Introduction to spasticity and related mouse models
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Abstract

Although spasticity is one of the most common causes of motor disability worldwide, its precise
definition and pathophysiology remain elusive, which to date renders its experimental
targeting tricky. At least in part, this difficulty is caused by heterogeneous phenotypes of
spasticity-causing neurological disorders, all causing spasticity by involving upper motor
neurons. The most common clinical symptoms are a series of rapid muscle contractions
(clonus), an increased muscle tone (hypertonia), and augmented tendon reflex activity
(hyperreflexia). This muscle overactivity is due to disturbed inhibition of spinal reflexes
following upper motor neuron dysfunction. Despite a range of physical and pharmacological
therapies ameliorating the symptoms, their targeted application remains difficult. Therefore,
to date, spasticity impacts rehabilitative therapy, and no therapy exists that reverses the
pathology completely. In contrast to the incidence and importance of spasticity, only very little
pre-clinical work in animal models exists, and this research is focused on the cat or the rat
spastic tail model to decipher altered reflexes and excitability of the motor neurons in the
spinal cord. Meanwhile, the characterization of spasticity in clinically more relevant mouse
models of neurological disorders, such as stroke, remains understudied. Here, we provide a
brief introduction into the clinical knowledge and therapy of spasticity and an in-depth review
of pre-clinical studies of spasticity in mice including the current experimental challenges for

clinical translation.
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Objective

This systematic review was motivated by the urgent need to develop novel spasticity
treatments. However, current knowledge is limited and mostly based on clinical observations
and experimental work in the cat and rat model with focus on the spinal cord level
(Sherrington, 1898). In contrast, more relevant, up-to-date studies in mouse models of
neurological disorders are missing, as is the development of novel therapeutic approaches that
specifically target the pathophysiology underlying spasticity. As we outline here, spasticity is
central to many of the most frequent neurological disorders such as stroke and multiple
sclerosis, which lead to primary or secondary damage of the motor system and particularly the
pyramidal and extrapyramidal tracts. Surprisingly, the neuroanatomical substrate responsible
for spasticity development in the case of a primary lesion affecting the central nervous system,
e.g., an ischemic stroke, and the role of the imbalanced descending motor pathways, remain
poorly characterized across species and diseases (Li and Francisco, 2015; Picelli et al., 2014). In
this review, we introduce the basic concepts of current diagnosis and treatment of spasticity,
followed by an in-depth review of animal experiments focusing on studies performed in mice
and the existing challenges thereof.

We used the following search terms in combination with spasticity in the databases of PubMed
and ISI Web of knowledge: Ashworth scale, amyotrophic lateral sclerosis (ALS), baclofen,
botulinum toxin, cannabinoids, CNS stimulation, corticospinal tract (CST), Hoffmann’s/H-
Reflex, maladaptive plasticity, neuroinflammation, multiple sclerosis (MS), physiotherapy,
spinal cord injury (SCl), stroke, traumatic brain injury (TBI). Genetic mouse models, as well as

inducible disease models, were included (Figure 1).

Search items Selection
Spasticity AND Mouse AND Stroke N =40 N=773 articles identified
Spasticity AND Mouse AND Multiple sclerosis N =68 .
P v P N=189 excluded: clinical
Spasticity AND Mouse AND Spinal cord injury N =38 v study/report
Spasticity AND Mouse AND Amytrophic lateral sclerosis N = 55 N=584 screened
Spasticity AND Mouse AND Botulinum Toxin N =38
Spasticity AND Mouse AND Ashworth Scale N=10 N=291 excluded: no match in
title and/or abstract
Spasticity AND Mouse AND Cannabinoids N=31 \ 4
Spasticity AND Mouse AND CNS N =82 N=293  screened
Spasticity AND Mouse AND Traumatic Brain Injuy N=2 N=137 excluded: different model
Spasticity AND Mouse AND Neuroinflammation N=19 L organism and/or genetic/disease
Spasticity AND Mouse AND Plasticity N=19 A model
Spasticity AND Mouse models N=371 N=156 included

Figure 1: Systematic search and review process to identify all relevant mouse studies.



What is spasticity?

