 2004; See &
Ginzburg, 2008b). As a large class of pharmaceuticals with differing mechanisms of ac-
tion, muscle relaxants have varying efficiencies and adverse side effects (Abdel Shaheed
et al., 2017; Witenko et al., 2014).

There are two main classes of muscle relaxant — antispasticity and antispasmodic (See
& Ginzburg, 2008a). Spasticity is described as disordered sensorimotor coordination re-
sulting from damage to upper motoneurons, and presents as sporadic or continuous in-
voluntary muscle activation (Kheder & Nair, 2012; Pandyan et al., 2005; See & Ginzburg,
2008b). Antispasticity muscle relaxants are clinically used to relieve symptoms of hyper-
tonicity, clonus, exaggerated deep tendon reflexes and muscle spasms (Niemi, 2019;
Pau, 2023). These drugs are usually prescribed to treat symptoms associated with
chronic conditions such as multiple sclerosis, cerebral palsy, post-stroke syndrome and
traumatic brain injuries, and are indicated for long term use (Pau, 2023; See & Ginzburg,
2008b).

The term ‘muscle spasm’ is used to describe involuntary and long-lasting muscle contrac-
tions (Mense & Masi, 2010; Simons & Mense, 1998). Muscle relaxants used to relieve
the symptoms of muscle spasms are known as antispasmodic. Antispasmodics are indi-
cated for short-term use (2-3 weeks) and are used to treat muscle spasms that are most

commonly associated with muscle injury (Niemi, 2019; Pau, 2023).

Furthermore, skeletal muscle relaxants can be categorised as either centrally acting or
peripherally acting, depending on whether they act upon the CNS or the peripheral nerv-

ous system (PNS), respectively (See & Ginzburg, 2008a).

Centrally acting antispasticity and antispasmodic muscle relaxants act on spinal neurons
and reflex arcs (Davidoff, 1985), where they either enhance y-aminobutyric acid (GABA)
inhibitory neurotransmitter effects in the brain (e.g. baclofen, benzodiazepines), or mod-
ulate spinal reflexes by targeting GABA receptors located in the spinal cord, thus, effec-
tively reducing the excitability of motoneurons (e.g. cyclobenzaprine, chlorzoxazone;
McCarthy & Baum, 2017; Pau, 2023).

Peripherally acting antispasticity and antispasmodic muscle relaxants either directly affect
excitation-contraction coupling (dantrolene; Davidoff, 1985) or act via the NMJ (a special-
ised synapse between an a-motoneuron and an extrafusal fibre) by affecting cholinergic

synaptic transmission (Boon et al., 2018; Hunter, 1995; Raghavendra, 2002).
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The release of acetylcholine (ACh) is triggered by calcium ions (Ca?*) entering the pre-
synaptic terminal, leading to the binding of ACh to receptors (AChRs) on the postsynaptic
motor end plate (Rodriguez Cruz et al., 2020; Tintignac et al., 2015). This binding acti-
vates ligand-gated sodium channels, resulting in an influx of sodium ions (Na*), which
depolarises the membrane potential (Tanabe et al., 1990). If depolarisation reaches the
threshold, voltage-gated sodium channels (Nav1.4 — encoded by the SCN4a gene) open,
allowing the action potential to propagate along muscle fibres via transverse tubules (T-
tubules; Calderon et al., 2014; Sandow, 1952). This triggers the release of Ca?* from the
sarcoplasmic reticulum (SR), enabling actin and myosin to form cross-bridges and initiate
muscle contraction (Calderon et al., 2014; Tanabe et al., 1990). To prevent continuous
contraction, ACh in the synaptic cleft is rapidly hydrolysed by acetylcholinesterase (AChE;
Soreq & Seidman, 2001). Muscle sarcomeres return to their resting length, and Ca?* is
pumped back into the SR via active ATP transport mechanisms (Ebashi & Lipmann,
1962).

Peripherally acting antispasmodic muscle relaxants can be further divided into two distinct
subcategories dependent on their mechanism of action — depolarising muscle relaxants
and non-depolarising muscle relaxants (Meleger, 2006). Depolarising muscle relaxants
such as succinylcholine and tubocurarine bind competitively to AChRs (Foldes et al.,
1957); however, these drugs are resistant to AChE and result in continuous stimulation
of the AChRs. Consequently, there is a sustained influx of Na*, prolonging depolarisation
in the sarcolemma. The prolonged depolarisation results in desensitisation of the AChRs,
which are left unresponsive to further stimulation, ultimately preventing action potential
generation and subsequent muscle contraction (Foldes et al., 1957; Martyn et al., 2009).
Similarly, non-depolarising muscle relaxants such as atracurium, pancuronium and gal-
lamine also bind competitively to AChRs, however, in contrast to depolarising muscle
relaxants, non-depolarising muscle relaxants prevent the activation of AChRs by ACh.
Consequently, muscle contraction is prevented as the threshold for membrane potential
is not reached, and thus action potential generation is blocked (Ellis & Carpenter, 1972;
Krause et al., 2004; Kruidering-Hall & Campbell, 2017; Martyn et al., 2009).

2.2.2 Chapter 2.2.2: Skeletal muscle relaxants and muscle spindles

The effects of these pharmaceuticals, particularly peripherally acting muscle relaxants,
have been well studied in extrafusal fibres; however, only limited studies have been con-
ducted to investigate their effect on muscle spindle function (Gerwin et al., 2019; Watkins
et al., 2022). Early studies noted that skeletal muscle relaxants have the potential to affect
the function of all neuronal structures involved in reflex arcs — including the fusimotor
innervation of muscle spindles (Davidoff, 1985). Further studies demonstrated an excita-

tory effect of cholinergic agents and anti-cholinesterases (including nicotine and succinyl-

10
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choline) on intrafusal neuromuscular transmission, and an inhibitory effect of anti-cholin-
ergic blocking agents (including tubocurarine and gallamine; Brown & Butler, 1973; Carr
et al., 1996; Carr & Proske, 1996; Durbaba et al., 2006; Dutia, 1980; Gerwin et al., 2019;
Gregory & Proske, 1987; Hunt, 1952; Smith, 1963; Taylor et al., 1992; Yamamoto et al.,
1994). This could be of important clinical relevance as the afferent nerves from muscle
spindles directly stimulate the synergistic muscles’ a-motoneurons via the monosynaptic
stretch reflex. Therefore, a compound that relaxes intrafusal muscle fibres will conse-
quently decrease excitatory input received by a-motoneurons (Gerwin et al., 2019;
Watkins et al., 2022), and could result in muscle damage, because the muscle does not
contract as forcefully and efficiently as is required to prevent overstretching of the muscle
(Chen et al., 2003; Pierrot-Deseilligny & Mazevet, 2000). Accordingly, it has been re-
ported that patients prescribed with peripherally acting muscle relaxants are more likely
to be hospitalised due to frequent falls and the resulting complications (Billups et al.,
2011), however the effect of more recently developed skeletal muscle relaxants particu-

larly on individual muscle spindles have not been studied.

2.2.3 Chapter 2.2.3: Skeletal muscle relaxant: methocarbamol

224

Methocarbamol is one such drug that has so far not been studied in the context of muscle
spindles. It is an antispasmodic, non-benzodiazepine medication that is clinically used as
a short-term muscle relaxant (Aljuhani et al., 2017; Park, 1958; Weiss & Weiss, 1962).
Methocarbamol is one of the most highly prescribed skeletal muscle relaxants used in the
treatment of acute musculoskeletal pain, and more recently has been used at practi-
tioner’s discretion to treat acute and chronic non-specific lower back pain, fibromyalgia,
myofascial pain and in perioperative care in orthopaedic surgeries (Beebe et al., 2005;
Looke & Kluth, 2013; Richards et al., 2012). Methocarbamol was traditionally thought to
act only centrally (Roszkowski, 1960; Truitt & Little, 1958; Witenko et al., 2014), however,
it has been recently demonstrated that methocarbamol elicits additional effects peripher-
ally, where it specifically blocks the muscular voltage-gated sodium channel 1.4 (Nav1.4;
Zhang et al., 2021). As action potential initiation and propagation in skeletal muscle fibres
is instigated by Nav1.4, methocarbamol administration has been accordingly reported to
result in a prolonged refractory period and suppression of polysynaptic reflex contrac-
tions, without spinal interneuron involvement (Crankshaw & Raper, 1968; Crankshaw &
Raper, 1970).

Chapter 2.2.4: Skeletal muscle relaxant: mexiletine

Mexiletine is a class IB antiarrhythmic medication that is structurally similar to methocar-
bamol. Mexiletine is an antispasmodic, non-benzodiazepine, which is used clinically to
treat cardiac arrhythmia, and at healthcare professionals’ discretion, muscle cramps, neu-

ropathy, brain ischemia and skeletal muscle channelopathies (D'Mello & Shum, 2016;

11
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2.2.6

Ginanneschi et al., 2017; Logigian et al., 2010; Monk & Brogden, 1990; Oskarsson et al.,
2018; Statland et al., 2012; Stunnenberg et al., 2018; Suetterlin et al., 2015). Mexiletine
has been reported to have local anaesthetic, anticonvulsant and antiarrhythmic properties
(Campbell, 1987; Monk & Brogden, 1990; Suetterlin et al., 2015). Similar to methocarba-
mol, mexiletine effectively, but non-selectively blocks fast voltage-gated sodium chan-
nels, including Nav1.4 (Monk & Brogden, 1990; Nakagawa et al., 2019). Similar to
methocarbamol, mexiletine prolongs the refractory period of voltage-gated sodium chan-
nels, which delays recovery from the inactivated state and thus, prevents further contin-
uous muscle contraction (De Bellis et al., 2017; Watkins et al., 2022).

Chapter 2.2.5: Study aims

Although muscle spindle function is reasonably well characterised, the molecules that
mediate their role, along with the potential mechanisms that influence their specific func-
tions are not well understood. As neither methocarbamol nor mexiletine have been stud-
ied in the context of muscle spindles, the aim of this project was to determine whether

these medications may also affect muscle spindle function.

Chapter 2.2.6: Summary

In order to determine the impact of mexiletine and methocarbamol on muscle spindle
function, | initially conducted functional experiments. Administering these two common
skeletal muscle relaxants to an ex-vivo electrophysiological assay demonstrated a dose-
dependent effect on muscle spindle function. Notably, | discovered that in response to
the administration of both mexiletine and methocarbamol, there was no gradual decline
of action potential frequency under resting conditions or during stretched states, but mus-
cle spindles instead only responded with an ‘all-or-nothing’ response, i.e. action potentials
were either generated, or they were not. Thus, there was no apparent dose-dependent
change in the frequency or amplitude of the action potentials. As both mexiletine and
methocarbamol affect muscle spindle afferent function via similar molecular mechanisms,
there is a strong possibility that both of these drugs target the same voltage-gated sodium

channel in muscle spindle afferents (Watkins et al., 2022).

To investigate whether the voltage-gated sodium channel Nav1.4 - a potential target of
both drugs - is present in intrafusal fibres, | analysed 20-30um cryo-sections that were
fluorescently labelled with anti-Nav1.4 and anti-vGIuT 1 antibodies. Nav1.4 is concentrated
in the membrane of the T-tubule system of extrafusal fibres (Caldwell, 1986; Caldwell et
al., 1986), and, accordingly, can be used as a marker to investigate the structure of the
T-tubule system. High-resolution confocal microscopy analyses of the polar ends re-

vealed the exact subcellular distribution of Nav1.4 in intrafusal fibres. | demonstrated that
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similar to extrafusal fibres, phalloidin and anti-Nav1.4 colocalise. Interestingly, the subcel-
lular distribution of Nav1.4 is different in intrafusal fibres compared to extrafusal fibres. In
the immunohistochemical analysis, the signal observed in intrafusal fibres stained with
anti-Nav1.4 antibodies, was present as a single band, rather than a double band as in the
T-tubule system of extrafusal fibres (Watkins et al., 2022). Previous studies have shown
that a T-tubule system is present in intrafusal fibres on the electron-microscopic level
(Ovalle, 1971), however, this result suggests that the T-tubule system present in intrafusal
fibores may have a different structure to that of the T-tubule system in extrafusal fibres.
These results demonstrate that Nay 1.4 — one potential target for mexiletine and

methocarbamol — are present in intrafusal fibres.

This is the first study to look at mexiletine and methocarbamol and their dose-dependent
effects on muscle spindle function. Additionally, dose-response curves revealed that the
applied dosages of mexiletine may be of clinical relevance, and that therefore the admin-
istration of these drugs might contribute to the frequent falls and unstable gait seen in

patients that have received this muscle relaxant (Watkins et al., 2022).

Chapter 2.3: Pompe Disease

Chapter 2.3.1: Introduction to Pompe Disease

Pompe disease, also known as Glycogen storage disease Il or acid maltase deficiency,
is a rare, progressive neuromuscular degenerative disease (Kohler et al., 2018; Lim et
al., 2014; Peruzzo et al., 2019; van der Ploeg & Reuser, 2008). It has an autosomal re-
cessive mode of inheritance, with incident rates approximated at 1 in 40,000 (Ausems et
al., 1999). This disorder was first described in 1932 by Drs J.C Pompe (Pompe, 1932),
and G. Bischoff and W. Putschar (Bischoff, 1932; Putschar, 1932). These physicians in-
dependently described it as a generalised muscle weakness that presented with idio-
pathic cardiac hypertrophy along with generalised glycogen accumulation throughout
bodily tissues (Reuser & Schoser, 2022). However, it was not until 1963 when H. Hers
first characterised the crucial enzyme, a-acid glucosidase (GAA), noting “a clear correla-
tion between the absence of acid maltase (a-acid glucosidase) in the liver, heart and
skeletal muscles, and the large deposition of glycogen that characterises Pompe dis-
ease.” (Hers, 1963; Reuser & Schoser, 2022). In 1970, Andrew Engel first described a
late onset form of the disease, which he noted as mimicking muscular dystrophies or

other myopathies (Engel, 1970).

13
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Chapter 2.3.2: Pompe Disease Aetiology

Pompe disease is a result of a mutation in the GAA gene. This gene encodes the enzyme
a-acid glucosidase (GAA), which catalyses the degradation of glycogen in lysosomes by
breaking the internal a-1,4- and a-1,6-glucosidic linkages (Hirschhorn & Reuser, 2001;
Martiniuk et al., 1991). Mutations in the gene result in reduced or completely absent GAA
enzyme activity, with an estimate that 25% or less of remaining enzyme activity will result
in disease symptoms (Nifo et al., 2021). More than 550 different mutations have so far
been described and listed at the human gene mutation database — HGMD -

https://www.hgmd.cf.ac.uk/ac/ (Peruzzo et al., 2019). Some of these mutations arise

through abnormal splicing sites and result in incorrectly spliced mRNA products, which
lead to the abortion of enzyme synthesis, whilst other mutations cause incorrect protein
folding, rendering a non-functional protein (de Faria et al., 2021; Nifio et al., 2021; Reuser
et al., 2019). However, the outcome in all cases is that lysosomal glycogen cannot be
effectively broken down, resulting in large glycogen deposits in lysosomes, which then
continuously enlarge, and lead to the destruction of the entire cell, and eventually entire
organs (De Filippi et al., 2014). All tissues have been shown to be affected by the accu-
mulation of these glycogen deposits, however skeletal and cardiac muscle appear to be

the most severely affected by the disease (Griffin, 1984; Lim et al., 2014).

Chapter 2.3.3: Pompe Disease Classification

The severity of disease is typically correlated inversely to remaining enzyme function (De
Filippi et al., 2014), and although considered as a continuation spectrum, in accordance
with the official Pompe variant database, Pompe disease is classified as either Infantile
Onset-Pompe disease, childhood or Adult Onset Pompe disease - https://www.pom-
pevariantdatabase.nl (Angelini & Engel, 1972; de Faria et al., 2021; Nifo et al., 2021;
Reuser & Schoser, 2022).

Classic Infantile Onset Pompe disease patients present with rapidly progressing symp-
toms within the first few weeks of life and death by cardio-respiratory failure usually occurs
within 12 months (Angelini & Engel, 1972; Kishnani et al., 2006). This severe form of the
disease is characterised by either completely absent or less than 1% of remaining en-
zyme activity, leading to cardiomegaly, hepatomegaly, hypotonia, and muscle weakness
(Cabello & Marsden, 2016; Kishnani & Howell, 2004).

Non-classic Infantile Onset Pompe disease, also more recently referred to as childhood
Pompe disease, presents within the first 18 years of life. As there is more GAA enzymatic
activity remaining, disease progression is slower and cardiomyopathy symptoms are less

severe in these patients (Holzwarth et al., 2022; van Capelle et al., 2016).

Depending on the remaining GAA enzyme activity, Adult Onset Pompe disease can pre-
sent from early adulthood, up until the sixth decade of life (Chan et al., 2017; Van der
14
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Beek et al., 2009). With up to 25% of detectable GAA enzyme activity remaining, Adult
Onset Pompe disease is usually characterised by a slowly progressing myopathy that
predominantly affects skeletal muscle but does not typically include severe cardiomyopa-
thy (Kroos et al., 2012; Schoser & Laforet, 2022; Schiller et al., 2012; Soliman et al.,
2008; Toscano et al., 2019; Umapathysivam et al., 2005).

Currently, the standard treatment for Pompe disease is Enzyme Replacement Therapy
(ERT; Angelini & Semplicini, 2012; Kishnani & Beckemeyer, 2014; Reuser & Schoser,
2022; Toscano & Schoser, 2013); where recombinant GAA enzyme is introduced intra-
venously to aid in glycogen degradation. However, ERT has little effect on the motor co-
ordination deficits, and skeletal muscle exhibits a very limited response to this treatment
(Koeberl et al., 2011; Ravaglia et al., 2010; Strothotte et al., 2010; van Capelle et al.,
2010). Moreover, this treatment is extremely costly, limiting its application to a minority of

patients.

Non-classic Infantile and Adult Onset Pompe disease patients often experience areflexia,
poor stability and balance as well as an abnormal gait (McIntosh et al., 2015; Schneider
et al., 2020; Valle et al., 2016). As a result, these patients have an increased tendency to
fall, which may lead to hospitalisation and prolonged immobilisation, which exacerbates
symptoms (Horlings et al., 2008; Puthucheary et al., 2010). Possible contributing factors
towards these symptoms could include muscle spindle function deficits or altered propri-

oceptive information in the brain.

Chapter 2.3.4: Pompe Disease Mouse Models

There are several mouse lines that recapitulate different aspects of Pompe disease (Geel
et al., 2007). The most widely used preclinical murine model for Pompe disease was
generated by Nina Raben (Raben et al., 1998). Created by inserting a neomycin cassette
at exon 6, and completely stopping GAA enzyme production, these mice effectively model
aspects of both Infantile and Adult Onset Pompe disease. These mice are commercially
available (B6;129-Gaa™'Ra®/J mice; JAX stock #004154; Gaa™), and homozygotes are
phenotypically normal at birth (Raben et al., 1998; Raben et al., 2000). By 3 weeks of
age, progressively increasing glycogen deposits can be detected in diaphragmatic, car-
diac and skeletal muscle lysosomes. Between 3-4 weeks of age, these mice exhibit re-
duced strength and mobility, and glycogen accumulates can be detected in intrafusal fi-
bres. By 15-16 weeks of age, Gaa” mice exhibit progressive muscle weakness, failing in
vertical and inverted hanging tests; and by 8-9 months of age, animals exhibit extreme
muscle wasting, and a weak, unstable gait (Raben et al., 1998; Schaaf et al., 2015). In
previous studies, these mice have performed poorly in coordination tests demonstrating
muscle weakness, an abnormal gait and reduced activity in open field tests (Raben et al.,

2000). The cause for the motor coordination symptoms is unknown.
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Chapter 2.3.5: Study aims

It has been reported that muscle spindle function is affected in neuromuscular diseases
and that these patients have symptoms caused by an impaired proprioceptive system
(Cazzato & Walton, 1968). Understanding the underlying mechanisms that lead to an
impaired motor control system could allow for earlier interventions in proprioceptive symp-

toms.