The definition of spasticity undergoes revisions and reconsiderations. According to a classical
definition by Lance in the 1980s, spasticity is “a disorder of the sensorimotor system
characterized by a velocity-dependent increase in tonic stretch reflexes (“muscle tone”) with
exaggerated tendon jerks, resulting from hyperexcitability of the stretch reflex, as one
component of the upper motor neuron syndrome that does not include impaired voluntary
movement and an abnormal posture” (Lance, 1990). In 2005, the spasticity study group
“SPASM” (Support Programme for Assembly of a database for Spasticity Measurement)
concluded that spasticity is “a sensorimotor control disorder that emerges as a result of an
upper motor neuron syndrome and in the form of muscles’ involuntary intermittent or
permanent activation” (Burridge et al., 2005). Kheder et al. defined spasticity as a “disordered
sensorimotor control, resulting from an upper motor neuron (UMN) lesion, presenting as
intermittent or sustained involuntary activation of muscles” (Kheder and Nair, 2012). UMNs
are responsible for initiating and modifying movements, and UMN lesions lead to clinical
symptoms known as the upper motor neuron syndrome. The most common characteristics of
UMN disease are muscle weakness (paresis), hyperreflexia, clonus, and spasticity (Emos and
Agarwal, 2020; Mayer, 1997). Depending on the type and location of the UMN lesion, spasticity
is often accompanied by a series of distinguished clinical signs (Figure 2). These include
pathological reflexes (e.g., Babinski, Gordon), clonus (characterized by involuntary jerks of the
limbs and evocable movements, e.g., by fast dorsiflexion of the foot and consequently
stretching of the Achilles tendon), the clasp-knife phenomenon (characterized by a sudden
decrease in muscle tone after an initially increased resistance in response to passive stretch),
and spasms, as well as swallowing difficulties and dysfunction of the autonomic nervous
system (Mukherjee and Chakravarty, 2010; Sheean, 2009). Spasticity develops over weeks and
months following the initial lesion. While spinal cord lesions can quickly lead to severe

spasticity, cortical lesions often result in weaker spasticity.

Incidence and economic burden

Similar to the broad range of definitions, spasticity is a result of a variety of damages to the
spinal cord or the brain, of which the most common are: ischemic strokes, cerebral
hemorrhage, traumatic brain injury (TBI), and spinal cord injury (SCI). Furthermore, spasticity

occurs in neuroinflammatory diseases such as multiple sclerosis (MS) (Patejdl and Zettl, 2017)



or neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) (Chio et al., 2011b).
Spasticity is one of the most common causes of physical disability worldwide, with an
estimated incidence of at least 12 million patients. Spasticity develops in 35% of patients after
stroke, 90% with cerebral palsy, 50% with TBI, 40% with SCI, and 37% - 78% with MS. The
healthcare costs per patient are estimated to amount to 114,293€ per year (Svensson et al.,
2014), whereby the severity of spasticity directly correlates with the societal and economic
burden (Stevenson et al., 2015). In addition, there are the patient's productivity loss as well as
indirect costs for family home care (Ganapathy et al.,, 2015). Moreover, spasticity-related
movement impairments go along with the risk of falling and resulting fractures, associated with

increased morbidity and mortality, and particularly impact elderly patients (Graham, 2013).
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Figure 2: Common clinical signs of spasticity in the upper extremity resulting from an upper motor

neuron lesion. Adapted from (Simpson et al., 2017) under the terms of the CC BY-NC-ND 4.0 license.

Mechanisms

The mechanisms underlying spasticity include the decreased inhibition of the spinal network
(Delwaide and Oliver, 1988; Mazzocchio and Rossi, 1997), the increased excitatory synaptic
inputs associated with la afferent fibers (Tan et al.,, 2012), and the increased motoneuron
excitability (Bennett et al., 2004) (Figure 3A). Plasticity and neural remodeling processes,
triggered by the initial damage, contribute to the time course of spasticity (Lang et al., 2013)
and the adaptation of spinal inhibitory mechanisms (Ward, 2012). Cortical and internal

capsular lesions such as in stroke damage not only the (pyramidal) corticospinal tract (CST) but



also the (extrapyramidal) corticoreticular excitatory input to the medulla. As a result, there is
less inhibition through the dorsal reticulospinal tract (RST) and pronounced facilitatory input
from the medial RST and the vestibulospinal (VST), which lead to an exaggeration of the stretch