As Pompe patients often exhibit an unstable gait and frequent falls, particularly in the
absence of visual input (McIntosh et al., 2015; Schneider et al., 2020), and Gaa” mice
perform poorly on coordination tests (Raben et al., 2000), | hypothesised that an impaired
muscle spindle function contributes to motor control deficits in Pompe patients (Watkins
et al., 2023).

Chapter 2.3.6: Summary

In order to investigate whether an impaired muscle spindle function contributes to the
motor deficits experienced by Pompe patients, | analysed Gaa” mice at four and eight
months of age and compared them to age-matched 129/SvJ control mice. To this end, |
conducted an observer-independent behavioural analysis using the Catwalk XT system
(Chen et al., 2014) to identify and quantify motor coordination deficits, where | specifically
looked at temporal parameters, spatial parameters, interlimb coordination parameters,
run characteristics and kinetic parameters (Pitzer et al., 2021). My analysis revealed sev-
eral altered parameters in 4- and 8-month-old Gaa” mice in comparison to age-matched
129/SvdJ control mice. Whilst many of the results can be attributed to muscle weakness
(e.g. steps per run and print area), the interlimb coordination parameter analysis strongly
depends on proprioceptive information. Gaa” mice exhibited an increased base of sup-
port, an increased ipsilateral paw displacement, and a decrease of recognised walking
patterns. These results are consistent with an impaired motor control in Gaa” mice
(Watkins et al., 2023).
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To examine if the motor control deficits are accompanied by an altered function of muscle
spindles, | recorded the neural activity of single-unit proprioceptive afferents in response
to ramp and hold protocols, using ex-vivo electrophysiology in 4- and 8-month-old Gaa™
mice. The ramp and hold protocol consisted of 2.5, 5 and 7.5% Lo length changes (with
40% Lo per second ramp speed), where | analysed four parameters during the stretch
response — dynamic peak (DP), dynamic index (DI), initial static time (IST) and final static

time (FST). These parameters are illustrated in Figure 2 F.
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Figure 2: Typical response from a muscle spindle in response to stretch stimuli.
Single unit action potentials are shown in response to (a) 2.5% of baseline length (Lo) and
(d) 7.5% of Lo over 4s stretch protocols. The length change corresponds to (b) 260 um
and (e) 780 uym. The instantaneous frequency plotted against time is shown in panels (c)
and (f). In panel f, the different parameters that are analysed are displayed. The dynamic
peak (DP) is the highest firing rate during the ramp, the initial static time (IST) is the rate
of firing over the first 0.5 secs of static hold, the dynamic index (Dl) is the difference in
firing rate between the DP and IST, and the final static time (FST) is the average firing
rate over the last 0.5 secs of static stretch. Adapted from Kroger & Watkins, 2021.

All proprioceptive afferents from 4-month-old Gaa” mice, and ~70% from 8-month-old
Gaa”" mice were responsive to stretch (i.e. the instantaneous action potential frequency
increased in response to the stretch stimulus). However, in comparison to age matched
129/SvJ controls, both 4- and 8-month-old Gaa” mice exhibited a significantly decreased
instantaneous action potential frequency during all four stretch parameters analysed. This
demonstrates a reduced dynamic and static sensitivity to stretch in Gaa” mice (Watkins
et al., 2023). Approximately 30% of recordings from 8-month-old Gaa” mice exhibited
action potential bursts, where bursts of action potentials followed by short rest periods

(no action potentials) were observed. Whilst the bursts within a given muscle spindle were
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invariant, bursts between different muscle spindles were very heterogeneous. Im-
portantly, all muscle spindle afferents that exhibited action potential bursting behaviour,
were not responsive to stretch (i.e. the instantaneous action potential frequency did not
increase in response to the stretch stimulus), and they instead maintained the action po-
tential bursting behaviour throughout the ramp and hold protocols. These results are con-
sistent with functionally impaired muscle spindle afferent responses in 4- and 8-month-
old Gaa” mice in comparison to age-matched 129/SvJ mice, and are indicative of a se-
verely diminished muscle spindle sensitivity to stretch that develops into a complete ab-
sence of stretch sensitivity with disease progression in Gaa” mice (Watkins et al., 2023).

In order to determine whether structural abnormalities accompanied the behavioural and
functional impairments, | used immunohistochemistry to compare the morphology of age
matched 129/SvJ mice and 4- and 8-month-old Gaa” mice. | analysed 20-30um thick
cryo-sections of EDL and soleus muscles that were fluorescently labelled with different
antibodies in order to visualise neuronal components including sensory and motor inner-
vation (anti-vGluT1, anti-neurofilament 200, a-bungarotoxin), contractile apparatus (anti-
S46, anti-Nav1.4), capsule integrity (anti-versican), lysosomal enlargement (anti-LAMP1)
and autophagosome presence (anti-LC3AB) in muscle spindles. Although the structural
degradation of muscle spindles was heterogeneous within a given muscle, high-resolu-
tion confocal microscopy suggested that the degeneration process of muscle spindles in
Gaa”" mice was progressive. As the disease advances, increased numbers of autopha-
gosomes and lysosomes can be detected. Furthermore, the sensory nerve terminals de-
generate and withdraw from the annulospiral structure around the intrafusal fibres, to form
large neuronal varicosities, typical of the axonal dying back mechanism (Yong et al.,
2021). Additionally, the contractile apparatus is no longer restricted to the polar ends of
intrafusal fibres and is instead observed throughout the central region. This is accompa-
nied by an increased and non-restricted distribution of capsule associated proteins
throughout the muscle spindle. These findings demonstrate severe, progressive struc-
tural degradation of the sensory innervation, connective tissue capsule and intrafusal fi-

bres in the muscle spindles of Gaa” mice (Watkins et al., 2023).

This study represents the first analysis of muscle spindle structure and function in Gaa™
mice. Taken together, the results are indicative that degenerating muscle spindles in Gaa
 mice could contribute to the poor motor coordination, unstable gait, and consequent
frequent falls of Pompe patients (Watkins et al., 2023). Pompe patients may therefore
benefit from having proprioceptive training (Aman et al., 2014; Yong & Lee, 2017) incor-

porated into their treatment regime (Lamartine & Remiche, 2019; Valle et al., 2016).
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2.4.2

Chapter 2.4: Mechanosensitive ion channels

Chapter 2.4.1: Introduction to mechanosensitive ion channels

The molecular basis underlying the transformation of the rate and speed of stretching in
the equatorial region of intrafusal fibres into a receptor potential and subsequently into
action potentials remains largely unknown (Bewick & Banks, 2015). The calcium perme-
able ion channel PIEZO2 has been identified as the key mechanotransduction channel
(Florez-Paz et al., 2016; Woo et al., 2015). The discovery of the family of mechano-gated
channels of the Piezo family was awarded the Nobel Prize in Physiology or Medicine in
2021 (Martinac, 2022). In humans and mice, loss of function mutations in the Piezo2 gene
result in the loss of mechanotransduction in proprioceptive neurons, and additionally, in
scoliosis and hip dysplasia (Assaraf et al., 2020; Blecher et al., 2018; Blecher et al.,
2017a; Chesler et al., 2016; Delle Vedove et al., 2016). However, evidence suggests that
whilst PIEZO2 is strictly required for the initiation of an action potential, other mechano-
sensitive channels contribute to the generation, modulation and propagation of the stretch

response along the sensory neuron (Wilkinson, 2022).

More recently, single nuclei transcriptomics and muscle spindle proteomics of muscle
spindles (Bornstein et al., 2023a; Kim et al., 2020) and proprioceptive sensory neurons
(Oliver et al., 2021; Wu et al., 2021) were performed. These transcriptomic analyses re-
vealed that other mechanosensitive ion channels are expressed by proprioceptive sen-
sory neurons — including members of the DEG/ENaC (Simon et al., 2010; Wu et al.,
2021), TRP families (Simon et al., 2010; Wu et al., 2021), as well as glutamate receptors
(Bewick et al., 2005; Than et al., 2021; Wu et al., 2004), acetylcholine receptors (Gerwin
et al., 2019) and acid sensing ion channels (ASICs; Lin et al., 2016; Wilkinson, 2022; Wu
et al., 2021). However, their roles in mechanotransduction are not well understood. It is
therefore possible that these additional ion channels have a modulatory effect on muscle
spindle excitability (Bewick & Banks, 2015; Bewick & Banks, 2021; Wilkinson, 2022).

Chapter 2.4.2: Acid sensing ion channels (ASICs)

Asic2 and Asic3 transcripts have been identified in transcriptomic analyses of propriocep-
tive neuron terminals (Lin et al., 2016; Simon et al., 2010), and in the absence of Asic3,
the dynamic stretch sensitivity was increased in response to ramp stimuli, but all other
aspects of mechanotransduction and muscle spindle function appeared unaffected (Lin
et al., 2016). This suggests that ASIC3 modulates muscle spindle sensitivity to stretch. In
contrast, the epithelial sodium channel antagonist, amiloride (which non-specifically
blocks DEG/ENaC channels) was demonstrated to completely inhibit muscle spindle af-
ferent firing (Simon et al., 2010). Furthermore, ruthenium red (used to block TRPA1 and
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Piezo channels, but not ASICs or ENaC channels), has been demonstrated to signifi-
cantly reduce, but not completely inhibit, stretch-induced firing of rat muscle spindle af-
ferents, via TRP channel inhibition (Suslak et al., 2015). Thus, there is a discrepancy
between the specific genetic deletion, and the broader pharmacological inhibition, sug-
gesting the possibility that other ASIC channels might also contribute to mechanotrans-

duction in proprioceptive afferents.

Chapter 2.4.3: Study aims

In a complete transcriptomic analysis of proprioceptive endings, Asic2 was found to be
more differentially expressed in several different proprioceptors (Bornstein et al., 2023a),
and we therefore hypothesised that the ASIC2 channel may specifically contribute to pro-
prioceptive mechanotransduction in the proprioceptive sensory afferent terminal
(Bornstein et al., 2023b).

Chapter 2.4.4: Summary

Through the electrophysiological characterisation, using an ex-vivo preparation of the
EDL muscle from Asic2”- mice (B6.129-Asic2™'Wsh/J: The Jackson Laboratory; #013126),
| provide evidence that in comparison to littermate controls, Asic2”- mice exhibit altered
muscle spindle afferent responses to ramp and hold stretching protocols. Muscle spindles
from Asic2”- mice displayed heterogeneous stretch responses to the ramp and hold pro-
tocol consisting of 2.5, 5 and 7.5% Lo length changes (with 40% Lo per second ramp
speed). | analysed four parameters during the stretch response — dynamic peak (DP),
dynamic index (DI), initial static time (IST) and final static time (FST); see Figure 5 in
Bornstein et al., 2023b for a more detailed explanation of parameters analysed. The
stretch responses were qualitatively categorised as either sustained stretch (i.e. the mus-
cle spindle responded with a sustained, increased action potential firing frequency for the
duration of the stretch protocol) or non-sustained stretch (i.e. the muscle spindle was
responsive to the stretch stimulus, however could not sustain action potential firing for the
duration of the stretch, and ceased firing momentarily through the stretch protocol). Of
the muscle spindle afferents that responded with a sustained stretch response to the ramp
stimuli, | found that these muscle spindles had a significantly increased dynamic, but not
static, sensitivity to stretch in comparison to the littermate controls (Asic2** or Asic2*-). In
contrast, muscle spindle afferents that responded with a non-sustained stretch response
to the stretch stimulus had a significantly increased dynamic and static sensitivity to
stretch in comparison to littermate controls. These results provide further evidence that
ASIC2 is required for normal muscle spindle function. Its function may be to moderate,
stabilise and sustain muscle spindle afferent responses to stretch (Bornstein et al.,
2023b).
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Chapter 2.5: Research Impact Statement

Muscle spindle functions are poorly understood on the molecular level. In order to en-
hance our understanding of muscle spindles on the molecular level, | utilised an ex-vivo
electrophysiology assay to characterise muscle spindle function, immunohistochemistry
and high-resolution confocal microscopy to investigate muscle spindle morphology, and
observer-independent behaviour analysis (Catwalk XT system) to identify potential motor-

coordination deficits in healthy and diseased mouse models.

| have provided evidence that the two common skeletal muscle relaxants, methocarbamol
and mexiletine, in a dose-response manner, significantly reduce muscle spindle afferent
sensitivity to stretch, in particular sensitivity to static stretch. Additionally, | provided the
first evidence that the subcellular distribution of the T-tubule system in intrafusal fibres

may differ from extrafusal fibres (Watkins et al., 2022).

Furthermore, | accumulated evidence that muscle spindle morphology and function are
affected in a neuromuscular disorder model. In a murine model of Pompe disease, | have
provided evidence that muscle spindles undergo a severe and progressive degeneration
process, which eventually results in completely non-functional muscle spindles. Gaa™
mice exhibit poor motor and inter-paw coordination. In agreement with this, muscle spin-
dle afferents exhibit a significantly reduced response to both dynamic and static stretch,
and as the degeneration process advances, that muscle spindle afferents become unre-
sponsive to stretch. | also demonstrate that morphological degradation of the muscle
spindle neuronal components, contractile apparatus and connective tissue capsule oc-
curs (Watkins et al., 2023).

Additionally, | have characterised muscle spindle afferent responses from Asic2” mice
and have provided evidence that ASIC2 functionally modulates muscle spindle afferent

responses to stretch (Bornstein et al., 2023b).

These combined works enhance our understanding of muscle spindle structure and func-
tion under healthy and pathological conditions, and consequently provides an explanation
how proprioceptive information from muscle spindles may be significantly diminished un-
der these conditions in human patients. Health care practitioners should consider the ef-
fects that common muscle relaxants can elicit on proprioception when prescribing muscle
relaxants (Watkins et al., 2022), and additionally consider integrating proprioceptive phys-
iotherapy in the treatment regimens of patients diagnosed with neuromuscular disorders
(Watkins et al., 2023).
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Abstract

Introduction/Aims: The muscle relaxant methocarbamol and the antimyotonic drug
mexiletine are widely used for the treatment of muscle spasms, myotonia, and pain
syndromes. To determine whether these drugs affect muscle spindle function, we
studied their effect on the resting discharge and on stretch-induced action potential
frequencies of proprioceptive afferent neurons.

Methods: Single unit action potential frequencies of proprioceptive afferents from
muscle spindles in the murine extensor digitorum longus muscle of adult C57BL/6)J
mice were recorded under resting conditions and during ramp-and-hold stretches.
Maximal tetanic force of the same muscle after direct stimulation was determined.
High-resolution confocal microscopy analysis was performed to determine the distri-
bution of Na,1.4 channels, a potential target for both drugs.

Results: Methocarbamol and mexiletine inhibited the muscle spindle resting dis-
charge in a dose-dependent manner with 1Csq values around 300 pM and 6 pM,
respectively. With increasing concentrations of both drugs, the response to stretch
was also affected, with the static sensitivity first followed by the dynamic sensitivity.
At high concentrations, both drugs completely blocked muscle spindle afferent out-
put. Both drugs also reversibly reduced the specific force of the extensor digitorum
longus muscle after tetanic stimulation. Finally, we present evidence for the presence
and specific localization of the voltage-gated sodium channel Na,1.4 in intrafusal
fibers.

Discussion: In this study we demonstrate that both muscle relaxants affect muscle
spindle function, suggesting impaired proprioception as a potential side effect of both
drugs. Moreover, our results provide additional evidence of a peripheral activity of

methocarbamol and mexiletine.

Bridgette Watkins and Hedwig M. Schuster have contributed equally to this work
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1 | INTRODUCTION

Skeletal muscle relaxants can be classified as antispasticity or anti-
spasmodic agents and they act in the central nervous system (CNS) or
peripherally.** For many of these drugs, it is not known whether tis-
sues other than skeletal muscle are also affected.

Muscle spindles are encapsulated sensory structures located
within almost every skeletal muscle.” They provide the CNS with pro-
prioceptive information, the processing of which is required for all
coordinated movements.>” Muscle spindles consist of specialized
muscle fibers (intrafusal fibers) that are innervated by two types of
neurons: in the central (equatorial) region, the terminals of group la
and group |l proprioceptive sensory neurons encircle intrafusal muscle
fibers with annulospiral endings. These sensory nerve terminals are
mechanosensitive structures and detect how much and how fast a
muscle is lengthened. In addition, efferent gamma-motoneurons
innervate the peripheral (polar) regions of intrafusal fibers (fusimotor
innervation), where they form cholinergic synapses that are function-
ally and developmentally similar to the neuromuscular junctions
formed by alpha-motoneurons on extrafusal fibers.2?

Although the effects of peripherally acting muscle relaxants on
extrafusal muscle fibers have been rather well characterized, their
effect on muscle spindles is less well understood. Patients experience
an increased risk of falls and bone fractures after the initiation of a

skeletal muscle relaxant,*®

suggesting that these drugs in addition to
skeletal muscle fibers may also affect proprioception. Therefore, data
on the action of muscle relaxants on muscle spindles are essential to
understand the mode of action of the drugs in patients.

In our study, we investigated the effect of a muscle relaxant
(methocarbamol) and the antimyotonic drug mexiletine on propriocep-
tive sensory output of adult murine muscle spindles. Methocarbamol,
mexiletine, and their derivatives belong to the most widely prescribed
antispasmodic, non-benzodiazepine group of muscle relaxants.>*!
Methocarbamol is used for the treatment of lower back pain, as an
adjunct to physical therapy for the relief of acute musculoskeletal
pain, such as after acute traumatic injury,**2*° treatment of stiff-man
syndrome,'® and painful muscle spasm.'2'37-20 For many years,
methocarbamol was considered a centrally acting relaxant*?%22; how-
ever, recently the specific inhibition of the voltage-gated sodium
channel 1.4 (Na,1.4), but not of Na,1.7, was reported.z3 Because
Na,1.4 is the primary voltage-gated sodium channel responsible for
the initiation of action potentials in skeletal muscle fibers, a peripheral
action of methocarbamol is likely to contribute to its muscle-relaxing
activity. Accordingly, Crankshaw and Raper reported that meth-
ocarbamol caused a prolongation of the refractory period of cat
tibialis muscle and a suppression of polysynaptic reflex contractions

without an effect on spinal interneurons.?42°

Mexiletine is an orally active class IB antiarrhythmic, which is clin-
ically used to treat cardiac arrhythmia, muscle cramps, and skeletal
muscle channelopathies, including dystrophic and nondystrophic myo-
tonias and myotonic syndromes.?*3* Similar to methocarbamol,
mexiletine's primary mechanism of action is blocking fast sodium
channels, including Na,1.4.2%% Like methocarbamol, mexiletine pro-
longs the refractory period of sodium channels by delaying their
recovery from the inactivated state.>®

In this study we tested the hypothesis that methocarbamol and
mexiletine, in addition to their effect on extrafusal fibers, also influence
muscle spindle function. Toward this end, we determined single unit sen-
sory neuron afferent resting discharges and changes in the frequency of
firing in responses to ramp-and-hold stretches. Moreover, because both
drugs bind to the Na,1.4 channel, we investigated its distribution in

intrafusal fibers using high-resolution confocal microscopy.

2 | METHODS

2.1 | Animals and muscle preparation

Experiments were performed on muscles from 43 C57BL/6J mice of
both sexes aged 10 to 15 weeks and weighing 22 to 28 grams. Four-
teen animals were used for the electrophysiological analysis of meth-
ocarbamol, 16 for mexiletine, 9 were used to analyze vehicle
(dimethysulfoxide or artificial cerebrospinal fluid), and 4 were used for
immunocytochemistry. Animal procedures were performed according
to guidelines from Directive 2010/63/EU of the European Parliament
on the protection of animals used for scientific purposes. All experi-
ments were approved by the local authorities of the State of Bavaria,
Germany (ROB-55.2-2532.Vet 02-17-82).

2.2 | Electrophysiology

Afferent sensory neuron responses to stretch were assayed using an
isolated muscle-nerve preparation, as described elsewhere.®”° In
brief, the extensor digitorum longus (EDL) muscle from adult C57BL/
6J mice was dissected and the sensory activity was determined using
extracellular recording.®” A detailed description of the electrophysio-
logical analysis can be found in the Supplementary Information online.

The effect of the drugs on the resting discharge was quantified by
determining the number of action potentials over a 30-second period at 15-
minute intervals after addition of the drug. The results are shown as percent
of the action potentials of the same muscle spindle before addition of drug.
The effect of the drugs selectively on the dynamic and static response to
ramp-and-hold stretches was analyzed by determining the dynamic peak
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FIGURE 1

100 4 5 300 ms

Mexiletine and methocarbamol reduce muscle spindle afferent firing in resting muscle spindles. Representative recordings of the

resting discharge are shown in the absence (A) and presence (B-F) of various concentrations of mexiletine or methocarbamol. Each panel
represents approximately 15 seconds of recording taken 60 minutes after addition of drug. Without any drug, muscle spindle afferents show a
constant resting discharge frequency (A). In contrast, with increasing concentrations of either drug, the time in which the muscle spindle afferent
did not fire action potentials (“silent periods™) also increased. At concentrations of 2000 pM (methocarbamol) or 500 pM (mexiletine), the muscle
spindle afferents were completely silenced (F, and data not shown). Different action potential amplitudes in the various recordings are the result
of different resistance levels between suction electrode and nerve during the extracellular recordings and do not represent an effect of the drug.

Scale bars for time and membrane potential are shown in F

(highest instantaneous frequency during ramp — baseline firing rate) and the
static response (firing rate 3.25 to 3.75 seconds into stretch — baseline firing
rate®*°) using LabChart version 8.1.5 (ADInstruments, Sydney, Australia).
Dose-response curves were calculated using:

100

Y = oS0 gy

where x = concentration (uM) (logso). The mean passive mechanical
tension generated at maximum length (Lo) under resting conditions as
well as 2 seconds after the start of the ramp-and-hold stretch were
determined in triplicate and the values of the same muscle spindle
were compared before and after addition of drug. The values are
expressed as mean + standard error of the mean (SEM), and the

statistical significance of differences before and after addition of drug
was determined using the unpaired t test.

23 | Maximal tetanic force

At the end of each recording, the maximal contractile force during a
direct tetanic stimulation of the muscle via paddle electrodes in the
tissue bath (500-millisecond train at 120 Hz and approximately 1-mil-
lisecond square pulse length, supramaximal voltage [Grass SD9 stimu-
lator; Natus, Pleasanton, California]) was determined, as described
elsewhere.?”374% The specific force (force / physiological cross-sec-
tional area: a measure of the general health status of the muscle) of
the EDL muscle at Lo was determined in the presence and absence of
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the drug as well as after a 1-hour washout. Toward this end, the EDL
muscle was weighted at the end of the experiment (average weight
was between 8 and 11 mg) and the maximal tetanic force was calcu-

lated using the equation:

Tension [N] /1!
maximal tetanic force [N/cmz] = %~
Lo [cm[+1.06 [g/cm?

The values were then compared with the previously reported
peak force of the healthy EDL of 23.466 + 6 N/cm?.374142

24 | Statistical analysis

The number of action potentials in a 30-second period before addition
of the drug was counted and set as 100%. After addition of drug, the
number of action potentials was counted again and expressed as per-
centage of the initial frequency before addition of drug. The means of
the overall changes in firing rate of all groups were compared statisti-
cally vs the no-drug control group using one-way analysis of variance
with Dunnett post hoc test. The Wilcoxon test was used to calculate
the significance of effects of drug application on dynamic peak and
static response during ramp-and-hold stimulations. The ICso values
were determined by plotting the log of the drug concentration against
the normalized response (expressed as percent of control, which was
set to 100%). All statistical analyses were performed using GraphPad
Prism (GraphPad, Inc, La Jolla, California). The levels of significance (P
values) for the statistical tests were set at *P < 0.05, **P < 0.01, and
***P < 0.001.

2.5 | Immunocytochemistry

Immunofluorescence labeling was performed as described else-
where.374043 Refer to the Supporting Information online for a more
detailed description of the staining protocol.

Sensory nerve terminals were identified using antibodies from
guinea pig against vGluT1 (AB5905; Millipore, Darmstadt, Germany
[1:1000]).7%" The Na,1.4 distribution was determined by staining with
a polyclonal rabbit antibody (SCN4A; #ASC-020; Alomone Labs, Jeru-
salem, Israel [1:500]). This antibody is specific for the alpha-subunit of
the Na, 1.4 channel and shows no cross-reactivity with other voltage-
gated sodium channels. The S46 monoclonal antibody against the
slow tonic myosin heavy chain 6, developed by Miller et al** (diluted
1:50), was obtained from the Developmental Studies Hybridoma
Bank, created by the National Institute of Child Health of the National
Institutes of Health and maintained at the University of lowa (Depart-
ment of Biology, lowa City, lowa).*>*#”

Primary antibodies were detected using the appropriate Alexa 488-,
Alexa 594-, and Alexa 647-conjugated goat anti-rabbit (A11034; Thermo
Fisher Scientific-Invitrogen, Waltham, Massachusetts [1:1000]), goat anti-
guinea pig (A11076; Thermo Fisher-Invitrogen [1:1000]), or goat anti-
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FIGURE 2 Dose- and time-dependent inhibition of muscle
spindle resting discharge by mexiletine and methocarbamol. Different
concentrations of methocarbamol (A) and mexiletine (B) were added
to the bathing solution and the effect on the resting discharge over
time was monitored every 15 minutes. The inhibitory effect of both
muscle relaxants on the action potential frequency is expressed as
percent of control, that is, the resting discharge before addition of
drug. There was no significant difference between the 45-minute
values and the 60-minute values for any drug or concentration,
demonstrating that an equilibrium concentration was reached after
45 minutes. The values represent the mean + standard error of the
mean (SEM) of triplicate recordings of a single muscle spindle per
extensor digitorum longus muscle from each of the 30 mice. For
clarity, significant differences vs control (before addition of drug) are
indicated by asterisks only for the 60-minute values. See Table S1 for
values of the mean and SEM and the statistical significance of the
other data points

mouse (A32723; Thermo Fisher-Invitrogen [1:1000]) secondary antibody.
Actin filaments were labeled using Alexa 488-conjugated phalloidin
(A123379; Thermo Fisher-Invitrogen [1:500]).

After immunofluorescence labeling, the sections were embedded
in Mowiol mounting medium (Carl Roth, Karlsruhe, Germany) and ana-
lyzed using a laser scanning confocal microscope (LSM 710; Carl Zeiss
AG, Oberkochen, Germany), as described elsewhere.®?*° We
observed no difference in the structure of muscle spindles from male

and female mice.*®

3 | RESULTS
3.1 | Effect of methocarbamol and mexiletine on
resting discharge of muscle spindle afferents

We first determined the action potential frequency in resting muscle
spindles in the presence and absence of either relaxant. We did not
observe an effect of either drug on the kinetics of individual action
potentials or a gradual decline of the frequency of the resting
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FIGURE 3 Mexiletine and
methocarbamol progressively
abolish firing of muscle spindle
afferents in response to ramp-
and-hold stretches.
Representative muscle spindle
afferent responses to ramp-and-
hold stretches were recorded in
the absence (A) and presence (B-
D) of different concentrations of

gontral

(B)

methocarbamol (B) or mexiletine
(C,D). Although under control
conditions muscle spindle
afferents fire action potentials
with frequencies that are
determined by the length change
and to the speed of stretching (A),
this response is impaired by
increasing concentrations of
either muscle relaxant. In the

methocarbamol 500 pM

presence of 500 uM
methocarbamol (B) or 50 uM
mexiletine (C), only a dynamic
response during the ramp phase
could be recorded. Higher
concentrations of either muscle
relaxant completely inhibited any
response to ramp-and-hold
stretches (D, and data not

mexiletine 50 pM

(D)

N RS DR R R

shown). The length changes (as
indicated by the blue line below
the action potential recordings)
and the speed of stretching are
identical in A-D. Scale bars for the
extracellular recordings and the
time are shown in D

mexiletine 500 pM

100pvtT_,
s

discharge. Instead, while under control conditions (before addition of
drug), the resting discharge frequency was constant over time
(Figure 1A), and increasing concentrations of either muscle relaxant
resulted in prolonged periods in which the muscle spindle afferent
was silent (Figure 1B-F). The frequency of the resting discharge out-
side the silent periods was not altered by either drug (with the excep-
tion of the last action potentials before a silent period, which
sometimes appeared after a small delay; Figure 1C,E) and was similar
to the instantaneous frequency before addition of drug. The silent
periods were first observed at a concentration of 100 pM meth-
ocarbamol or 5 pM mexiletine, respectively (Figure 1). At concentra-
tions of 2000 uM (methocarbamol) and 500 pM (mexiletine), resting
muscle spindles completely ceased action potential firing (Figure 1F).
We next determined the number of action potentials over a
period of 30 seconds at different time-points after addition of drug
and expressed this value as a percent of control (action potentials in
30 seconds before addition of drug; Figure 2). We observed no statis-
tically significant difference between results after 45 and after

60 minutes, demonstrating that an incubation time of 60 minutes is
sufficient for maximal effect of methocarbamol and mexiletine activ-
ity. All data points in Figure 2, including SEM and statistical signifi-
cance, are summarized in Table S1. The ICsq value for the blockade of
the resting discharge was calculated as 298 pM (mean with 95% con-
fidence interval between 208.3 and 428.5 pM; n = 14) for meth-
ocarbamol and 5.86 uM (mean with 95% confidence interval between
4.6 and 7.4 pM; n = 16) for mexiletine. These results demonstrate
that methocarbamol and mexiletine influence muscle spindle dis-
charge frequencies at rest, albeit at different concentrations.

3.2 | Effect of methocarbamol and mexiletine on
response of muscle spindle afferents to ramp-and-hold
stretches

We observed a progressively reduced response to ramp-and-hold
stretches in the presence of increasing concentrations of mexiletine
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FIGURE 4 Dose-dependent inhibition of the dynamic and static
response to stretch. The effects of methocarbamol (A) and mexiletine
(B) on the dynamic (red line in A, blue line in B) and static (green line
in A, orange line in B) responses to stretch 60 minutes after addition
of drug are indicated. Results are expressed as percent of control, that
is, the dynamic peak and the static response before addition of drug.
Data points represent the mean of triplicate recordings + standard
error of the mean (n = 30). Note that both muscle relaxants inhibit
the static response at lower concentrations compared with the
dynamic response

or methocarbamol compared with control conditions (Figure 3A). At
low concentrations of either drug, the resting discharge and static
response were absent and the muscle spindle fired only during the
ramp phase (Figure 3B,C). The response to ramp-and-hold stretches
was completely abolished in the presence of 4 mM methocarbamol or
500 pM mexiletine (Figure 3D, and data not shown).

We next determined the dynamic peak and the static response in
the presence of increasing concentrations of either drug (Figure 4).
From these dose-response curves, the ICsq values for methocarbamol
were calculated as 1756 (mean with 95% confidence intervals of
1265 to 2331; hillslope coefficient: —2.44; n = 11) for the dynamic
response and 362 (mean with 95% confidence intervals of 160.4 to
676.2; hillslope coefficient: —1.24, n = 16) for the static response.
Likewise, the ICsq values for mexiletine were 59.2 pM (mean with
95% confidence intervals of 32.42 to 88.11 puM; hillslope coefficient:
—2.01) and 7.42 uM (mean with 95% confidence intervals of 5.27 to
10.86 uM; hillslope coefficient: —2.40) for static and dynamic
responses, respectively. These results demonstrate that the response
of muscle spindles to ramp-and-hold stretches is impaired by meth-
ocarbamol and mexiletine in a dose-dependent manner and that the
dynamic response is less sensitive to either drug compared with the
static response.
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FIGURE 5 Reversible inhibition of the specific contractile force

after tetanic stimulation by methocarbamol and mexiletine. Dot plot
shows the maximal specific contractile force (in N/cm?) after tetanic
stimulation of muscle spindles in the presence or absence and after
washout of methocarbamol (2 mM) or mexiletine (0.5 mM). Both
drugs reduced the specific force to approximately 50%
(methocarbamol) or 20% (mexiletine). After a 60-minute washout of
the drug, the specific contractile force returned to almost control
values. Each dot represents an independent experiment. Error bars
represent the mean + standard error of the mean (n = 5)
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FIGURE 6 Distribution of the Na,1.4 alpha-subunit in muscle
spindles. Single confocal longitudinal cryostat sections of adult soleus
(A-D) muscles were stained with antibodies against vGIuT1 (A) to
label the sensory nerve endings and against Na, 1.4 (B). The merged
picture is shown in C. Note that Na, 1.4 immunoreactivity is
distributed in a striated pattern localized primarily in the polar regions
of intrafusal fibers (indicated by a yellow line in C). Considerably less
immunoreactivity was observed in the equatorial region of intrafusal
fibers. There appears to be no specific accumulation of Na,1.4
immunoreactivity at the contact site between the sensory nerve
ending and the intrafusal fiber in the equatorial region (arrows). High
magnifications of the distribution of the Na,1.4 immunoreactivity in
extrafusal (D) and intrafusal (E) muscle fibers, respectively. Note the
double stripes in extrafusal and the single stripes in intrafusal fibers.
Optical intensity measurements of the Na, 1.4 immunoreactivity
distribution in the areas marked by the rectangles in D and E are
shown in F and G, respectively. Scale bars: C, 20 pm; D and E, 1 pm
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FIGURE 7 Na,1.4 codistributes with
actin but not with myosin filaments.
Intrafusal fibers from adult extensor
digitorum longus (EDL) muscles labeled
with antibodies against vGluT1, Na, 1.4
and against slow tonic myosin heavy
chain (MYHé; antibody S46) are shown
(A). Note the similarly striped distribution
of Na,1.4 in the predominantly fast-
twitch EDL muscle (A-C) and in the slow-
twitch soleus muscle (see Figure 6B). The
area marked by a rectangle (A) is also
shown at higher magnification (B) to
compare the distribution of both proteins.
C, Comparable area in the polar region of
an intrafusal fiber stained for actin

10 15

5 10 15 5
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We did not observe a statistically significant difference in the ten-
sion displayed at Lo before (set to 100%) compared with after the
addition of either drug (data not shown; 500 pM mexiletine: 85.1
+7.9% [mean + SEM], n = 3, P =.09; 4 mM methocarbamol: 93.1
+8.4%, with n = 3, P = .28). Likewise, the passive tension during a
stretch was similar before (set to 100%) compared with after the addi-
tion of either drug (500 pM mexiletine: 75.7 + 12.6%, with n = 3, P
=.10; 4 mM methocarbamol: 100.3 + 10.2%, with n = 3, P = .99).
This indicates that both drugs had no apparent effect on the passive
viscoelastic properties of the EDL muscle under resting conditions
and in response to stretch.

3.3 | Methocarbamol and mexiletine reduce
maximal tetanic force

The physiological specific force (in N/cm?) during high-frequency
tetanic stimulation was reduced by approximately 40% at a meth-
ocarbamol concentration of 2 mM and by about 80% at a concentra-
tion of 500 pM mexiletine (Figure 5A). After a 1-hour washout,
however, the specific maximal force returned to almost normal values,
demonstrating that the interaction of both drugs with their target pro-
tein is reversible and that both drugs do not apparently induce long-
lasting effects in extrafusal muscle fibers.

filaments with fluorescently labeled
phalloidin (red channel) and antibodies
against Na,1.4 (green channel). The
stripes labeled by anti-Na,1.4 antibodies
were strictly non-overlapping with the
distribution of the slow myosin heavy
chain labeled by the S46 antibody (B), as
indicated by the corresponding optical
intensity measurement (D). In contrast,
Na, 1.4 immunofluorescence codistributed
with the distribution of actin filaments
labeled by fluorescent phalloidin (C), as
indicated by the corresponding optical
intensity measurement (E). Scale bar: A,
20 pm; Band C, 5 ym

34 | Na,1.4 expression in intrafusal fibers

Particularly in the polar region of intrafusal fibers, antibodies against
the alpha-subunit of Na,1.4 specifically labeled transverse oriented
structures, which appeared as individual stripes oriented perpendicu-
lar to the longitudinal axis of intrafusal fibers (Figures 6A-C and 7A).
In the equatorial region of intrafusal fibers, Na,1.4 immunoreactivity
was mostly absent, consistent with the small number of sarcomeres in
this region. Likewise, anti-Na,1.4 immunoreactivity was not particu-
larly concentrated at the contact sites between the sensory nerve ter-
minal (labeled by antibodies against vGIuT1; see arrows in Figure 6A-
C) and the intrafusal fiber. In extrafusal fibers, anti-Na, 1.4 antibodies
labeled a double band (Figure 6D). Optical intensity measurements
showed that the distance between the single bands was ~1 pm and
the distance between the double bands was ~2 pm, consistent with
them being T tubules. In contrast, the same antibodies labeled single
bands in the polar region of intrafusal fibers (Figures 6E and 7A).
These bands exhibited a spacing of ~2.3 pm, as determined by optical
intensity measurements (Figure 6G). The distribution of Na,1.4 bands
in intrafusal fibers did not overlap with the slow myosin heavy chain
(labeled by the S46 antibody; Figure 7B,D). In contrast, actin filaments
(detected with fluorescently labeled phalloidin) and Na, 1.4 immunore-
activity were codistributed (Figure 7C,E). These results demonstrate
that Na,1.4 is present in intrafusal fibers, particularly in their polar
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regions, albeit with a different distribution compared with extrafusal
fibers. In addition, these results are consistent with the possibility that
both drugs may carry out their effects on muscle spindle function by

affecting this channel.

4 | DISCUSSION

In this study we have shown that methocarbamol and mexiletine
inhibit generation of action potentials in muscle spindle afferents at
rest as well as in response to stretch, but they do not affect muscle
tension. Mexiletine and methocarbamol both bind to several voltage-
gated sodium channels, including Na,1.4, and both drugs preferen-
tially affect the inactivated state.?>3® Several sodium channels have
been localized in muscle spindles by immunocytochemistry.*” Na,1.6
immunoreactivity is concentrated in the first heminodes, as well as in
the sensory terminals of group la afferents. Likewise, Na,1.1 is con-
centrated in sensory terminals together with Na,1.6, whereas Na, 1.7
is mainly expressed in the axons of the sensory neuron. Consistently,
single nucleus transcriptome analyses revealed that proprioceptive
sensory neurons express Na,1.1, Na,1.2, Na, 1.6, and Na,1.7, but little
if any Na,1.3, Na,1.4, Na,1.5, Na,1.8, or Na,1.9.° It remains to be
solved, however, which of these sodium channels is the target of
mexiletine and/or methocarbamol in muscle spindles. Both drugs are
promiscuous with respect to the sodium channels they interact with,
but the strong similarity of the effect of both drugs on the muscle
spindle resting discharge and the stretch-induced action potentials
suggest that both drugs affect muscle spindles via the same sodium
channel.

We have provided evidence that Na,1.4 is present in intrafusal
fibers, particularly in their polar regions, which is consistent with the
accumulation of sarcomeres in this region. We did not observe any
Na, 1.4 immunoreactivity associated with the sensory neuron and there
was no concentration of Na,1.4 in the contact region between the sen-
sory nerve terminal and intrafusal fiber. Interestingly, the subcellular dis-
tribution of Na, 1.4 was different in extrafusal fibers (double band) when
compared with intrafusal fibers (single bands). The double bands in
extrafusal fibers have been shown to correspond to the T-tubule sys-
tem.>2%2 It will therefore be of considerable interest to determine
whether the single bands observed in intrafusal fibers similarly corre-
spond to T tubules, which would suggest a different three-dimensional
distribution of the T-tubule system in intrafusal fibers. In principle, T
tubules have been detected in intrafusal fibers by electron micros-
copy,>>** but their exact spatial distribution has not been analyzed by
light microscopy. Therefore, the subcellular structure with which Na,1.4
is associated in intrafusal fibers remains to be determined.