reflex (Trompetto et al., 2014) (Figure 3B).
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Figure 3: A) Afferent and efferent interconnection in the anterior horn. Upper motor neurons
originate in the brain and brain stem and project to lower motor neurons within the spinal cord. The
lower motor neurons originate in the ventral horn of the spinal cord: (1) alpha motor neurons project
to extrafusal skeletal fibers and (2) gamma motor neurons project to intrafusal muscle fibers within the
muscle spindle. A lesion of the CNS results in an interruption of the signaling from the upper motor
neurons to the lower motor neurons or related interneurons (Lundy-Ekmann, 2002). Reduced
presynaptic inhibition and hyperactivity of gamma motor neurons can lead to excessive signaling of 1a
afferents from the muscle spindles, which triggers the continuous firing of alpha motor neurons,
consequently leading to spasticity. B) Schematic representation of the descending pathways
modaulating the stretch reflex circuitry. In humans, two major descending pathways exist, the inhibitory
dorsal reticulospinal tract and the faciliatory medial reticulospinal/vestibulospinal tract. In contrast to
the vestibular nuclei and dorsal reticular formation, the ventromedial bulbar reticular formation is
under direct cortical (premotor) control (adapted from (Trompetto et al., 2014) under the terms of the
CC BY 3.0 license). C) Evoked M-/H-wave response after electrical stimulation. The M-Wave can be
evoked by transcutaneous electrical stimulation of a-motor neurons and is directly measurable as
action potentials of the skeletal muscle. The delayed H-wave is induced by electrical stimulation of the
la axons from the muscle spindles and the resulting recruitment of a-motor neurons in the spinal cord.
The F-Wave follows the H-Wave and allows assessing both efferent and afferent circuits of the a-motor
neuron. M- and H- wave are, depending on the stimulus protocol and threshold often recorded
together, the additional F-wave is recorded more rarely (adapted from (Satoru Kai 2013) under the
terms of the CC BY 3.0 license).



Notably, neuroplasticity following CNS injuries can elicit beneficial effects like motor recovery
while maladaptive plasticity results in the opposite effect including neuropathic pain, epilepsy,
compensatory movements, and spasticity (Brown and Weaver, 2012) (Lundstrom et al., 2008)
(Finnerup, 2017). Moreover, these processes can lead to muscle shortening, which further
contributes to the motor impairments (Wahl and Schwab, 2014) and restricts mobility (Hughes
and Howard, 2013). There is a time-limited period with elevated structural plasticity in the
brain and spinal cord, e.g. after experimental sensorimotor stroke, in which the spinal plastic
changes correlate with the severity of the cortical injury (Sist et al., 2014). Post-stroke recovery
and spasticity are associated with different anatomical regions of plasticity. Thus, novel
therapeutic approaches focus on cortical plasticity, and the hyperexcitability of the
reticulospinal tract (RS) (Li et al., 2019). Recovery of motor functions is attributed to plastic
reorganization, thereby the RS hyperexcitability may be the main reason for post-stroke
spasticity (Li, 2017).

Neuroinflammation is one major driver for cellular, structural, and anatomical plasticity in
response to the primary injury, such as in stroke, or as a major component of the disease, such
as in multiple sclerosis (MS) (O'Reilly and Tom, 2020). Spasticity-related neuroinflammation,
however, was so far only studied in MS, where it leads to dramatic changes in the ability of
motor control, caused by reactive oxygen species, stress hormones, and cytokines (Ksiazek-
Winiarek et al., 2015). For more information on spasticity mechanisms, we refer to the

following reviews: (Burke et al., 2013; Dietz, 2008; Li and Francisco, 2015).

Clinical diagnosis

The clinical evaluation of spasticity comprises assessing patient-reported clinical findings,
medication, and physical examination, as well as a series of neurophysiological tests (Hinderer
and Dixon, 2001). The physical examination includes testing for the presence and frequency of
flexor or extensor spasms, muscle tone, and tendon reflexes. In addition, voluntary muscle
strength, contractures, functional loss, passive and active joint range of motion, sole reflex,
triple flexion reflex, and clonus are analyzed (Burke et al., 2013). Quantitative evaluation of
spasticity over time allows measuring treatment response. Such quantification can be achieved
using clinical scales (Ashworth Scale, Penn Spasm Frequency Scale, Tardieu Scale, Barthel
Index), walking analysis (e.g., kinematic and kinetic registration, dynamic EMG),

neurophysiological methods (Hoffmann’s reflex, M-wave amplitude), tendon reflex latency,



and biomechanical methods (isokinetic dynamometers, pendulum test) (Balci, 2018; Burridge

et al., 2005; Sehgal and McGuire, 1998).