We did not observe a gradual decline of the muscle spindle rest-
ing discharge frequency in response to increasing concentrations of
either drug. In contrast, the periods in which the muscle spindle was
silent became longer, suggesting an “all-or-none™ effect of the drugs
on action potentials. Therefore, we consider an effect of both drugs
on the initial generation of action potentials or on their conduction
along the proprioceptive afferents more likely than an effect on the

AVEYE WiLEY L =

generation or modulation of the mechanically gated change of the
membrane potential. It remains to be determined whether both drugs
affect proprioceptive sensory neuron activity by inhibiting intrafusal
fiber-associated Na,1.4. The absence of an effect of both drugs on
the passive muscle tension at rest and during ramp-and-hold stretches
would suggest a different target. Moreover, the preferential effect of
both drugs on the static compared with dynamic sensitivity also sup-
ports our idea that action potential generation is affected and not a
mechanosensation.

The US Food and Drug Administration recommendation for the
treatment of muscle spasms with methocarbamol is an initial dose of
1500 mg orally four times per day for the first 48 to 72 hours, up to a
maximum dose of 8 g/day for severe symptoms. Peak levels of the
plasma concentration are 20 pg/mL (corresponding to ~83 uM) about
1 hour after oral application of 1500 mg methocarbamol.>®> The con-
centration of methocarbamol used in our study (ICso at ~300 pM for
the resting discharge) is approximately fourfold higher than the con-
centration achieved in the plasma of patients with commonly
accepted dosing levels, suggesting that the concentration of meth-
ocarbamol needed to affect muscle spindles may not be reached in
patients. On the other hand, intramuscular injections could cause
much higher local concentrations.

Mexiletine is used at a typical dose of between 100 and 200 mg
three times per day, but the frequency of muscle cramps in
amyotrophic lateral sclerosis patients can be reduced with doses as
low as 150 mg twice daily.®? The mean mexiletine serum level at the
end of a 4-week treatment period at 600 mg/day was approximately
1 pg/mL (corresponding to ~5.6 pM).3® The concentration of
mexiletine used in our study is approximately equivalent to the con-
centration reached in vivo (ICsp = 5.8 pM for resting discharge),
suggesting that an effect of this drug on proprioception is clinically
relevant.

The consequences of the inhibitory activity of methocarbamol
and mexiletine on muscle spindle proprioceptive afferents in humans
would include coordination difficulties, unstable gait, and frequent
falls. An increased risk of injury after administration of skeletal muscle
relaxants, including methocarbamol, has been consistently reported,
particularly in the elderly.)>°%57 Our results suggest that the effects
of mexiletine and methocarbamol on muscle spindles may contribute
to these symptoms. Accordingly, the Beers Criteria for Potentially
Inappropriate Medication Use in Older Adults, a collection of recom-
mendations for health-care providers on medications with potential
adverse side effects, includes methocarbamol, due to the increased
risk for falls and fractures.’® Moreover, because muscle relaxants are
often used in general anesthesia, the recovery of proprioceptive func-
tion in the postanesthetic period should be monitored. In general, cau-
tionary use of these medications, particularly in elderly patients,

continues to be advisable.
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Degeneration of muscle spindles
in @ murine model of Pompe
disease

Bridgette Watkins®, Jirgen SchultheiR?, Andi Rafuna?, Stefan Hintze?, Peter Meinke?,
Benedikt Schoser? & Stephan Kréger®™

Pompe disease is a debilitating medical condition caused by a functional deficiency of lysosomal

acid alpha-glucosidase (GAA). In addition to muscle weakness, people living with Pompe disease
experience motor coordination deficits including an instable gait and posture. We reasoned that

an impaired muscle spindle function might contribute to these deficiencies and therefore analyzed
proprioception as well as muscle spindle structure and function in 4- and 8-month-old Gaa™- mice. Gait
analyses showed a reduced inter-limb and inter-paw coordination in Gaa™~ mice. Electrophysiological
analyses of single-unit muscle spindle proprioceptive afferents revealed an impaired sensitivity of
the dynamic and static component of the stretch response. Finally, a progressive degeneration of the
sensory neuron and of the intrafusal fibers was detectable in Gaa™~ mice. We observed an increased
abundance and size of lysosomes, a fragmentation of the inner and outer connective tissue capsule
and a buildup of autophagic vacuoles in muscle spindles from 8-month-old Gaa™- mice, indicating
lysosomal defects and an impaired autophagocytosis. These results demonstrate a structural and
functional degeneration of muscle spindles and an altered motor coordination in Gaa”~ mice. Similar
changes could contribute to the impaired motor coordination in patients living with Pompe disease.

Pompe disease (OMIM #232300; glycogen storage disease II) is a rare, autosomal recessive, progressive, debilitat-
ing, and, in the case of the infantile onset form, lethal lysosomal storage disease!~*. The cause for Pompe disease
are mutations in the GAA gene (MIM#606800), which codes for the lysosomal enzyme acid maltase (a-1,4-
glucosidase; GAA; EC 3.2.1.20)°. The GAA enzyme catalyzes the degradation of glycogen and, accordingly,
mutations, which affect the enzymatic activity of this enzyme, lead to an accumulation of glycogen in lysosomes®.
This impairs lysosome function and leads to the degeneration of cells and entire organs'. The severity of the
phenotype is proportional to the loss of enzyme activity®.

Although pathological lysosomal glycogen accumulation occurs in many tissues, skeletal and cardiac muscle
are most prominently affected. Accordingly, patients living with Pompe disease show extensive fiber- and con-
tractile apparatus degeneration, leading to progressive muscle weakness and atrophy, as well as varying degrees
of respiratory complications due to dysfunction of the diaphragm and of the intercostal muscles. In addition
to the muscular weakness, patients with Pompe disease experience impairments in executing motor abilities,
including postural instability and an unstable gait, in particular when visual input is missing’~’. The cause of the
impaired motor control is unknown. However, since there is almost no correlation between muscle weakness
and postural parameters’, the motor control deficits are unlikely to be caused solely by degeneration and loss
of skeletal muscle tissue.

Proprioceptive information informs the brain about the contractile status of our skeletal muscles and their
force'*~'2. This information is required for the localization of our extremities in space and for the acquisition and
execution of any coordinated movement, including walking and standing. Muscle spindles are the main proprio-
ceptive sensors and are present in almost every muscle'?. They consist of specialized muscle fibers (intrafusal
fibers), which are grouped into nuclear bag and nuclear chain fibers, based on the number and arrangement of
nuclei in their central (equatorial) region. Both types of intrafusal fibers are innervated in the equatorial region
by group I and group II sensory afferents that generate action potentials, which are proportional to the length
change as well as to the speed of stretching'®. In addition, both ends of the intrafusal fibers (polar regions) are
innervated by y-motoneurons, which maintain the proprioceptive sensitivity of muscle spindles at all lengths
and during all contraction phases of the skeletal muscle'”.

Department of Physiological Genomics, Biomedical Center, Ludwig-Maximilians-University, Grosshaderner
Strasse 9, 82152 Planegg-Martinsried, Germany. 2Department of Neurology, Friedrich-Baur-Institute, LMU
Klinikum, Ludwig-Maximilians-University, Munich, Germany. ““email: skroeger@Imu.de
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In this study, we tested the hypothesis that an impaired muscle spindle function contributes to the motor
control deficits, the instable gait and the frequent falls of Pompe disease patients. To this end, we structurally
and functionally analyzed muscle spindles and locomotor behavior in 4- and 8-month-old Gaa™'~ mice'®, which
completely lack GAA enzymatic activity and have been used repeatedly as murine models for Pompe disease'*~%°.
Our results show a reduced inter-limb and inter-paw coordination, a compromised response of muscle spindles
to stretch and a severe degeneration of the sensory innervation, of the intrafusal fibers and of the muscle spindle
outer capsule in 8-month-old Gaa™~ mice. A considerably weaker phenotype was observed in 4-month-old
Gaa™'~ mice. Collectively, these results demonstrate a progressively impaired muscle spindle structure and func-
tion as well as a reduced motor coordination in Gaa~'~ mice.

Results

Gaa™~ mice have motor coordination deficits. To investigate gait deficits in Gaa™'~ mice, we analyzed
their motor behavior using the CatWalk XT system. This gait analysis system allows the automatic, quantitative
and observer-independent investigation of a large number of dynamic and static movement parameters, which
can be categorized into 4 major groups®": (a) run characteristics and kinetic parameters, (b) temporal parame-
ters, (c) spatial parameters, and (d) interlimb coordination parameters (for a list of which parameter was catego-
rized into which group see Supplementary Table 1). Many run characteristics and kinetic parameters assessing
general gait and locomotor functions did not differ significantly between Gaa™'~ mice and age-matched control
mice. These included velocity (measured as distance over time; Fig. 1A), body speed (calculated by dividing the
distance that the animal’s body traveled from one initial contact of that paw to the next by the time to travel that
distance; Supplementary Table 1) or stride length (distance between paw placement in two consecutive steps
of the same paw; Supplementary Table 1). In contrast, from the ~ 200 parameters analyzed by the CatWalk XT
system, 115 (4-month-old) and 83 (8-month-old) were significantly different between the Gaa~'~ mice and age-
matched 129/Sv] control mice (Supplementary Table 1). Some of these differences are likely to be the result of
the reduced muscle strength and different weight of the Gaa™~ mice'®**?!. These include the number of steps
per run in 4-month-old Gaa™'~ mice (Fig. 1B), stand time (duration of contact of a paw with the glass plate; Sup-
plementary Table 1), maximum intensity of the paw pressure to the ground (Fig. 1C) or the print area (surface
of the complete print; Supplementary Table 1). On the other hand, several differences in the interlimb coordi-
nation parameters®' between wildtype and Gaa™~ mice are consistent with an impaired motor control. These
parameters include the lateral displacement (distance between the position of the hind paw and the position of
the previously placed front paw on the same side of the body (ipsilateral) and in the same step cycle; Fig. 1D)
and the wider base of support particular of the hind limbs (distance between two hind paws, Fig. 1E). Likewise,
the regularity index, defined as the exclusive use of normal step sequence patterns during uninterrupted locomo-
tion (number of normal step sequence patterns relative to the total number of paw placements) was significantly
lower in 8-month-old animals compared age-matched control mice (Fig. 1F), demonstrating that Gaa™'~ mice
have more footprints outside of a recognized pattern.

The print position (distance between the position of the hind paw and the position of the previously placed
front paw on the same side of the body (ipsilateral) and in the same step cycle) was increased on both sides of
the body and at both ages in Gaa™~ mice (Fig. 1G). The relative duration of the simultaneous contact with the
glass plate of all combinations of paws is another parameter, which differed significantly between Gaa™'~ and
control mice at both ages analyzed (Fig. 1H). None of the control or mutant mice had no paw on the glass plate
at any time point during the run, and we observed no difference between Gaa™'~ and wildtype control mice in
the percent of time where only a single paw had contact with the glass plate (Supplementary Table 1). In contrast,
the time each animal was supported by simultaneous contact of the diagonal pair of paws (right front paw and
left hind paw or left front paw and right hind paw) were significantly lower in Gaa™'~ mice compared to wildtype
mice (Fig. 1H). The time of support for the girdle paws (right front paw and left front paw or right hind paw and
left hind paw) was lower in 4-month-old and higher in 8-month-old Gaa™'~ mice (Fig. 1H). Moreover, the relative
amount of time the animal simultaneously spent on three or four paws was higher in Gaa~'~ mice compared to
age-matched control mice (Fig. 1H). The quantification of all approximately 200 parameters determined by the
CatWalk system is summarized in Supplementary Table 1. Collectively, our results demonstrate an abnormal
gait performance, locomotor function and particularly a compromised inter-limb- and inter-paw coordination
in Gaa™'~ mice.

Electrophysiological analysis of muscle spindles in Gaa™~ mice. To investigate changes in muscle
spindle function in Gaa™'~ mice, we recorded single-unit proprioceptive afferent responses to different stretch
protocols in an ex vivo preparation of the extensor digitorum longus (EDL) muscle from 4- and 8-month-old
Gaa™~ mice and compared them to age-matched 129/Sv] control mice. Responses to ramp protocols with length
changes of 2.5, 5 and 7.5% L, (with ramp speeds of 40% L, per sec) were obtained and during each stretch
response, four parameters were quantified: dynamic peak (DP), dynamic index (DI), initial static time (IST)
and final static time (FST; for details on these parameters see “Methods” section). A representative recording
from a control mouse-derived muscle spindle is shown in Fig. 2A. All 4- and 8-month-old wildtype as well as all
4-month-old and ~ 70% of the 8-month-old Gaa™'~ mice responded to stretch with an increase of the instantane-
ous action potential frequency (Fig. 2A,C). However, the frequencies of the response to the different stretches
were significantly lower in Gaa™'~ mice of both ages (Fig. 2C). The quantification of the individual parameters
at different hold lengths (2.5, 5 and 7.5% of L) of Gaa™'~ mice compared to age-matched control mice is sum-
marized in Fig. 3 (blue dots: 129/Sv] control mice; orange dots: Gaa™~ mice). On average, the instantaneous
frequencies at all four time points during all stretch protocols were lower in Gaa™~ mice compared to 129/Sv]
control mice, demonstrating a reduced static and dynamic sensitivity to stretch in Gaa™~ mice.
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Figure 1. Gaa™"~ mice have an abnormal motor coordination. Automatic gait analysis revealed that many general locomotor
parameters were similar in wildtype 129/Sv] mice (blue dots) and Gaa™'~ mice (orange dots), including velocity of movement (A)
and number of steps ((B); the slightly reduced number of in 4-month-old mice is most likely due to the weight difference). Other
parameters are different between Gaa™'~ mice and age-matched control mice due to their different muscle force, including the
maximum intensity of the footprints (C). On the other hand, both mouse lines behaved differently with respect to locomotion
coordination parameters, including the lateral displacement (D), the base of support for the front- and hind limbs (E), as well as the
regularity index (F). The distance between the position of the hind paw and the position of the previously placed front paw on the
same side of the body and in the same step cycle (print position) was increased on the left as well as on the right side in Gaa™'~ mice
(G) at both ages examined. Moreover, the time the mice were supported by contacting the ground with the diagonal and girdle sides
limbs as well as the time the animal was supported by three or four limbs was longer in Gaa'~ mice compared to 129/Sv] control mice
(H). For a complete list of gait parameters analyzed see Supplementary Table 1. The bars show the mean +SD with N=17 (4-month-
old 1295v]) and N=12 (4-month-old Gaa™~), N=8 (8-month-old 1295v]), N=9 (8-month old Gaa™~) mice. Statistical significance
was calculated using the unpaired student’s t-test.
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Figure 2. The response to stretch in muscle spindles from Gaa™~ mice is impaired. A representative example
for the response of muscle spindle afferents to a ramp-and-hold stretch from 129/Sv] wildtype mice is shown

in panel (A). Muscle spindles from wildtype mice had a constant resting discharge of approximately 10 Hz

and responded to stretch with an increase in their instantaneous frequency (A). In contrast, 70% of the muscle
spindles from 8-month-old Gaa™~ mice (orange line in panel (C)) responded to stretch, but had a lower
frequency at all time points during a stretch compared to age-matched 129/Sv] wildtype mice. Approximately
30% of the 8-month-old Gaa™'~ mice fired bursts at rest and did not respond to stretch (B). In some spindles, the
bursts were rather regular even during a ramp-and-hold stretch (D). In other muscle spindles from 8-month-old
Gaa™'~ mice, which showed the bursting behavior at rest, the bursts varied with respect to the action potential
frequency during the bursts (E), the duration of the bursts (F) and the interburst interval (duration of the silent
period; (G)). Three representative spindles from three different 8-month-old Gaa~'~ mice are shown to illustrate
the spectrum of the busts. The red bars in panels (C,D) indicate the duration of the ramp-and-hold stretch. The
middle parts of panels (A,B) show the length change (5% of L,) and the lower parts show the passive tension
generated by the muscle in response to the stretch. No difference between wildtype and Gaa™~ mice was
observed with respect to the passive tension generated in response to the length change.

In approximately 30% of the recordings from 8-month-old Gaa™~ mouse muscle spindles at rest, we observed
bursts of action potentials followed by short periods of silence without action potentials (Fig. 2B). In individual
spindles, the bursts were rather regular (Fig. 2D and orange line in Fig. 2E). However, a more detailed analysis
of the bursting behavior of three representative muscle spindles from three different mice demonstrated the
variability of the bursts between different spindles with respect to the instantaneous frequency during the bursts
(Fig. 2E), the duration of the bursts (Fig. 2F) and the length of the interburst interval (Fig. 2G), demonstrating a
heterogeneity of the bursts in different muscle spindles. Most importantly, muscle spindle afferents with a burst-
ing behavior did not respond to stretch with an increase of the instantaneous frequency but instead maintained
the burst behavior throughout the stretch stimulus (Fig. 2B,D). These bursts were never observed in any of the
control mice or in 4-month-old Gaa~'~ mice. In summary, these results demonstrate a severely compromised
sensitivity to stretch of muscle spindles from 4- and 8-month-old Gaa™~ mice and a complete insensitivity to
stretch in ~ 30% of the recordings from 8-month-old Gaa™'~ mice.
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Figure 3. Stretch-responsive muscle spindles from Gaa™~ mice have lower instantaneous frequencies compared
to control mice at all time points during ramp-and-hold stretches. The frequency at four time points during a
ramp-and-hold stretch (dynamic peak (DP), dynamic index (DI), initial static time (IST) and final static time
(FST); for details of these time points see “Methods” section) were lower in Gaa™'~ mice (orange dots) compared
to age-matched wildtype 129/Sv] control mice (blue dots). This was independent of the length change (2.5,

5.0 and 7.5% of L) and of the age of the mice (4- and 8-month-old mice, respectively). Each dot represents

the recording of a single muscle spindle. Bars show the mean +SD with N =4 (4-month-old 129Sv]), N=8
(4-month-old Gaa™"), N=6 (8-month-old 129Sv]) and N=16 (8-month-old Gaa™"). Statistical significance was
calculated using the unpaired student t-test.

Structural degeneration of muscle spindles in Gaa”~ muscle spindles. To investigate, if the mus-
cle spindle functional deficits and the impaired movement coordination in Gaa™~ mice were accompanied
by structural changes, we compared the morphology of their muscle spindles with age-matched 129/Sv] mice
using antibodies against several marker proteins. In adult muscle spindles, the vesicular glutamate transporter
1 (vGluT1) labels the sensory nerve terminal, which in mice revolves around the intrafusal muscle fibers in the
form of an annulospiral ending'?. This typical structure is visible in muscle spindles from 4- and 8-month-old
wildtype animals (green channel in Fig. 4A and data not shown). Alpha-bungarotoxin labels nicotinic acetyl-
choline receptors (AChRs) predominantly at endplates of y-motoneurons in the polar regions of the intrafusal
fibers (red channel in Fig. 4A). The distribution of both, a-bungarotoxin and vGIuT1, were severely altered in
muscle spindles from 8-month-old Gaa™"~ mice (Fig. 4B). The sensory nerve terminal had retracted from the
intrafusal fiber, had lost its annulospiral morphology and had formed large varicosities (green arrow in Fig. 4B).
The intrafusal fibers had also degenerated and often formed a round, myoball-like structure with patchy AChR
clusters on its surface (red arrow in Fig. 4B).