Ashworth Scale

The (modified) Ashworth (MAS) scale is the most widely used clinical spasticity scale. It was
established to measure the course and the intensity of spasticity and the effect of therapy
(Malhotra et al., 2008) for various clinical conditions such as stroke (Bakheit et al., 2003), spinal
cord injuries (Akpinar et al., 2017), traumatic brain injuries (Allison et al., 1996), or multiple
sclerosis (Haas et al., 1996). Because of its general definition and limitations, e.g., the nominal
levels of the scale (Pandyan et al., 1999), the MAS has been criticized (Fleuren et al., 2010). For
example, the MAS performs only moderately concerning the intra- and inter-rater reliability,
showing worse reliability scores for the lower as compared to the upper extremity (Meseguer-
Henarejos et al., 2018). This may partly be due to the lack of a clearly defined standard testing
and rating protocol. Alternative scales for measuring spasticity are the Tardieu scale, which
takes passive movement resistance at both slow and fast speed into account (Haugh et al.,
2006), and the Penn spasm frequency scale, which counts the appearance and intensity of
spasms per hour (Penn et al.,, 1989). However, these measures also lack reliability studies

across various disorders.

Hoffmann’s Reflex

The H-reflex (Hoffmann’s reflex; named after the physiologist Paul Hoffmann) is triggered
through the electrical stimulation of peripheral nerves (Hoffmann, 1910, 1918). The
physiological response is recorded by electromyography (EMG) in one of the muscles supplied
by the stimulated nerve. The stimulation causes orthodromic stimulation of a-motor neurons
(MNs) and la-afferents (Figure 3B). It is achieved through transcutaneous stimulation or
acutely applied or implanted extracellular nerve electrodes (Akay et al., 2014; Hultborn and
Nielsen, 1996) The stimulation causes both, a direct muscle response (M-wave) and indirect,
delayed activation of yet more a-MNs (H-wave), most of the time and depending on the
stimulation protocol and thresholds for each wave, together in one trace (Figure 3C). As a
standardized muscle stretch is difficult to achieve, the H-reflex, i.e., the electrical analog of the
tendon jerk reflex, mediated through monosynaptic pathways in the spinal cord, is an

additional method for quantifying spasticity. In spastic patients, an increased H-response



compared to an unaltered M-response and the ratio of the respective thresholds for both
waves are considered for the maximum amplitudes and the slopes (Matthews, 1966).
Electromyography (EMG) shows a decreased rate-dependent depression (RDD), thus reduced

decline in the amplitude of the H-reflex over consecutive stimulations (Lamy et al., 2009).

Related neurological disorders

Spinal cord injury

There is a 65-78% risk of developing spasticity related to chronic spinal cord injury (SCl) more
than one-year post injury (Adams and Hicks, 2005). Traumatic spinal cord injury leads to a loss
of sensory and motor abilities of the affected body parts resulting from hyper-excitability of
the spinal circuits (Andresen et al., 2016). The time course of spasticity in SCI typically follows
a period of flaccid muscle paralysis and loss of tendon reflexes, termed spinal shock, in the first
days to weeks after injury (Adams and Hicks, 2005). In the following weeks, spasticity-related
reflexes appear, such as the tendon reflex, the flexor withdrawal reflex, and the Babinski sign.
Maladaptive plasticity, e.g., enhanced excitability of motoneurons and interneurons as well as
axonal sprouting of la-afferents and the formation of new synapses onto motoneurons, is the
main target of current investigations (Elbasiouny et al., 2010), intending to recover lost spinal
inhibition via assisted movements, pharmacology, or electrical stimulation (D'Amico et al.,
2014).