Since the extent of degeneration of muscle spindles was rather heterogeneous even within the same muscle,
we quantified the structural changes by defining four categories of progressively severe structural damage of
muscle spindles (see “Methods” section for more details; Fig. 4C). Quantification showed that 4- and 8-month-old
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Figure 4. Quantification of the degenerative changes in muscle spindles from Gaa™~ mice. Intrafusal fibers

are innervated by sensory nerve terminals in the central (equatorial) region (stained with antibodies against
vGluT1; green channel in (A,B)) and by y-motoneurons in the polar regions, which form a cholinergic synapse
(indicated by a-bungarotoxin labeling of the AChRs; red channel in (A,B)). Note the normal structure of the
intrafusal fiber innervation in muscle spindles from 8-month-old 129/Sv] mice (A) and the severely degenerated
innervation in the 8-month-old Gaa™~ mice ((B); corresponding to a category 4 muscle spindle, see below).

The sensory nerve terminal has retracted from the intrafusal fiber and has formed a large varicosity (green
arrow). AChRs have disaggregated (red arrow) and the intrafusal fiber has lost its elongated shape and formed a
spherical myoball-like structure. Panel (C) shows representative examples of the four different categories used to
characterize the different levels of degeneration. For a more detailed description of the categories, see “Methods”
section. The lower two rows of panel (C) show representative examples corresponding to the different categories
of the morphology of the sensory ending (green channel) and the distribution of the nuclei (blue channel),
respectively. Morphological analysis of 4- and 8-month-old muscle spindles from wildtype (wt) and Gaa ™'~

mice revealed a progressive increase of the number of damaged muscle spindles demonstrating the progressive
degenerative changes (panel (D)). Bars show the mean +SD with N =3; n represents the number of muscle
spindles analyzed. Color-coding of the different categories is identical in panels (C,D). Scale bar: (A) 50 pm, (B)
20 pm, (C) 20 pm.

129/Sv] control mice had muscle spindles without any detectable damage (category 1; Fig. 4D). In contrast, in
4-month-old Gaa™~ mice, only ~20% of the muscle spindles had a normal structure, whereas ~ 70% were mildly
(category 2) and ~ 10% severely affected by degenerative processes (Fig. 4D). We observed no normal muscle
spindle in 8-month-old Gaa™'~ mice and about 65% of all spindles were either severely damaged (category 3) or
had completely deteriorated (corresponding to category 4; Fig. 4D). Consistently, we observed a reduction of the
total number of muscle spindles in the soleus muscle from 8.3 +0.96 in wildtype to 4.7 +0.58 (mean + SD with
N=3) in 8-month-old Gaa™~ mice, respectively. These results demonstrate a progressive structural degeneration
and a reduction of muscle spindle number in Gaa™~ mice.

In extrafusal muscle fibers from Pompe disease patients and from Gaa™'~ mice, lysosomes are enlarged and
their number is increased>?. To investigate if intrafusal fibers show a similar change in lysosome size and num-
ber, we stained muscle spindles with antibodies against the lysosomal membrane protein LAMP1. We observed
very few lysosomes in 4- and 8-month-old wildtype muscle spindles (red arrows in Fig. 5A,C). In contrast, small
LAMP1-positive puncta and a few enlarged lysosomes were detectable in 4-month-old Gaa™'~ muscle spindles
(red and blue arrows in Fig. 5B, respectively). In 8-month-old Gaa™'~ mice, anti-LAMP1 antibodies strongly
stained aggregated lysosomes (red arrows in Fig. 5D), often associated with the varicosities formed by the sensory
nerve terminal (white arrows in Fig. 5D). To quantify these changes, we determined the total number of pixels
above threshold per area as well as the size of the lysosomal aggregates. This quantification revealed a non-
significant increase of 38% (p=0.2304) in the total number of pixels above threshold in 4-month-old Gaa™'~ mice
compared to age-matched 129/Sv] mice. In contrast, the total number of pixels above threshold was significantly
increased (p=0.000002) in 8-month-old Gaa™'~ mice by 320%. Likewise, the size of the pixel aggregates was
non-significantly increased by 22.8% (p =0.4920) in 4-month-old Gaa™'~ mice. In 8-month-old animals, the size
of the pixel aggregates was significantly higher (p =0.0078) in Gaa~'~ mice by 86.58% compared to age-matched
129/Sv] control mice. Consistent with previously published results?, an increase in the LAMP1 staining was also
observed in extrafusal fibers from 4- and 8-month-old Gaa™~ mice, suggesting a parallel increase in lysosomes
in extra- and intrafusal fibers. These results demonstrate an increase in the number and in the size of LAMP1-
positive lysosomes in muscle spindles from 8-month-old Gaa™'~ mice.

Degenerating axons in the central and peripheral nervous system (for example after spinal cord injury or
peripheral nerve damage) form varicosities at their distal ends, which are filled with cellular debris such as disor-
ganized cytoskeletal elements®!. To investigate if the varicosities observed in muscle spindles from 8-month-old
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Figure 5. Accumulation and aggregation of lysosomes in muscle spindles from Gaa™'~ mice. The structure

and distribution of lysosomes was investigated using anti-LAMP1 antibodies in 4-month-old (A,B) and
8-month-old (C,D) 129/Sv] control mice (A,C) and Gaa™'~ mice (B,D). The structure of the sensory nerve
terminal (stained by antibodies against vGluT1; green channel) was indistinguishable in 4- and 8-month-old
muscle spindles from wildtype mice and in 4-month-old Gaa™"~ mice. In contrast, in 8-month-old Gaa™~ mice
(category 2), the sensory nerve terminal had formed several varicosities within the spindle matrix (green
arrows in panel (D)), had retraced from the intrafusal fibers and had lost the typical annulospiral morphology.
Lysosomes were barely detectable in sections from 129/Sv] mice at 4- and 8 months of age (red arrows in panels
(A,C)). In contrast, lysosomes were significantly enlarged and had formed aggregates in 4-month-old Gaa™'~
mice (red and blue arrows in panel (B), respectively). By 8 months (panel (D)), lysosomes were abundant, highly
aggregated (red arrows) and often associated with the varicosities formed by the sensory nerve terminals of
Gaa™'~ mice (white arrows). Scale bars: 20 ym.

Gaa™'~ mice contain cytoskeletal elements (and might therefore indicate degeneration of the sensory nerve
terminal), we stained muscle spindles with antibodies against neurofilament 200. In 8-month-old wildtype ani-
mals, neurofilament immunoreactivity was observed in the sensory nerve ending, overlapping with the vGluT1
staining of the annulospiral endings of the sensory terminal (Fig. 6A). In contrast, in age-matched Gaa™'~ mice,
neurofilament was disorganized and concentrated in the large vGluT1-positive varicosities (green arrows in
Fig. 6B), suggesting that the sensory nerve terminals had degenerated and withdrawn from the intrafusal fiber
and had aggregated neurofilament protein inside the varicosities.

Staining with antibodies against the myosin heavy chain 6 (S46 antibody; light blue channel in Fig. 6A,B)
revealed few contractile filaments in the central region of intrafusal fibers in 8-month-old wildtype animals, in
agreement with the almost complete absence of sarcomeres in this region (Fig. 6A%). In contrast, $46 staining
was readily observed throughout the central region of intrafusal fibers in category 3-like muscle spindles from
age-matched Gaa™'~ mice (Figs. 6B, 8D), demonstrating a redistribution of this myosin heavy chain in the central
region of intrafusal fibers.

To confirm the redistribution of proteins in the central region of intrafusal fibers, we compared the distribu-
tion of the voltage-gated sodium channel Na,1.4 in 8-month-old wildtype and Gaa~'~ mice. The immunoreac-
tivity for this channel is coextensive with the phalloidin-labeled actin filaments in intrafusal muscle fibers from
wildtype mice?, and therefore an indicator of the contractile apparatus. Similar to the myosin heavy chain, we
observed a concentration of Na,1.4 immunoreactivity specifically in the subsarcolemmal compartment of the
central region of intrafusal fibers in wildtype muscle spindles (Fig. 6C*°), but a presence of this channel through-
out the intrafusal fiber, including the equatorial region, in 8-month-old Gaa™'~ mice (Fig. 6D). This demonstrates
that in the central region of intrafusal fibers from 8-month-old Gaa™'~ mice, Na,1.4 and the myosin heavy chain
6 similarly redistribute.

To investigate the extracellular matrix and the integrity of the connective tissue capsule of muscle spindles
from wildtype and mutant animals, we compared the distribution of the matrix protein versican in Gaa™~ mice
and in age-matched 129/Sv] control mice. In skeletal muscle, anti-versican antibodies selectively label the muscle
spindle extracellular matrix*. Versican immunoreactivity was restricted to the inner and outer capsule in mus-
cle spindles from wildtype mice (Fig. 7A,C) and in 4-month-old Gaa™~ mice (Fig. 7B). In contrast, it appeared
throughout the spindle in a punctate pattern in 8-month-old Gaa™'~ mice (Fig. 7D). Moreover, 8-month-old
muscle spindles showed signs of degeneration of the inner and outer capsule indicated by the fragmentation
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Figure 6. The varicosities formed by the sensory nerve terminal contain cytoskeletal elements and proteins
of the polar region redistribute into the central region of intrafusal fiber’s in 8-month-old Gaa™~ mice. Muscle
spindles from 8-month-old wildtype (A,C) and Gaa™'~ (B,D) mice were stained with antibodies against vGluT1
(purple channel in panels A and B and green channel in panels (C,D)), neurofilament 200 (NF 200; yellow
channel in (A,B)), the myosin heavy chain 6 (S46 antibody; blue channel in (A,B)) and the voltage-gated
sodium channel Na, 1.4 (red channel in (C,D)). In muscle spindles from wildtype 129/Sv] mice, neurofilament
200 immunoreactivity codistributed with the sensory nerve terminal (labeled by the anti-vGluT1 antibodies).
The typical annulospiral morphology of the nerve terminal is detectable. In contrast, in muscle spindles from
age-matched Gaa™'~ mice (panels (B,D) show category 3 muscle spindles), the contact between the sensory
nerve terminal and the intrafusal fibers was lost and the sensory nerve terminals had retracted to form
numerous varicosities. The varicosities labeled by vGluT1 contained neurofilament 200 immunoreactivity
(green arrows in panel (B)), demonstrating the accumulation of cytoskeletal elements in these structures. Note
the absence of labeling with the S46 antibody in the central region of 8-month-old wildtype intrafusal fibers
(A) and its presence in the central region of intrafusal fibers from age-matched Gaa™~ mice (B). Likewise, the
voltage-gated sodium channel Na, 1.4 was concentrated underneath the subsarcolemmal plasma membrane in
the central region of intrafusal fibers of wildtype animals (C) whereas it was present throughout the intrafusal
fiber in 8-month-old Gaa™'~ mice (D). Asterisks in panels (B,C) indicate the central region of intrafusal fibers.
Scale bars: 20 um.

of the capsule-associated anti-versican staining (Fig. 7D). These results demonstrate an altered distribution of
the versican immunoreactivity in 8-month-old Gaa™'~ mice, consistent with a degeneration of the extracellular
matrix and the connective tissue capsule.

Lysosomal dysfunction in Pompe disease leads to incomplete autophagic flux and accumulation of autophagic
debris, particularly in extrafusal fibers?>?”%%. To investigate if autophagy is also initiated in muscle spindles from
Gaa™'~ mice, we used antibodies against the LC3A/B protein, a well-established marker for autophagosomes®. We
observed no obvious autophagic vacuoles in muscle spindles from 4- and 8-month-old wildtype mice (Fig. 8A,C).
In contrast, autophagosomes were detectable in muscle spindles from 4-month-old Gaa™~ mice as punctate
immunoreactivity with anti-LC3A/B antibodies (white arrowheads in Fig. 8B). In 8-month-old muscle spindles
from Gaa™'~ mice, autophagosomes were enlarged, aggregated and often associated with the intrafusal fibers
and with the large varicosities formed by the sensory nerve terminal (green arrows in Fig. 8D). Quantification
of mice of both genotypes and age revealed a significant (p=0.0003) increase of 202% of the total number of
pixels above threshold in 4-month-old Gaa™'~ mice. Likewise, the total number of LC3AB-positive pixels above
background in 8-month-old Gaa™'~ animals was significantly (p=0.0001) increased by 160%. Moreover, the size
of the pixel aggregates was significantly increased (p =0.0004) by 227% in 4-month-old Gaa™'~ mice. Likewise,
in 8-month-old Gaa™'~ mice, the size of the pixel aggregates was significantly (p=0.0010) increased by 111.90%.
These results demonstrate a buildup of autophagosomes in muscle spindles from Gaa™'~ mice, and suggest that in
these mice an abnormal autophagy might contribute to the severe degenerative processes of the muscle spindles.

Collectively, our immunohistochemical analyses demonstrate a severe and progressive degeneration of the
sensory nerve terminal, the intrafusal fiber and the connective tissue capsule in muscle spindles from Gaa™'~ mice.

Discussion

The Gaa™~ mouse line recapitulates many of the hallmarks of patients living with Pompe disease?”***! and is
therefore well suited to study the effect of a lack of GAA enzymatic activity on motor performance and muscle
spindle structure and function. Using this mouse line, we provide three independent lines of evidence for a
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Figure 7. The muscle spindle connective tissue capsule deteriorates in 8-month-old Gaa™~ mice. Muscle
spindles from 4- (A,B) and 8-month-old (C,D) wildtype (A,C) and Gaa™'~ (B,D) mice were stained with
antibodies against vGluT1 (purple channel) and the extracellular matrix protein versican (yellow channel). The
antibodies labeled the inner and outer capsule of muscle spindles in wildtype and 4-month-old Gaa™'~ mice.

In 8-month-old Gaa™~ mice, the labeling was distributed throughout the muscle spindle and the inner- and
outer capsule appeared fragmented. Note the vGluT1-positive varicosities (purple arrows in panel (D)) and the
punctate versican immunoreactivity in the 8-month-old Gaa™'~ mice. Scale bar: 20 ym.

progressively impaired muscle spindle structure and function: (1) the dynamic and static response of single unit
proprioceptive afferents to stretch is severely compromised, (2) muscle spindles from 8-month-old Gaa™'~ mice
show severe signs of degeneration of intrafusal fibers, sensory nerve terminals and of the spindle capsule and,
finally, (3) the locomotor behavior of these mice revealed an abnormal limb- and paw coordination as well as gait
problems. Our results therefore suggest that degenerating muscle spindles could contribute to the gait instability,
the frequent falls and the movement coordination deficits of patients living with Pompe disease.

The loss of contact of the sensory nerve terminals to the intrafusal fibers as well as the formation of varicosi-
ties and the accumulation of cytoskeletal elements in the varicosities of Gaa™'~ mice is typical for an axonal
“dying back mechanism”?*. Similar events have been described in muscle spindles from the gracile axonal dys-
trophy mouse line®?. This structural disorganization together with the presence of autophagosomes suggest
a preponderance of degenerative events occurring in muscle spindles but the underlying mechanism for the
degeneration is unclear. One possibility is that the degeneration of the intrafusal fibers causes the degeneration
of the sensory nerve terminal. It has been previously shown that sensory nerve terminals require the secretion of
neurotrophin-3, which activates the tropomyosin receptor kinase C (TrkC) receptor on proprioceptive sensory
neurons and by this secures the survival of the sensory neuron*-*. Thus, the degeneration of intrafusal fibers
could secondarily cause the degeneration and retraction of the proprioceptive sensory axon. On the other hand,
glycogen deposits have also been observed in the peripheral nervous system and in dorsal root ganglia neurons
of patients with Pompe disease!®****-%_ Accordingly, these patients develop a polyneuropathy®® and a loss of
peripheral nerves, leading among others to peripheral areflexia®*. Since the continuous secretion of neuregulin-1
by the sensory neuron is required for intrafusal fiber survival’, the degeneration of the intrafusal fibers might
be secondary to the degeneration of the sensory terminal. Finally, it is also possible that the degeneration of
the sensory neuron and of the intrafusal fibers are independent processes occurring in parallel. In any case, the
result would be a degeneration of the entire muscle spindle. If this degeneration is causal to the proprioceptive
deficits, including uncoordinated movements and an abnormal gait, however, remains to be shown by a more
detailed study.

Degenerating muscle spindles are not well characterized on the molecular level. We therefore used the
Gaa™™ mice to investigate the subcellular distribution of a number of molecules during the degeneration pro-
cess. Among others, we observed that several proteins usually almost exclusively present in both polar regions of
intrafusal fibers redistributed into the central (equatorial) region of intrafusal fibers in 8-month-old Gaa™'~ mice.
For example, the voltage-gated sodium channel Na, 1.4 was present in the central region of wildtype muscle spin-
dles only as a thin layer underneath the plasma membrane®. In contrast, it appeared throughout the intrafusal
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Figure 8. Autophagosomes accumulate in muscle spindles from Gaa™~ mice. Muscle spindles from 4- (A,B)
and 8-month-old (C,D) wildtype (A,C) and Gaa™'~ (B,D) mice were stained with antibodies against vGluT1
(purple channel) and the autophagosome marker LC3A/B (yellow channel). Muscle spindles from 8-month-
old wildtype and Gaa™'~ mice were additionally stained with antibodies against myosin heavy chain 6 (S46
antibody; blue channel in panels (C,D)). While autophagosomes were mostly absent in muscle spindles from
4- and 8-month-old wildtype mice, they appeared in 4-month-old Gaa™~ mice (white arrowheads in panel (B);
category 2 muscle spindle). In 8-month-old Gaa™'~ mice autophagosomes were abundant (arrows in panel (D);
category 3 muscle spindle) and the LC3A/B immunoreactivity was associated with intrafusal fibers (arrows in
panel (D)) and with the varicosities formed by the sensory nerve terminal (green arrows in panel (D)). Note
the formation of small varicosities by the sensory nerve terminal in muscle spindles from 4-month-old Gaa™~
mice (yellow arrows in panel (B)). S46 immunoreactivity was absent in the central region of intrafusal fibers of
8-month-old 129/Sv] mice (C), but present in age-matched Gaa™'~ mice (D), confirming the reorganization of
the intrafusal contractile filaments. Scale bars: 20 um.

fiber in degenerating muscle spindles from 8-month old Gaa™'~ mice. Similarly, the nuclear bag fiber-specific
myosin heavy chain 6 (stained by the S46 antibody) labeled only the subsarcolemmal sarcomeres in the central
region of wildtype intrafusal fibers® but was present throughout the central part of intrafusal fibers in 8-month-
old Gaa™~ mice. This suggests that intrafusal fibers change the subcellular distribution of their cytoskeleton and
of associated molecules in degenerating muscle spindles. The altered distribution of the contractile apparatus
was observed in the predominantly fast twitch EDL muscle and in the predominantly slow twitch soleus muscle.
Therefore, the degeneration and the changes in the distribution of the contractile apparatus did not apparently
depend on the muscle’s fiber composition. It will be interesting to investigate if the innervation by the sensory
nerve regulates the sarcomere distribution in intrafusal fibers.

Electrophysiological analyses of the muscle spindle response to ramp-and-hold stretches revealed severe
defects in Gaa™'~ mice, i.e. the dynamic as well as the static components of the stretch response were signifi-
cantly reduced. These deficits were present already in 4-month-old mice and we therefore consider them the
first functional signs of the muscle spindle degeneration. In contrast, ~ 30% of the recordings from 8-month-old
Gaa™'~ mice did not show a constant resting discharge but instead fired in bursts and did not respond to stretch.
Since we only observed bursting behavior in 8-month-old Gaa™~ mice, it is likely that it represents a later stage of
the degeneration process. One possibility to explain these bursts is that the generation of high frequency action
potentials requires a continuous availability of glucose, which in the absence of GAA enzymatic activity might
not be abound. Increasing the glucose content in the ACSF bathing solution, however, did not affect the bursting
behavior. Moreover, the bursts could be recorded for several hours with only little changes in their duration and in
their interburst interval, suggesting that they might reflect long-term axonal changes and are not the result of an
acute glucose deficiency or damage. Since a similar spontaneous bursting behavior has been observed previously
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in human muscle spindle afferents during postischemic or mechanically-induced paresthesiae*"*2, these bursts
might reflect the degeneration of the axon and of its myelin sheath. The consequences of the reduced static and
dynamic sensitivity and of the failed response to stretch would be a severely compromised proprioception, con-
sistent with the abnormal motor coordination observed in 8-month-old Gaa™~ mice.