Stroke

Stroke is one of the leading causes of long-term disability with a growing socio-economic
burden (Pearson-Stuttard et al.,, 2016). Among other symptoms of post-stroke motor
disorders, spasticity is a ubiquitous symptom with a prevalence that depends on the lesion
location and ranges from 4-27% in the first four weeks to 17-43% in the chronic phase three
months (Burke et al., 2013), and 37-40% 12 months after stroke (Opheim et al., 2014). Post-
stroke spasticity (PSS) is observed more frequently in the upper than lower extremities
(Lundstrom et al., 2010). PSS’s clinical characterization includes urinary incontinence and
impairments of gait, standing, sitting, and daily life tasks. Based on the location of the brain
damage, various studies have shown that it is possible to predict if and how severely spasticity
will occur (Picelli et al., 2014; Sunnerhagen, 2016) or the extent to which patients will recover
after a stroke (Shelton et al., 2001).

Multiple Sclerosis



Multiple Sclerosis (MS) is a complex neuroimmunological disease with to date unclear causes.
Due to progressive inflammatory demyelination of the central nervous system (CNS) and
neurodegeneration at the later stages of the disease, it is the leading cause of non-traumatic
disability among young adults. Symptoms include motor and sensory problems and depend on
the location of the lesion. They reach from mild symptoms like loss of sensitivity, over muscle
spasms to depression. The symptom that causes the severest disability in patients with
multiple sclerosis is spasticity, which in 80% of these patients is the leading cause of disability
(Patejdl and Zettl, 2017).

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease. The loss of motor neurons
results in progressive skeletal muscle weakness, atrophy, and, eventually, death due to
respiratory muscle paralysis (Chio et al., 2012). The continuous degeneration of descending
motor pathways of the spinal cord and the motor neurons in the anterior horn results in flaccid
paralysis and simultaneous increase in muscle reflexes. Worldwide, the number of ALS patients
is around 230,000 and expected to increase in the next decades due to the demographic
change in aging societies (Arthur et al., 2016). About 40% of the patients with predominant
upper motor neuron degeneration during ALS develop spasticity (Chio et al., 2011a). Combined
electrophysiological and spinal diffusion tensor imaging (DTI) demonstrated a loss of large

axons, and thus indicated a subclinical deficit in 85% of patients with ALS (Iglesias et al., 2015).

Therapy

Effective management of spasticity is necessary to reduce its devastating long-term effects.
However, it is crucial to keep in mind that there is no therapy to cure spasticity and that the
current therapies can be accompanied by considerable side effects such as muscle weakness.
Furthermore, it can also be beneficial to maintain a certain level of spasticity, as increased
muscle tone can have advantages when walking or standing. The current treatment is mainly
focused on the reduction of symptoms and the improvement of mobility through
physiotherapy. At present, the most common pharmacological therapy includes local
intramuscular injections of the neurotoxin botulinum toxin to block synaptic transmission
(Ward et al., 2003) and intrathecal targeting of the GABAergic receptors using the agonist
baclofen (Heetla et al., 2014). Studies using neuromodulatory approaches (e.g., transcranial

magnetic stimulation) that target the maladaptation of the system following the initial event



(e.g., stroke, SCI) remain scarce to date. Overall, low-frequency repetitive transcranial
magnetic stimulation (rTMS) and cathodal transcranial direct current stimulation (tDCS)
through the non-lesional hemisphere seem to be effective, especially when combined with
other conventional therapies such as physiotherapy (Leo et al., 2017). Finally, neurosurgery
provides transient and permanent denervation procedures, e.g., by localized injection of a
neurolytic agent to cause demyelination and axonal destruction (Gras and Leclercq, 2017), or

non-selective dorsal rhizotomy as well as peripheral neurotomy (Warsi et al., 2020).

Mouse models of spasticity

The first experiments studying spasticity were based on animal models using cats and rats (Ritz
et al., 1992). In mice, spasticity is understudied, although mouse models are widely used for
the investigation of the pathomechanisms underlying spasticity-relevant neurological
disorders (Genc et al., 2019). We identified a limited number of studies using mice to model
spasticity related to stroke, multiple sclerosis, amyotrophic lateral sclerosis, spinal cord injury
and genetic manipulation (Table 1).

Stroke

Depending on the size and location of the lesion, stroke often leads to an imbalance of
excitatory and inhibitory neuronal activity resulting in spasticity (Sunnerhagen, 2016). To date,
only two studies have shown spasticity in the rostral and caudal forelimb area after cortical
lesions induced by photothrombosis (Lee et al., 2014; Toda et al., 2014). In these studies, the
rate-dependent depression (RDD) of the H-reflex in the affected and unaffected little finger
muscle (abductor digiti minimi) was measured over eight weeks. As a result of the cortical
lesion, the excitability of the affected muscles was increased compared to the sham-operated
mice, and RDD was reversed by the anti-spastic drug baclofen one week after stroke induction.
However, apart from the change in RDD over time, this model did not show correlations with

the behavior.

Multiple Sclerosis

In experimental autoimmune encephalomyelitis (EAE), the mouse model of multiple sclerosis,
spasticity spontaneously develops over weeks and months, as shown by several studies
(Burrows et al., 2019; McCarthy et al., 2012; Robinson et al., 2014). The EAE model is a T-helper

cell-mediated autoimmune disease characterized by monocyte and T-cell infiltration into the



CNS, followed by local inflammation, which results in primary demyelination of axonal tracks,
impaired axonal conduction, and progressive hind-limb and lower body paralysis (Robinson et
al., 2014). A combination of melatonin and baclofen (Ghareghani et al., 2018a), as well as CB;
cannabinoid receptor agonists, showed promising results in ameliorating spasticity and tremor

(Pryce and Baker, 2007).

Amyotrophic lateral sclerosis

As mentioned above, ALS impedes voluntary movements of the affected muscles and leads to
paralysis or death within 2 to 5 years of diagnosis (Mitchell et al., 2010). ALS is related to several
genes (Chia et al., 2018) and different mutations in the mitochondrial DNA (Borthwick et al.,
2006). Common genetic mouse models include for example: superoxide dismutase 1 (SOD1)
(Gill et al., 2019), TAR DNA-binding protein 43 (TDP-43) (Wils et al., 2010), ubiquilin-2 (UBQLN?2)
(Renaud et al., 2019), and alsin (ALS2) (Yamanaka et al., 2006). One common hypothesis for
the underlying motor neuron vulnerability is susceptibility to excitotoxicity and oxidative
damage (Robberecht, 2000). Treatment with A°-THC led to delayed ALS progression in SOD1
mice and increased survival (Weydt et al., 2005). Overexpression of SOD1 leads to a loss of
motor neurons, progressive paralysis, reduced lifespan, axonal denervation, and protein
aggregation in the mouse model and ALS patients (Philips and Rothstein, 2015). There is also
evidence for degeneration of serotonergic neurons in the brainstem and spinal cord before
that of motor deficits (Fink, 2013). TDP-43 mice show a dose-dependent degeneration of
cortical and spinal motor neurons leading to spastic quadriplegia as in ALS patients. Like ALS
patients, TDP-43 mice accumulate ubiquitinated and phosphorylated TDP-43 in the nucleus
and cytoplasm (Wils et al., 2010).

Spinal cord injuries

In animal SCI models, mostly rats (Zhang et al., 2014), which focus on the cervical region, the
white matter disruption leads to spastic paralysis below the injury. A transection is uncommon,
and the experimental contusion model is more comparable to the situation in humans
(Hodgetts et al., 2009). The Basso Mouse Scale (BMS), an open-field locomotion test to analyze
locomotion and hindlimb functions as well as gait abnormalities (Basso et al., 2006), allows
assessing functional recovery in the mouse SCI model. Spinal-to-sciatic direct current
stimulation (DCS) has been used in mice with SCI to reduce muscle hypertonia and hypotonia

(Ahmed, 2014).



Genetic spasticity models not related to neurological disorders

The spastic mouse was discovered by random breeding (Chai, 1961). It carries a single-locus
recessive mutation on chromosome 3 and develops a tremor as well as abnormal gait and
reflexes within the first three weeks after birth. It was well characterized electrophysiologically
(Biscoe and Duchen, 1986; White and Heller, 1982) and has been used for pharmacological
studies (Biscoe and Fry, 1982). A significant finding was that spasticity results from a lack of
glycinergic and GABAergic inhibition and, thus, an imbalance of inhibitory and excitatory
activity in the spinal cord (Biscoe et al., 1984). Consistent with these findings, drugs that
enhance synaptic GABA-ergic action reduce spastic symptoms in the spastic mouse (Becker et
al., 1986; Biscoe and Fry, 1982). The gait of the spastic mice was described by short hind leg
stride length (“hopping”) and short footprint length (tiptoe walking) with periodic tremors
during walking compared to the wild-type controls.