The muscle spindles with a bursting behavior did not respond to stretch. Since stretch sensitivity together with
the spindle pause after the stretch are essential criteria for the identification of proprioceptive afferents, we do not
have proof that the neurons with the bursting behavior are proprioceptive sensory afferents. However, since they
appeared only in 8-month-old Gaa™'~ mice and since their action potential frequencies were in the same range
as that of proprioceptive afferents, and since similar bursting behavior has been described previously in sensory
afferents from damaged muscle spindles, we consider it likely that they represent proprioceptive afferents, which
had degenerated to an extend not allowing them to respond to stretch.

While the majority of muscle spindles from 8-month-old Gaa™'~ mice displayed severe signs of structural
degeneration with, for example, an absence of normal annulospiral structure of the sensory terminal, approxi-
mately 70% were still able to respond to stretch, albeit at reduced instantaneous frequencies. The reason for this
discrepancy is unclear, but it should be noted that in our electrophysiological experiments, we are strongly biased
towards muscle spindles with a stretch response and completely non-functional spindles would not have been
detected. It is therefore possible that in our electrophysiological analyses, the few remaining functional muscle
spindles are overrepresented. It should also be considered, that proprioceptive sensory neurons from damaged
muscle spindles might still be able to rudimentarily respond to stretch even without direct contact to intrafusal
fibers. A more detailed study directly relating structural degeneration of muscle spindles with altered responses
to stretch is required to causally link both processes.

Previous studies have shown several motor symptoms in Gaa™'~ mice including a reduced activity in an open
field environment, symptoms of skeletal muscle deterioration, including an abnormal waddling gait, muscle
weakness, poor performance in the rotarod test and remarkably different footprints'®. Most of these deficits were
detected in aged (> 12 month old) animals and directly or indirectly reflect the progressive skeletal muscle weak-
ness of these animals. Our study, analyzing 4- and 8-month-old mice (presumably with less severe symptoms and
representing an early symptomatic stage), represents the first systematic analysis of the limb- and paw coordina-
tion in this model organism for Pompe disease. We observed significant deficits particularly in inter-limb and
inter-paw coordination. It is tempting to speculate that these deficits are caused by the degeneration of muscle
spindle structure and function. However, interpreting the gait analysis requires caution, since some differences
in the motor behavior are likely to be explained by the progressive degeneration of skeletal muscle tissue in
Gaa™'~ mice. Moreover, we compared Gaa™'~ mice, which have a mixed C57BL/6 and 129/] background, with
inbred 129/Sv] mice and, therefore, some of the differences could be due to the strain differences. However, tran-
section of the dorsal column in rat (selectively eliminating the proprioceptive input to the CNS without affecting
weight), resulted in similar motor coordination and gait changes as observed in Gaa™'~ mice*’, demonstrating
that these parameters can reflect proprioceptive deficits. Additionally, the print area was significantly increased
across all paws in the Gaa™'~ mice, even though their body weight is less compared to the 129/Sv] control mice.
A more detailed study is required to demonstrate that the functional and structural degeneration of the muscle
spindles causes the gait impairment and that the altered gait is caused by an altered proprioception.

Late-onset Pompe disease patients exhibit a number of motor coordination deficits, including for example
decreased velocity and cadence, increased stance phase, increased time of double limb support, shorter step
and stride length as well as a wider base of support’. The lateral displacement results, increased stance time and
increase in hind base of support in Gaa™~ mice are similar to the motor symptoms in patients. Differences in
the mutant mice between the front- and hindlimbs (including for example the wider base of support) are likely
explained by the fact that the hindlimbs are outside of the visual field preventing a visual compensation of the
motor coordination deficits*. The fundamental differences between biped humans and quadruped mice, however,
make a direct translation of Gaa™'~ mouse gait abnormalities to humans difficult’.

We were not able to directly analyze the accumulation of glycogen in muscle spindles from Gaa™~ mice due to
the incompatibility of the histochemical staining for glycogen and the immunohistochemical staining required to
identify muscle spindles. However, in an autopsy study of a single Pompe disease patient, glycogen accumulation
in intrafusal fibers from several different muscles has been reported*’. Consistent with a glycogen accumulation-
based degeneration of muscle spindles, Pompe disease patients present with reduced gait velocity, cadence, time
in single stand and other abnormalities during posturographic analysis’. These symptoms together with the
loss in muscle strength lead to an increased risk of falls, hospitalization and as a result in muscular atrophy due
to immobilization**". Our study suggests that muscle spindle deficits might contribute to the posturographic
symptoms and the frequent falls of Pompe patients. Proprioceptive training***, including whole body vibration
training with an oscillating platform®**!, should therefore be incorporated into the Pompe disease therapy to
improve proprioception and reduce the risk of injury and hospitalization.

Methods

Animals and muscle preparation. Experiments were performed on muscles from Gaa™'~ mice (B6;129-
Gaa'™Rabn[]. The Jackson Laboratories, strain 004154), originally generated by Raben et al.'®. In these mice,
exon 6 of the GAA gene was targeted with a termination codon and a neomycin cassette leading to a complete
absence of the GAA enzyme in these mice. Mice of both sexes were tested at an age of 16 to 18 weeks (4-month-
old) or between 34 and 36 weeks (8-month-old), respectively. Age- and sex-matched 129/Sv] mice (129X1/Sv];
The Jackson Laboratories; strain 000691) were used as controls in all experiments. At 16 to 18 weeks of age, the
Gaa™'~ mice have a reduced mobility and strength particularly in vertical motion and an accumulation of lys-
osomes in extrafusal fibers'>!®°2, At 8 months of age, the Gaa™'~ mice develop obvious muscle wasting, a weak
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waddling gait and a decline in motor performance and coordination'>!*%, In agreement with the literature, we
observed no difference between male and female mice in our experiments and no change in the body weight
between Gaa™'~ and wildtype control mice at 8 month of age?>*. A total of 52 animals (8 wildtype and 9 Gaa ™/~
mice were used for immunocytochemistry and 10 wildtype and 25 Gaa™'~ mice for electrophysiology) were
used in this study. All animal procedures used in this study were performed according to the guidelines from
Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. The
study is reported in accordance with ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines
(https://arriveguidelines.org). Experimental protocols were designed to minimize the number of experimental
animals. All experiments were approved by the local authorities of the State of Bavaria, Germany (Az.: ROB-
55.2-2532.Vet 02-17-82).

Locomotor behavior. The gait of twelve 4-month-old and nine 8-month old Gaa™~ mice was compared
with 17 and 8, respectively, age-matched 129/Sv] control mice using the CatWalk XT system (Noldus Infor-
mation Technology, Wageningen, Netherlands*"**). This system allows the observer-independent quantitative
analysis of several movement parameters, including speed of locomotion, symmetry of leg use as well as paw and
digit position®*-*°. Animals were brought to the testing room 7 days before the commencement of the experi-
ments. Before each experiment, mice were acclimatized to the walkway and the dark testing room for 5 min per
day for 1 week. The experiments were conducted according to the manufacturer’s suggestions and always at the
same time of the day (between 10am and 1 pm). Each traverse of the walkway is termed a “run”. All runs for a
given animal are termed a “trial”. Three consecutive compliant runs per trial were averaged and three trials for
every mouse were performed. Each animal was tested individually, and food was placed in a goal-orientated
box. Incomplete or non-compliant runs (below or above the set run duration of 0.5 to 5 s) were not scored. The
same detection settings were used for all mice (Camera Gain: 9.64, Green Intensity Threshold: 0.11, Red Ceiling
Light: 17.8, and Green Walkway Light: 19.00). After all test animals were analyzed, the raw data were exported
as an Excel file for further analysis by the CatWalk XT software (version 10.6, Noldus Information Technology).

For the analysis of the ~ 200 parameters, we categorized them according to Ref.?! into 4 major groups: (1)
run characteristics and kinetic parameters, (2) temporal parameters, (3) spatial parameters, and (4) interlimb
coordination parameters. The first three categories are more sensitive to muscle strength, locomotion speed and
body weight*"*7, whereas the last category is considered proprioception-related and therefore the parameters
of this group were analyzed in more detail. These included base of support, print position and regularity index.

Electrophysiology. Afferent sensory neuron responses to stretch were assayed using an isolated muscle-
nerve preparation previously described**-*!. Ten muscle spindles from four 4-month-old and 16 muscle spindles
from six 8-month-old 129/Sv] mice were investigated and compared to 21 muscle spindles from eight 4-month-
old and 22 muscle spindles from fourteen 8-month-old Gaa™~ mice, respectively. In brief, mice were sacri-
ficed by cervical dislocation to avoid an interference of the anesthetic with the sensory afferent recordings. The
extensor digitorum longus (EDL) muscle together with the deep peroneal branch of the sciatic nerve were then
dissected and placed in a 25 ml in vitro tissue bath (809B-IV, Aurora Scientific, Dublin) containing oxygenated
artificial cerebrospinal fluid (ACSF*®). The tendons at one end were sutured to a fixed post and at the other end
to a lever arm, connected to a dual force and length controller (300C-LR; Aurora Scientific, Dublin, Ireland)
allowing the simultaneous recording of muscle tension and muscle length. Sensory activity was sampled using a
suction electrode (tip diameter 50-70 pm) connected to an extracellular amplifier (Model 1800, A&M Systems,
Elkhart, USA). A signal was classified as being from a putative muscle spindle afferent if it displayed a charac-
teristic instantaneous frequency response to stretch as well as a pause during twitch contraction®s-". Baseline
muscle length (L,) was defined as the minimal length at which maximal twitch contractile force was generated.
For every muscle spindle afferent recording, triplicates of 10 s resting discharge followed by ramp-and-hold
stretches (L, plus 2.5, 5 or 7.5% of Ly; ramp speed 40% L, s™'; ramp phase duration: 0.1 s; hold phase: 3.8 s; stretch
duration: 4 s with 45 s intervals between each stretch®') were recorded and averaged. From these recordings the
dynamic peak (DP; highest firing rate during ramp), the dynamic index (DI; firing rate of dynamic peak — initial
static time), the initial static time (IST; firing rate 0.45-0.55 s into stretch) and the final static time (FST; firing
rate 3.25-3.75 s into stretch) were determined®>*** and compared to the same values from age-matched 129/
Sv] control mice.

At the end of each recording, general muscle health was ensured by determining the maximal contractile force
during a direct tetanic stimulation (500 ms train at 120 Hz frequency and 0.5 ms pulse length, supramaximal
voltage; Grass SD9 stimulator; Natus, Pleasanton, USA*%%)_This value was normalize for differences in muscle
size and mass by determining the diameter of the EDL muscle at L,. With this information, the specific force
(force/cross-sectional area) was determined in wildtype and Gaa™"~ mice and compared to the previously reported
peak force of the EDL of 23,466 N/cm?*¢!. We observed no statistically significant difference in the specific force
between wildtype and Gaa~'~ mice at both ages analyzed.

For data analysis, action potentials from individual sensory neurons were identified by spike shape and the
discriminator view using the Spike Histogram feature of LabChart (v8.1.5; ADInstruments, Sydney, Australia).
Action potentials from additional potential muscle spindles that appeared during the stretch (detectable by a
different frequencies and amplitudes) were not scored. No attempt was made to discriminate group Ia from group
11 afferents (see Wilkinson et al.’® for a detailed discussion).

Statistical analysis. Differences between the means of the action potential frequencies and the gait param-
eters were compared statistically using student’s unpaired t-test. All statistical analyses were performed using
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GraphPad Prism (version 9.3.1). The level of significance (p-value) for all statistical tests was set at *<0.05,
**<0.01, ***<0.001 and ****<0.0001.

Immunocytochemistry. Immunofluorescence labelling was performed as described previously* 665, To
obtain muscle tissue for immunohistochemistry, mice were deeply anaesthetized via an I.P. injection of ketamine
(100 mg kg’l; Pfizer, Berlin, Germany) and xylazine (10 mg kg"; Bayer AG, Leverkusen, Germany). After tran-
scardial perfusion with PBS followed by 4% paraformaldehyde, the soleus, the gastrocnemius, the tibialis ante-
rior and EDL muscles were dissected. Fixed muscles were embedded in Tissue-Tek O.C.T. Compound (Sakura
Finetek Europe, AJ Alphen an den Rijn, Netherlands), rapidly frozen and cryo-sectioned along the longitudinal
axis at 20-30 um thickness.

Dried frozen sections were rehydrated for 10 min in PBS. Sections were then blocked in PBS containing 0.2%
Triton X-100 (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) and 1% bovine serum albumin (Carl Roth
GmbH, Karlsruhe, Germany; blocking solution) for 60 min at room temperature and incubated with the primary
antibody in blocking solution at 4 °C overnight.

Sensory nerve terminals were identified using antibodies from guinea pig against the vesicular glutamate
transporter 1 (vGluT1; AB5905, Millipore, Darmstadt, Germany; 1:1000)*¢*. The $46 monoclonal antibody
(diluted 1:50) against the slow tonic myosin heavy chain 6 developed by E. Stockdale®® was obtained from the
Developmental Studies Hybridoma Bank, created by the NICHD of the NIH and maintained at The University of
Towa (Department of Biology, lowa City, IA 52242)*>"-% Neurofilament was detected using antibodies against
NF200 (N4142, Sigma-Aldrich, Darmstadt, Germany; 1:500). To investigate autophagosomes, an antibody against
LC3A/B was used (PAI-16931; Thermo Fisher Scientific-Invitrogen, Waltham, USA; 1:500)%. Antibodies against
the lysosomal membrane glycoprotein LAMP1 (L1418, Sigma-Aldrich, Darmstadt, Germany; 1:500), which plays
an important role in lysosome biogenesis and autophagy, were used to investigate lysosomal buildup. Versican
was detected using a rabbit anti-versican antibody (Ab19345; Abcam, Cambridge, UK; 1:500%°). The distribu-
tion of the voltage-gated sodium channel was analyzed using a polyclonal rabbit antibody (SCN4A; #ASC-020;
Alomone labs, Jerusalem, Israel; 1:500%°).

Primary antibodies were detected using the appropriate Alexa488-, Alexa594- and Alexa647-conjugated
goat anti-rabbit (A11034; Thermo Fisher Scientific-Invitrogen, Waltham, USA; 1:1000), goat anti-guinea pig
(A11076; Thermo Fischer Scientific-Invitrogen; 1:1000) or goat anti-mouse (A32723; Thermo Fischer Scientific-
Invitrogen 1:1000) secondary antibody. To detect false positive results due to unspecific binding of antibodies,
negative controls (without primary antibodies or with normal goat serum as primary antibodies) were stained
in parallel. No specific labelling was observed under these conditions.

After immunofluorescence labelling, the sections were embedded in Aqua Polymount (18606; Polymount,
Hirschberg, Germany) and analyzed using a Zeiss LSM 710 laser scanning confocal microscope (Carl Zeiss
AG, Oberkochen, Germany) as previously described*>**-*!. We observed no obvious morphological difference
between muscle spindles of the EDL, the soleus, the tibialis anterior or the gastrocnemius muscle in mice of the
same age and genotype. Therefore, the structural data of muscle spindles from all muscles of the same age and
genotype were pooled and compared to pooled data from age-matched mice with a different genotype. Quan-
tification of the number of muscle spindles per soleus muscle was performed as described previously®'. The
soleus muscle was chosen since it is a small muscle and since the number of muscle spindles has been analyzed
previously®"”7!, Three soleus muscles each from a different wildtype or 8-month-old Gaa™'~ mouse, respectively,
were reconstructed.

Digital processing of entire images, including adjustment of brightness and contrast, was performed using
Photoshop CS6 (Adobe Inc., San Jose, USA). Compound images were assembled using CorelDraw (vs 19.1.0.419;
Corel Corporation, Ottawa, Canada).

To quantify the progression of the degenerative processes in muscle spindles from different ages, four differ-
ent categories were defined, which can be distinguished in cryostat sections using brightfield microscopy (see
Fig. 4A for representative examples of the categories):

Category 1 (no degeneration): normal structure of the muscle spindle, complete circumferential elements of
the annulospiral endings, intrafusal fibers in close proximity to each other and normal distribution of nuclei
typical for nuclear bag and nuclear chain fibers, few sarcomeric structures in the central region of intrafusal
fibers, no varicosities formed by sensory terminal.

Category 2 (mild degeneration) Sensory terminals have formed few varicosities, circumferential elements
present but often not continuous, sections with more than 8 nuclei in a row in typical nuclear bag and nuclear
chain fiber arrangement detectable, intrafusal fibers partially detached from each other.

Category 3 (severe degeneration) several large varicosities formed by sensory terminal, severe degradation
of circumferential parts of the annulospiral endings, circumferential elements are mostly disrupted, sarco-
meric structures abundant in central region of intrafusal fiber, nuclei evenly distributed within capsule and
no nuclear arrangement typical for nuclear bag and chain fibers detectable, intrafusal fibers are separated by
alarge space.

Category 4 (completely deteriorated) Sensory nerve terminal completely absent or only detectable as a large
varicosity with no circumferential elements, no intrafusal fiber present, no sarcomeric structures detectable,
capsule filled with cellular debris, outer capsule swollen, nuclei pycnotic.

To quantify the immunofluorescence signal detected in muscle spindles with antibodies against LAMP1
and LC3AB, muscle spindles from the EDL, the soleus and the tibialis anterior were analyzed. Since we did
not observe obvious differences between muscle spindles form different muscles with respect to the categories
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described above, results from all muscles of the same age and genotype were pooled. Sections were stained as
detailed above and images were acquired as z-stacks using the same scanning speed and averaging. Using the
ZEN software (vs. 3.5 blue edition, Carl Zeiss Microscopy GmbH, Géttingen, Germany) z-stacks were orthogo-
nally projected using maximum intensity of the frontal plane (XY) and the background was subtracted from all
images. The channels were split and pixels above threshold in the appropriate channel were counted unbiased
using Image] (version 1.53q"%). Thresholding was kept consistent across all images. The “Analyze Particles” func-
tion was used to calculate the total number of pixels above threshold in a defined area and the sum of the pixels
above threshold in an identified particle (“size of particle”). Results were expressed as percent of control. The
following number of animals (N) and number of spindles (n) were analysed: Four-month-old 129/Sv] animals:
N =4, n=8; 8-month-old control animals: N = 3, n=5; 4-month-old Gaa~~ animals: N = 3, n = 6; 8-month-old
Gaa™'~ animals: N =3, n=6. Statistical significance was calculated using the unpaired student’s T-test in Excel
(Microsoft Corporation, Redmond, USA).

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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1 | INTRODUCTION mechanically sensitive sensory neurons whose cell bodies are located
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Proprioception is the sense of self-movement and body position and, to muscles and tendons, ending in two types of sensory organs:

thus, it is essential for controlling coordinated movements and post- muscle spindles (MSs), which lie in the muscle belly; and Golgi tendon

ure (Sherrington, 1907). In mammals, proprioception is initiated by organs (GTOs), which are located at the muscle-tendon interface.
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Proprioceptive neurons terminate in different locations in the CNS.
They project into the ventral horn of the spinal cord onto a-motor
neurons or interneurons to influence premotor circuits (Chen et al.,
2003; Delhaye et al., 2018). Additionally, they ascend via the dorsal
column tract to synapse onto neurons in the dorsal column nuclei of the
brainstem to relay information on the tensions and forces acting on the
muscles (Delhaye et al., 2018; Kiehn, 2016; Marasco & de Nooij, 2022).

Recently, the proprioceptive system has also been shown to
regulate skeletal development and function, specifically spinal
alignment, bone fracture repair and joint morphogenesis (Assaraf
et al., 2020; Blecher, Krief, Galili, Assaraf, et al., 2017; Blecher, Krief,
Galili, Biton, et al., 2017; Bornstein et al., 2021). The importance of
the proprioceptive system for controlling coordination and posture,
in addition to its involvement in the aetiology of skeletal pathologies,
emphasize the need to understand the molecular mechanisms under-
lying its function. However, the available information about these
mechanisms is limited. Only in recent years have transcriptional
analyses of DRG proprioceptive neurons (Oliver et al., 2021; Wu et al.,
2021) and of MSs (Bornstein et al., 2023; Kim et al., 2020) provided
the opportunity to find new molecules that mediate proprioceptive
sensing and regulatory functions.

To date, two mechanosensitive ion channels have been implicated in
mechanotransduction of proprioceptive sensory neurons (Wilkinson,
2022). Piezo2, which encodes a calcium-permeable ion channel, was
shown to be expressed in sensory endings in MSs and GTOs (Woo
et al., 2015). Its ablation resulted in loss of mechanotransduction in
the proprioceptive neurons, in addition to scoliosis and hip dysplasia
(Assaraf et al., 2020; Chesler AT et al, 2016; Woo et al.,, 2015).
The other channel is acid-sensing ion channel 3 (ASIC3), a member
of the ASIC family of proton-gated cation channels found in the
central and peripheral nervous systems. Asic3 loss of function in mice
impaired mechanotransduction in proprioceptive neurons and led to
deficits in motor tasks (Lin et al., 2016). Upon activation, the ASIC
complex, composed of three homotrimeric and/or heterotrimeric sub-
units, induces neuronal depolarization via Na* ion influx. Although
ASICs were originally shown to mediate acid sensing, they can also
act as mechanically activated ion channels and, thereby, transform
mechanical force into an electrical signal (Cheng et al., 2018). In
mice, six ASIC isoforms are encoded by four genes. However, only
ASIC1, ASIC2 and ASIC3 were shown to be expressed in DRG proprio-
ceptive neurons (Lin et al., 2016; Wu et al., 2021), and only ASIC2 and
ASIC3 were shown to be expressed in proprioceptive neuron terminals
(Lin et al.,, 2016; Simon et al., 2010). Interestingly, amiloride, which
antagonizes epithelial sodium channels such as ASICs, was shown to
inhibit muscle spindle afferent discharge (Simon et al., 2010), raising
the question of whether other ASICs besides ASIC3 contribute to
proprioceptive mechanosensing.

To identify molecules that are important for proprioceptive
sensing, we recently generated comprehensive transcriptomic and
proteomic datasets of the entire MS (Bornstein et al., 2023). Here, we
studied the involvement of Asic2, which was the most differentially
expressed mechanosensitive ion channel in our transcriptomic data,
in proprioceptive function and skeletal regulation. We detected ASIC2

New Findings

* What is the central question of this study?
Proprioception is initiated by mechanosensitive
neurons. However, the identities of the molecular
players that mediate proprioceptive sensing are
largely unknown. Here, we aimed to identify
potential mechanosensitive ion channels that

mediate proprioceptive signalling.

What is the main finding and its importance?

We identify the mechanosensitive ion channel
ASIC2 as a key component in proprioceptive sensing
and a regulator of spine alignment.

protein expression in proprioceptive neuron endings of both MSs and
GTOs. Moreover, Asic2 knockout (KO) in mice showed that ASIC2
mediates proprioceptive sensing, coordinated movement and spinal
alignment. These findings implicate ASIC2 in proprioceptive mechano-
transduction and skeletal alignment and reinforce the importance of
regulatory interactions between the proprioceptive system and the
skeleton.

2 | METHODS
2.1 | Ethical approval

All experiments involving mice were approved by the institutional
animal care and use committee of the Weizmann Institute (protocol
number #02190222-2). Electrophysiology experiments were
performed according to Directive 2010/63/EU of the European
Parliament on the protection of animals used for scientific
purposes and were approved by the local authorities of the State
of Bavaria, Germany (Az.: ROB-55.2-2532 Vet 02-17-82). In all cases,
experimental protocols were designed to minimize the number of

animals used.

2.2 | Mouse lines

Mice were housed in a temperature- and humidity-controlled vivarium
ona 12 h-12 hlight-dark cycle with free access to food and water.
The following strains were used: Asic2 KO (Asic2tmiWsh/j. The
Jackson Laboratory; #013126), Thy1-YFP16 (The Jackson Laboratory;
#003709), Pvalbe (Pvalptmi(creArbr/). The  Jackson Laboratory;
#017320) and Rosa26td™mato (The Jackson Laboratory, #007909).
In all experiments, Asic2 KO mice are Asic2~/~ and control mice are
littermates that are either Asic2+/* or Asic2~/*. Mice were genotyped
by PCR of genomic DNA from ear clips. Primer sequences and amplicon

sizes are listed in Table 1.
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TABLE 1 Primer sequences and amplicon sizes used for PCR.

Reaction Amplicon (bp)

YFP (GFP) 300

Asic2 knockout Wild-type: 365
Mutant: 300

Cre 800

tdTomato (wild-type) 297

tdTomato (floxed allele) 196

TABLE 2 Antibodies used for immunofluorescence.

Sequence

Forward: GACGGCAACATCCTGGGGCACAAG
Reverse: CGGCGGCGGTCACGAACTCC

Wild-type forward: GAAGAGGAAGGGAGCCATGATGAG
Mutant forward: TGGATGTGGAATGTGTGCGA

Common reverse: AGTCCTGCACGGTGGGAGCTTCTA
Forward: CCTGGAAAATGCTTCTGTCCGTTTGCC
Reverse: GAGTTGATAGCTGGCTGGTGGCAGATG
Forward: AAGGGAGCTGCAGTGGAGTA

Reverse: CCGAAAATCTGTGGGAAGTC

Forward: GGCATTAAAGCAGCGTATCC
Reverse: CTGTTCCTGTACGGCATGG

Target Species Company Catalogue number Dilution
GFP Goat Abcam Ab6658 1:100
ASIC2 Rabbit LSBio LS-B156 1:100
GLUT1 Rabbit Abcam ab195020 1:400
Rabbit Cy5 conjugated donkey Jackson Immunoresearch Laboratories 711-175-152 1:200
Biotin Native streptavidin protein (DyLight 488) Abcam b134349 1:200
2.3 | Immunofluorescence For DRG immunofluorescence, DRGs were isolated as described

For whole-mount immunofluorescence, muscles were subjected to
an optical tissue clearing protocol as described previously (Bornstein
et al., 2023). Briefly, postfixed deep masseter muscle or extensor
digitorum longus (EDL) muscle was dissected, washed in PBS and
placed in A4PO hydrogel {4% acrylamide and 0.25% 2’-azobis[2-(2-
imidazolin-2-yl)propane]dihydrochloride in PBS}, shaking at 4°C over-
night. Then the hydrogel was allowed to polymerize for 3 h at 37°C.
Next, samples were washed in PBS, transferred to 5 mL of 10% SDS (pH
8.0) with 0.01% sodium azide, and shaken gently at 37°C for 3 days to
remove lipid.

Cleared samples were washed with wash buffer (PBS containing
0.5% Tween-20) for 20 min, permeabilized with PBST (PBS containing
0.3% Triton X-100) for 20 min and washed again with wash buffer for
20 min, all at room temperature with shaking. Then the samples were
blocked with 6% bovine serum albumin dissolved in PBS containing
0.3% Triton X-100 and 0.5% Tween-20 for 2 days at 37°C, with gentle
shaking. Samples were subjected to primary antibodies (Table 2) for
5 days at 37°C, with gentle shaking, washed with wash buffer for
2 days at room temperature with frequent solution changes, incubated
with secondary antibodies and 4’,6-diamidino-2-phenylindole (DAPI)
for 5 days at 37°C, with shaking, and washed again with wash buffer
for 2 days at room temperature, with frequent solution changes.
For clearing and mounting, the samples were incubated in 500 pL
of refractive index matching solution (RIMS; 74% w/v Histodenz in
0.02 M phosphate buffer) for 1 day at room temperature, with shaking.
Samples were mounted in RIMS and imaged using a Zeiss LSM800 or
LSM900 confocal microscope. Images were processed with ImageJ
v.1.51 (US National Institutes of Health).

previously (Sleigh et al., 2016), fixed for 3 h in 4% paraformaldehyde
(PFA)/PBS at 4°C, transferred to 30% sucrose overnight, then
embedded in optimal cutting temperature (OCT) compound and
sectioned by cryostat at a thickness of 10 um. For ASIC2 staining,
cryosections were dried and post-fixed for 10 min in 4% PFA,
permeabilized with PBS with 0.3% Triton X-100, washed with PBS
with 0.1% Tween-20 (PBST) for 5 min and blocked with 7% goat/horse
serum and 1% bovine serum albumin dissolved in PBST. Then sections
were incubated with primary antibody (Table 2) at 4°C overnight. The
next day, sections were washed three times in PBST and incubated for
1 hwith secondary antibody-conjugated fluorescent antibody, washed
three times in PBST, counterstained with DAPI, mounted with Immu-
Mount aqueous-based mounting medium (Thermo Fisher Scientific)
and imaged using a Zeiss LSM800 or LSM900 confocal microscope.
Images were processed with ImageJ v.1.51 (US National Institutes of
Health).

2.4 | Behavioural procedures

Behavioural tests were performed on adult males (>90 days old) during
the dark phase of the circadian cycle after >1 h of habituation to the
test room, unless stated otherwise.

24.1 | Beam walking

Males were first trained to walk on a beam (50 cm long, 35 mm wide)
suspended 30 cm above the working surface, in order to return to their
home cage. Then the mice were tested by walking on a narrow beam
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(6 mm wide) to return to their home cages. Five full-length walks with
no stops were counted. Test sessions were video recorded using an
overhead camera. The number of slips and travel time during the walks
were measured for Asic2 KO mice and their littermate controls.

242 | Home cage locomotion

Locomotion was assessed using the InfraMot system (TSE Systems).
Mice were housed individually for 72 h, during which the first 24 h
were considered habituation to the individual housing conditions.
Measurements of locomotion was collected in 30 min intervals.
General locomotion was measured as the mean of two light and two
dark cycles during the last 48 h.

243 | Treadmill

The treadmill apparatus (Panlab; Harvard Apparatus; LE8710M)
consisted of arolling belt with adjustable speed and acceleration, witha
grid situated at the end of the rolling belt to provide an electrical shock.
Mice were tested on a 2-day protocol consisting of a habituation day,
followed by a test day. During the habituation day, mice were placed on
the treadmill for 10 min with the shocker operating at 0.2 mA while the
treadmill belt was not moving. During the test day, mice were subjected
to 15 min treadmill acceleration according to a crescendo protocol.
Mice started with 10 min of gradual speed increments from 0.1 to
0.18 m/h, followed by 5 min of speed increment from 0.18 to 0.19 m/h.
The total distance the mice travelled in 15 min was measured.

244 | CatWalk

Gait was assessed using the CatWalk XT 10.6 automated gait
analysis system (Noldus Information Technology, Wageningen, The
Netherlands). For each mouse, five runs were recorded. A successive
run was determined by a duration range of 2-10 s and maximum
variation of 60%. After the identification and labelling of each
footprint, gait data were generated. The following parameters were
analysed for each mouse: mean speed, phase dispersion, step sequence,
stride length, print position and support.

2.5 | Electrophysiology

2.5.1 | Animals

Experiments were performed on muscles from nine C57BL/6J mice,
including three heterozygous and four homozygous Asic2 KO and
two wild-type (WT) mice of both sexes. Age ranged between 10 and
15 weeks and weight between 22 and 28 g.

2.5.2 | Muscle preparation and electrophysiology

Afferent sensory neuron responses to stretch were assayed using an
isolated muscle-nerve preparation previously described (Franco et al.,

2014; Gerwin et al., 2019, 2020; Wilkinson et al., 2012). Twenty-four
MSs from control animals (heterozygous and WT mice) and 21 muscle
spindles from homozygous Asic2 KO mice were recorded. Mice were
killed by cervical dislocation to avoid interference of anaesthetic agent
with the sensory afferent recordings. The EDL muscle together with
the deep peroneal branch of the sciatic nerve were dissected and
placed in a tissue bath containing oxygenated artificial cerebrospinal
fluid (Wilkinson et al., 2012). The tendons were sutured at one end to a
fixed post and at the other end to a lever arm connected to a dual force
and length controller (300C-LR; Aurora Scientific, Dublin, Ireland),
allowing the simultaneous recording of muscle tension and muscle
length. Sensory activity was sampled using a suction electrode (tip
diameter, 50—70 pum) connected to an extracellular amplifier (model
1800, A&M Systems, Elkhart, USA). The standard solution for muscle
spindle afferent recordings was oxygenated artificial cerebrospinal
fluid containing (mM): 128 NaCl, 1.9 KCl, 2.4 CaCl,, 1.3 MgS0y, 1.2
KH,POy4,26 NaHCO3 and 10 D-glucose.

A signal was classified as being from a putative muscle spindle
afferent if it displayed a characteristic instantaneous frequency
response to stretch, in addition to a pause during twitch contraction
(Franco et al., 2014; Gerwin et al., 2019; Wilkinson et al., 2012).
Baseline muscle length (Ly) was defined as the minimal length at
which maximal twitch contractile force was generated. For each
recording, triplicates of 10 s resting discharge followed by ramp-and-
hold stretches (Lg plus 2.5, 5.0 and 7.5% of Lo; ramp speed, 40% Lo/s;
ramp phase duration, 0.1 s; hold phase, 3.8 s; stretch duration, 4 s with
45 sintervals between each stretch; Gerwin et al., 2020) were recorded
and averaged.

From these recordings, the mean resting discharge (RD; mean base-
line firing rate) and the dynamic peak (DP; highest firing rate during
ramp minus baseline firing rate), the dynamic index (DI; dynamic peak
minus firing rate 0.45—0.55 s into stretch minus baseline firing rate),
the initial static time (IST; dynamic peak minus firing rate 0.45-0.55 s
into stretch minus baseline firing rate) and the final static time (FST;
firing rate 3.25—3.75 s into stretch minus baseline firing rate) were
determined (Gerwin et al., 2019; Kréger & Watkins, 2021).

For data analysis, action potentials from individual sensory neurons
were identified by spike shape and spike discriminator using the
Spike Histogram feature of LabChart (v.8.1.5; AD Instruments, Sydney,
NSW, Australia). Action potentials from additional potential muscle
spindles that appeared during the stretch, detectable by different
frequencies and amplitudes, were not scored. No attempt was made to
discriminate group la afferents from group Il (for a detailed discussion,
see Wilkinson et al., 2012).

2.5.3 | Maximal tetanic force

At the end of each recording, the maximal contractile force during
a direct tetanic stimulation of the muscle was determined as pre-
viously described (Gerwin et al., 2019, 2020; Wilkinson et al., 2012).
Muscles were stimulated via paddle electrodes in the tissue bath
(500 ms train at 120 Hz and ~1 ms pulse length, supramaximal voltage;
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Grass SD9 stimulator; Natus, Pleasanton, CA, USA). The specific force
(force/cross-sectional area) of the EDL muscle at Lo, which is a measure
of the general health status of the muscle, was determined and
compared with the previously reported peak force of a healthy EDL
of 23.466 + 6 N/cm? (Brooks & Faulkner, 1988; Larsson & Edstrom,
1986).

The instantaneous frequency [in impulses per second (imp/sec)]
was compared between control and Asic2 KO mice. Only single-unit
spindle afferent responses that could be recorded without interruption
throughout the entire experiment were included in the analysis. For
the ramp-and-hold stretches, baseline values for all parameters (base-
line firing rate, DP, IST and FST) were determined as a mean of three
stretches, and the mean of all recordings was compared between
WT and mutant mice. Values are reported as mean of the frequency
(in impulses per second) in a dot plot, with each dot representing a
different muscle spindle response.

2.6 | In vivo micro-computed tomography

In vivo micro-CT scans were performed on adult male and female
mice (>90 days old) using the SkyScan 1276 system (Bruker). Before
scanning, mice were anaesthetized by inhalation of isoflurane using
inhalation chamber, with maintenance by inhalation mask during the
scan. The entire spine was scanned in a continuous rotation mode,
with a scanning speed of 40 s (360 rotations). Owing to the length
limit, imaging was occasionally performed in three overlapping parts
that were then merged into one dataset representing the entire
region of interest. The total radiation dose was ~500 mGy. All
micro-CT scans were reconstructed using N-recon software. Three-
dimensional volume rendering images were produced using Amira
software (Thermo Fisher Scientific).

2.7 | Measurements of spinal deformity

To measure the spinal curves of Asic2 KO and control mice, we
calculated the Cobb angle (Cobb, 1948) on three-dimensionally
rendered images of the micro-CT scans, as described previously
(Blecher, Krief, Galili, Assaraf et al., 2017). For scoliosis, the vertebrae
that were the most side-tilted rostrally and caudally in the coronal
plane were identified. Then, the angle between a line parallel to the
superior endplate of the rostral end vertebra and a line parallel to
the inferior endplate of the caudal end vertebra was measured. For
kyphosis, the Cobb angle was measured between lines parallel to the
superior and inferior end vertebrae in the sagittal plane.

2.8 | Ex vivo micro-computed tomography
Ex vivo micro-CT scans of the hip joint were performed on male

and female mice (>180 days old) using an Xradia MicroXCT-400
scanner. Tissue was fixed overnight in 4% PFA-PBS and dehydrated

to 100% ethanol. The source was set at 40 kV and 200 pA. A total of
1500 projections were taken over 180° with an exposure time of 1.5 s.
The final voxel size was 10 um.

2.9 | Measurements of hip deformity

Hip morphology was analysed on ex vivo hip joint CT scans using
Amira software (Thermo Fisher Scientific). The acetabular index and
congruency index were measured on a coronal slice of the hip joint,
as described before (Assaraf et al., 2020). The acetabular index
was measured between a horizontal line connecting both acetabular
centres and a line extending from the acetabular centre to the sourcil.
The congruency index was calculated for the upper acetabular roof as
the mean distance along the joint line divided by the minimal value
out of all measurements. A value of one indicates perfect congruence,
whereas incongruence results in higher values.

2.10 | Statistical analysis

Statistical significance was determined using Student’s unpaired two-
tailed t-test when comparing two samples, whereas one-way or two-
way ANOVA was used to compare multiple samples. All statistical
analyses were performed using GraphPad Prism (v.9.3; Graphpad
Software, La Jolla, CA, USA). For all statistical tests, significance was
defined as a P-value <0.05. A summary of the statistical test used is
provided in Supplementary File.

3 | RESULTS
3.1 | Asic2 is expressed in proprioceptive neurons

To identify potential mechanosensitive ion channels that mediate
proprioceptive signalling, we examined our MS transcriptomic data
(Bornstein et al., 2023). We found six channels that were differentially
upregulated in MS samples compared with extrafusal muscle fibres
(Figure 1a). Of those, Asic2 was the most highly upregulated ion
channel in our analysis (log fold change of 3.92; Figure 1a). In
accordance with previous reports (Lin et al., 2016; Wu et al., 2021),
we also detected expression of Asic1 and Asic3 (Figure 1a), suggesting
that all three ASIC genes are expressed in muscle spindles. However,
only Asicl and Asic2 were upregulated in spindles, and the latter
was the most differentially expressed mechanosensitive ion channel.
Therefore, we proceeded to investigate Asic2 involvement in proprio-
ceptive function and skeletal regulation.

ASIC2 was previously shown to be expressed in adult rat
muscle spindles in the deep lumbrical muscles (Simon et al., 2010).
We therefore verified ASIC2 protein expression in proprioceptive
neurons of mice by performing immunofluorescence staining. We
first analysed ASIC2 expression in DRG neurons and found it to
be widely expressed in sensory neurons (Figure 1b). To recognize
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FIGURE 1 Asic2is expressed in proprioceptive sensory neuron terminals. (a) Left, heatmap showing the relative expression of
mechanosensitive ion channels in muscle spindle samples compared with extrafusal fibres (Bornstein et al., 2023). The list to the right of the
heatmap indicates whether the genes are differentially expressed (DE) between spindle and muscle samples. Right, colour bars showing the fold
change in expression of each gene between the two samples (magenta) and the maximum expression of the gene in the muscle spindle samples
(greyscale). (b) Confocal images of dorsal root ganglia (DRGs) from adult (>60 days old) Pvalb<"e; Rosa26!™mato reporter mice (green) stained with
antibody against ASIC2 (magenta). ASIC2 is expressed in Pvalb™ DRG proprioceptive neurons (n = 50). Scale bars: 50 um. (c) Confocal images of
whole-mount deep masseter (left) and extensor digitorum longus (EDL) muscle (right) from adult (>60 days old) Thy1-YFP reporter mice (Feng
etal., 2000) stained with antibodies against ASIC2 and GFP. ASIC2 is expressed in proprioceptive nerve endings innervating muscle spindles and
Golgi tendon organs (GTOs) (n = 3 mice). Scale bars: 50 pm.

proprioceptive neurons, we marked them genetically by crossing 32 | Impaired performance of
Pvalb®"e deleter mice with a Rosa26t™mato reporter line (Hippenmeyer proprioception-related tasks in Asic2 KO mice
et al, 2005; Madisen et al., 2010). We detected ASIC2 expression

in all parvalbumin-positive neurons (n = 50; Figure 1b), confirming Previous studies of Asic2 KO mice have implicated ASIC2 in the

ASIC2 expression in proprioceptive neurons. Next, we performed
whole-mount immunofluorescence staining of the deep masseter
muscle. We detected ASIC2 protein expression in the annulospiral
endings of proprioceptive neurons innervating the central region of
muscle spindles (Figure 1c). We confirmed the co-localization of ASIC2
with the sensory nerve terminals by analysing the EDL muscle, where
we detected ASIC2 expression in MSs and GTOs (Figure 1c).

neurosensory mechanotransduction of touch (Price et al, 2000),
the baroreceptive reflex (Lu et al., 2009), gastrointestinal sensing
(Page et al., 2005) and pressure-induced constriction in the middle
cerebral arteries (Gannon et al., 2008). To determine whether ASIC2
also plays a role in proprioceptive function, we first examined the
morphology of proprioceptive sensory neurons in Asic2 KO mice
(Price et al., 2000). To visualize MSs and GTOs, we crossed these mice
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|(a) EDL muscle |
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FIGURE 2 The morphology of muscle spindle and Golgi tendon organ (GTO) proprioceptive neurons is unchanged in Asic2 knockout (KO) mice.
(a-c) Confocal images of whole-mount extensor digitorum longus (EDL) muscle taken from control mice (top) and Asic2 KO mice (bottom)
expressing Thy 1-YFP. The number of proprioceptors, marked by GLUT1 (a; magenta) and the morphology of muscle spindles (b) and GTOs (c) is
similar in Asic2 KO and control mice. Arrows indicate muscle spindles and arrowheads indicate GTOs. n = 5 in each group. Scale bars: 500 pm (a);

50 um (b,c).

with Thy1-YFP reporter mice. Whole-mount imaging revealed similar
numbers and morphologies of proprioceptors in control and Asic2 KO
mice (Figure 2).

We next examined the possible function of ASIC2 in the proprio-
ceptive system by performing locomotion and coordination tasks.
We first assessed coordination of Asic2 KO and WT mice using the
beam walking test (Brooks & Dunnett, 2009). Asic2 KO mice needed
significantly more time to cross the beam and displayed significantly
more leg drops than their controls (Figure 3a,b), suggesting that ASIC2
is required for performance of proprioception-related tasks. To rule out
the possibility of a general effect on locomotion, we preformed home
cage locomotion (Figure 3c) and treadmill (Figure 3d) tests (Brooks
& Dunnett, 2009). We found similar locomotor abilities in Asic2 KO
and control mice, supporting our hypothesis that ASIC2 is important
specifically for motor coordination.

To characterize coordination deficits associated with loss of Asic2
further, we used the CatWalk system to analyse gait parameters in
Asic2 KO and control mice. We focused on parameters that were
shown to reflect coordination abilities accurately, including interlimb
parameters such as phase dispersion, step sequence, stride length,
print position and support (Pitzer et al., 2021; Figure 4a). Asic2
KO mice displayed a significant increase in dispersion score in the
diagonal phase (i.e., right forelimb vs. left hindlimb paws and vice
versa; Figure 4b), but not in ipsilateral or interlimb scores, indicating
that the interval between placement of two diagonal paws is longer.

Additionally, step sequence analysis showed that Asic2 KO mice use

the Aa alternate pattern of walking (right fore-right hind-left fore-left
hind) significantly more than control mice (Figure 4c). No difference
was found between genotypes in the number of patterns used,
regularity index, stride length, print position or support parameters
(Figure 4d-h), indicating a restricted effect on interlimb coordination
between diagonal paws. Additionally, Asic2 KO mice moved at a similar
speed to control mice (Figure 3i), supporting our observation that Asic2
mutation does not affect general motor abilities, but rather movement
coordination specifically.

3.3 | Muscle spindle response to stretch is
different in Asic2 KO mice

Given that Asic2 KO mice displayed deficits in proprioception-related
behavioural tasks, we next analysed the effect of Asic2 deletion on MS
function. Using an ex vivo electrophysiology preparation, we compared
muscle spindle afferent firing during stretch between control and
Asic2 KO mice. We observed heterogeneous firing rates in all muscle
spindles from mutant mice (n = 4) in comparison to heterozygous
(n = 3) and WT animals (n = 2) (pooled as the control group). However,
the abnormalities were very variable, even in MSs from the same
muscle. The responses to stretch in Asic2 KO mice could be categorized
qualitatively into those that showed sustained firing in response to
stretch (Figure 5b) or those that ceased firing for short moments during

the hold phase of a ramp-and-hold stretch (Figure 5c).
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FIGURE 3 Asic2 knockout (KO) mice display defects in performance of proprioception-related tasks. (a,b) Beam walking test. Mice were
trained to walk on a beam 6 mm wide and 50 cm long. The number of slips and the duration of crossing were measured in Asic2 KO and control
(cont) mice (nko = 9, Ncontrol = 8; time, P =0.0022; leg-drop, P = 0.00014; Student’s two-tailed t-test), data are represented as the mean + SD; each
dot represents one mouse. (c) A home cage locomotion test was performed to measure locomotor abilities of Asic2 KO and control mice in a single
cage (Nko = 8, Ncontrol = 7). No significant differences between the groups were found in either light (yellow line, P = 0.31) or dark (black line,

P =0.35) phases, as determined by Student’s two-tailed t-test. Data are represented as the mean + SD; each dot represents one mouse. (d)
Treadmill test. Mice were trained to walk on a treadmill to avoid an electrical shock. The distance the mice travelled during the experiment was
measured. Asic2 KO mice travelled a similar distance to control mice (nxo = 9, Ncontrol = 6; P =0.51, Student’s two-tailed t-test); data are

represented as the mean + SD; each dot represents one mouse.

To study the response to stretch in more detail, ramp-and-hold
stretches of three different magnitudes (2.5, 5.0 and 7.5% of resting
length, Lo) were applied, and the dynamic peak (DP), dynamic index
(DI), initial static time (IST) and final static time (FST) (Kréger &
Watkins, 2021) were compared between Asic2 KO and control mice
(Figure 5d-g; 5% Lo ramps are shown). The muscle spindles that
exhibited a sustained stretch response (Figure 5d-g, red dots) had a
significantly increased instantaneous frequency over the dynamic peak
(Figure 5d) and dynamic index (Figure 5e), while the muscle spindles
that exhibited a non-sustained stretch response (Figure 5d-g, blue
dots) had a significantly increased instantaneous frequency in all four
parameter analysed (Figure 5d-g). In contrast, the maximum tetanic
force (Figure 5h) was not significantly different between control and
Asic2 KO mice, indicating that the altered spindle responses were not
attributable to impaired muscle health. Taken together, these results
indicate that ASIC2 is required for modulation of proprioceptive
afferents in response to stretch.

3.4 | Asic2 loss of function results in skeletal
malalignment

Previously, we have demonstrated that the proprioceptive system is
necessary to maintain skeletal integrity (Assaraf et al., 2020; Blecher,
Krief, Galili, Assaraf, et al., 2017; Blecher, Krief, Galili, Biton, et al.,
2017). Having found that ASIC2 functions to mediate proprioceptive
sensing, we proceeded to assess whether loss of Asic2 would have
an effect on the skeleton. For that, we compared spinal alignment
between control and Asic2 KO mice by using CT to determine the level
of scoliosis and kyphosis in these mice. Scoliosis was defined as a lateral
curve of the spine >10° in the coronal plane and kyphosis as excessive
angulation of the spine in the sagittal plane compared with control
animals. The results showed that 30% (5 or 17) of the Asic2 KO mice

exhibited mild scoliosis (Figure 6a,b), measured as a Cobb angle ranging

from 10 to 15°. In comparison, none of the control mice had a curve
of >10°. Interestingly, the scoliotic phenotype of the Asic2 KO mice
was not accompanied by kyphosis (Figure é6c,d), indicating that Asic2
ablation affects only one plane of spine alignment.

Proprioception deficits also affected hip joint morphology, resulting
in a shallow acetabulum and loss of joint congruency (Assaraf et al.,
2020). Therefore, we analysed the hip joints of Asic2 KO mice for
features of hip dysplasia. However, micro-CT images of hip joints from
Asic2 KO mice and control littermates showed similar morphologies
and no signs of hip dysplasia (Figure ée), suggesting that loss of Asic2
does not affect hip joint morphology.

Collectively, our results show that Asic2 is expressed by proprio-
ceptive neurons and plays important roles in mediating proprioceptive
sensing, motor coordination and spine alignment.

4 | DISCUSSION

In this work, we showed that the mechanosensitive ion channel ASIC2
is expressed by proprioceptive neurons innervating MSs and GTOs. We
then demonstrated its function in mediating proprioceptive sensing,
motor coordination-related tasks and spine alignment, thus showing
that ASIC2 is an important mediator of proprioceptive function.
ASIC2 was shown to be involved in mechanosensing of
baroreceptive neurons (Lu et al., 2009) and of low-threshold cutaneous
neurons (Price et al., 2000). Here, we have shown that ASIC2
contributes to proprioceptive sensing, as Asic2 KO mice displayed
an altered MS response to stretch and impaired performance of
coordination-related tasks. These phenotypes are similar to proprio-
ception defects observed in Asic3 loss-of-function mice (Lin et al.,
2016). Given that functional ASIC channels are homotrimers or
heterotrimers assembled from three subunits (Kang et al., 2012),
this phenotypic similarity might indicate redundancy between the

different channels. However, given that ASICs can form heterotrimeric
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FIGURE 4  Asic2 knockout (KO) mice display interlimb coordination defects. (a) Examples of CatWalk parameters indicating interlimb

coordination. Phase dispersion describes the temporal relationship between placements of two paws. It measures the time interval (1) between
the initial contact of an ‘anchor’ paw [here, left forelimb paw (LF)] and that of a ‘target’ paw [right hindlimb (RH)] as a percentage of the duration of
acomplete step cycle of the anchor paw (2). Step sequence pattern is the sequence of paw placement; the six most common patterns are
presented. Step sequence categories: Aa, alternative a; Ab, alternative b; Ca, cruciate a; Cb cruciate b; Ra, rotary a; Rb, rotary b. Stride length is the
distance between successive placements of the same paw, whereas print position is the distance between successive placements of different paws.
Print support is the number and position of paws supporting the animal in each step. Key: LF, left forelimb (yellow); LH, left hindlimb (green); RF,
right forelimb (blue); RH, right hindlimb (magenta). (b-i) Gait analysis using the CatWalk system. Asic2 KO mice had a higher dispersion score in the
diagonal phase (b; diagonal RF-LH, P =0.012; diagonal LF-RH, P =0.034; interlimb RF-RH, P = 0.667; interlimb LF-LH, P = 0.0801; ipsilateral
LH-RH, P=0.930; ipsilateral LF-RF, P = 0.857) and used the Aa step sequence pattern more frequently (c; Aa, P = 0.040; Ab, P = 0.862;
Ca=0.914;Cb =0.866,Ra>0.999,Rb > 0.999). No difference was found between Asic2 KO mice and control mice in the number of patterns used

(d; P=0.202), regularity index (e; P = 0.566), print position (f; right paws, P = 0.789; left paws, P = 0.956), stride length (g; RF, P = 0.684; RH,
P=0.857;LF,P=0.653; LH, P = 0.836), support (h; zero, P = 0.999; single, P = 0.999; diagonal, P = 0.385; girdle, P = 0.999; lateral, P = 0.999;
three, P =0.953; four, P = 0.961) or speed (i; P = 0.379) parameters [P > 0.05, ANOVA multiple comparison test in (b-h), Student’s two-tailed t-test
in (i)]. n = 8 in each group; data are represented as the mean + SD; each dot represents one mouse.

complexes, we cannot rule out the possibility that ASIC2 and ASIC3
function together to regulate proprioception. Further investigation
using Asic2 and Asic3 double-KO mice is needed to decide between
these options.

Interestingly, we noticed heterogeneous afferent firing patterns in
response to stretch in Asic2 KO mice. A similar effect of opposite
firing responses was also observed in stretch-evoked recordings of
Asic3 KO mice (Lin et al., 2016). These phenotypes could be explained
by the fact that different combinations of ASIC subunits exhibit
different electrophysiological properties (Chenget al., 2018; Jasti et al.,
2007). Thus, differences in ASIC composition between proprioceptive

neurons would result in variation in sensitivities and ranges of firing
responses to stretch. Indeed, single-cell RNA-seq analysis of proprio-
ceptive neurons identified the expression of Asicl and Asic2 in all
subtypes of proprioceptive neurons, whereas Asic3 was expressed in
only a few subtypes (Wu et al., 2021), showing that different ASIC sub-
units are expressed by different individual neurons. Furthermore, the
identification of different subtypes of proprioceptive neurons (Oliver
et al, 2021; Wu et al.,, 2021) suggests that different proprioceptors
have different functions. Thus, the combinatory expression of ASIC
subunits suggests a mechanism for diversity in the sensing abilities
of proprioceptive neurons. However, it is still unclear how knockout
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FIGURE 5 Muscle spindle afferent response to stretch is altered in Asic2 knockout (KO) mice. (a-c) Top, the responses of muscle spindles to a
7.5% stretch from resting length (Lo) in control mice (a) and Asic2 KO mice (b,c). Muscle spindle recordings from Asic2 KO mice show sustained
responses (b) and non-sustained responses (c). Bottom, the instantaneous frequency of the responses shown in the top panel. Red arrows indicate
the duration of stretch. (d-g) Comparison of the instantaneous frequency of the dynamic peak (d; control vs. sustained stretch, P = 0.0181; control
vs. non-sustained stretch, P = 0.0005), dynamic index (e; control vs. sustained stretch, P = 0.0415; control vs. non-sustained stretch, P = 0.0007),
initial static time (f; control vs. sustained stretch, P = 0.0852; control vs. non-sustained stretch, P = 0.0358) and final static time (g; control vs.
sustained stretch, P=0.1612; control vs. non-sustained stretch, P = 0.0493) during 5% Ly ramp-and-hold stretch between control mice (green
dots) and Asic2 KO mice with a sustained response to stretch (red dots) and Asic2 KO mice with a non-sustained response to stretch (blue dots).

Neontrol = 23, Nko = 20; ordinary one-way ANOVA with Fisher’s LSD. (h) Comparison of the maximum tetanic force of the extensor digitorum
longus (EDL) muscle between control mice (grey dots) and Asic2 KO mice (yellow dots) shows no significant difference (nxo = 8, ncontrol = 10;

P =0.77, Student’s two-tailed t-test).

of one ASIC gene affects the expression of different ASIC subunits in
different neurons and how the ASIC subunit compositions translate
into different proprioceptive signals.

The connection between the proprioceptive system and the
skeleton was recently established (Bornstein et al., 2021), but most of
the molecular components of this system that are involved in skeletal
pathologies are unknown. Here, we have identified the ion channel
ASIC2 as a regulator of skeletal integrity. Interestingly, we found
that Asic2 ablation affects only the lateral curve of the spine, causing
scoliosis, without causing kyphosis or affecting hip joint morphology.
To our knowledge, this is the first proprioception regulatory gene
whose ablation selectively affects only one plane of skeletal alignment.
This specific phenotype is consistent with previous observations that

the severity of the skeletal phenotype is correlated with the severity

of the proprioceptive defect. Specifically, Runx3 KO mice, which lack
functional proprioceptive neurons, display much stronger skeletal
phenotypes than Egr3 KO mice, which lack muscle spindles but not
GTOs (Blecher, Krief, Galili, Biton et al., 2017). Thus, one explanation
for the observed scoliosis is that the lateral curve of the spine is the
most sensitive to proprioception defects. Alternatively, the specific
effect of Asic2 deletion might imply that proprioception regulates
various aspects of skeletal integrity via different mechanisms. To
decide between these two options, it will be necessary to evaluate
the skeletal phenotypes caused by deletion of other genes that affect
proprioception mildly. Thus, to gain a better understanding of the
regulatory role of the proprioceptive system in skeletal biology, it
is necessary to identify and study additional molecular players that

mediate proprioception.
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One limitation of our study is that we used a conventional KO
approach to delete Asic2. Given that ASIC2 expression in the DRG
is not limited to proprioceptive neurons (Cheng et al., 2018; Garcia-
Afoveros et al., 2001; Price et al., 2000), we could not determine its
cell-autonomous effects in different tissues. This question should be
addressed in future studies by applying tissue-specific Asic2 knockout.
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FIGURE 6 Loss of Asic2 results in spine malalignment but not in altered hip morphology. (a) In vivo CT scans of spines of control and Asic2
knockout (KO) mice aged >90 days, showing mild scoliosis (coronal plane) in the mutants. (b) Quantification of the Cobb angle measured in control
(n = 10) and Asic2 KO (n = 17) mice (P = 0.039, Student’s two-tailed t-test). (c) In vivo CT scans of the spines of control and Asic2 KO mice aged
>90 days, showing no difference in kyphosis (sagittal plane) between mutants and control animals. (d) Quantification of the Cobb angle measured
for control (n = 10) and Asic2 KO (n = 17) mice (P = 0.97, Student’s two-tailed t-test). (e) Ex vivo CT scans of hip joints of control and Asic2 KO mice
aged >90 days, showing no signs of dysplasia in mutants. (f) Graphs showing the acetabular index and congruency index (upper lips) in control
(n=8) and Asic2 KO mice (n = 10). No significant differences were found in either measurement (P = 0.75 and P = 0.65, respectively, Student’s
two-tailed t-test). Data in (b,d,f) are represented as the mean + SD; each dot represents one mouse.

Pervious works showed that Piezo2 loss of function leads to a
complete loss of proprioceptive neuron mechanotransduction and
to severe abnormalities of the spine and hips (Assaraf et al.,
2020; Woo et al., 2015). Interestingly, the Asic2 loss-of-function
mice displayed milder phenotypes in both mechanotransduction and
skeletal alignment. This might suggest that PIEZO2 is necessary to
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generate signals in proprioceptive neurons, whereas ASIC2 functions
to modulate the signal.

Overall, here we have identified the mechanosensitive ion channel
ASIC2 as another molecule that mediates proprioceptive sensing and
skeletal alignment. The effect of ASIC2 on the skeleton also reveals the
complexity of the regulatory interactions between the proprioceptive
system and skeletal development.
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