Other genetic mouse models focus on the effects of Selenoprotein P (SEPP), a selenium-rich
plasma protein. SEPP delivers selenium from the liver to the brain. The groups of Hill (Hill et
al., 2003) and Schomburg (Schomburg et al., 2003) produced mice with deletion of the SEPP
gene and observed that the SEPP7- mice had lower brain selenium concentrations than SEPP*/-
and SEPP** and developed neurological dysfunction including spasticity with extended limbs
and an inability to walk. The potassium-chloride cotransporter 2 (KCC2) is also suspected of
contributing to the development of spasticity. KCC2 is a significant chloride extruder and
responsible for maintaining the chloride homeostasis in mature neurons (Chamma et al.,
2012). A downregulation of KCC2 has been demonstrated in amyotrophic lateral sclerosis
(Fuchs et al., 2010), neuropathic pain (Coull et al., 2003), and cerebral ischemia (Jaenisch et al.,
2010). Further, the down-regulation of KCC2 seems to contribute to spasticity after SCI

(Boulenguez et al., 2010).

Challenges for investigating spasticity in mice

Compared to other aspects of the upper motor neuron syndrome or spasticity-relevant
neurological disorders in general, the research output on spasticity in mice is minimal. There
seems to be an experimental roadblock, which impedes further studies. We believe that there
are three fundamental challenges for investigating spasticity in mice, which need to solved to
generate reliable mouse models: 1) a standardized neuroscore, e.g., based on behavioral

assessments optimized for specific neurological disorder models, 2) a standard protocol for the



H-reflex measurement and analysis, and 3) a better understanding of the common and
differential roles of the pyramidal and extrapyramidal tracts between mice and humans in

(recovery of) motor control.

Behavioral scoring

According to our literature research, there is no standard measure in rodents — especially in
mice. Reports of clinical signs of spasticity such as a flexed elbow and forepaw are rare (Baker
et al., 2000). Despite the genetic model, i.e., the spastic mice, characterized by a reduced
muscle growth compared to wild type mice (Ziv et al., 1984), there are no reports in mice that
investigated muscle spasms or increased muscle tone using force measurements and
electromyographic recordings, as it has been reported in the well-established spastic rat tail
model (Bennett et al., 1999). Furthermore, unlike in rats, where, for example, the swimming
test was used to monitor spastic behaviors (Ryu et al., 2017), behavioral tests evaluating
spasticity are lacking in mice. Several attempts have been made to quantify the behavioral
deficit with other indirect measures, e.g., the gait (A. Vignaud, 2019). However, there is no
standardized protocol or composite scoring available that would allow researchers to rate the
spasticity level in a particular mouse model as it can be done with the Ashworth Scale in
patients. To overcome this limitation, a test battery for motor control should be used that
shows impairments and recovery over several weeks to months and includes tests for
locomotion, strength, balance/coordination, and endurance. Despite the obvious differences
in behavioral assessment between mice and humans, e.g., considering walking or task-related
movements, there is considerable overlap of cellular mechanisms to allow finding cross-
sectional changes in motor function, as it has been done for age-related changes in motor
function (Justice et al., 2014). Notably, the validity of the neuroscore derived from these

measures requires validation against clinical measures and multiple spasticity-related diseases.

Electrophysiology

In order to discriminate spasticity-related impairment from the primary disease-related
impairment, electromyography (EMG) and electrophysiological measurements (H-reflex) are
required. In anesthetized rats, it is possible to measure the muscle resistance in the lower limb
during a step-by-step ankle rotation with variable velocity using simultaneous EMG recordings

(Kakinohana et al., 2006). Such a system could provide a quantitative assessment with fewer



variables and sources of errors than a battery of behavioral tests. However, such a system is
not yet established in mice, and the effects of muscle relaxant anesthetics need to be
considered. Similarly, the H-reflex measurement and analysis is not straightforward. According
to our own experience, measuring the H-reflex in patients is time-consuming and rarely used
in clinical routines. Targeting the upper or lower limb nerves with needle electrodes in mice is
even more difficult and variable, which could explain why we found only a few studies with
EMG recordings included. Notably, custom-made and lightweight implantable nerve cuffs,
wires, and tethers permit long-term continuous recordings of spontaneous and nerve-evoked
EMG in mice (Carp et al., 2005). However, the electrode setup requires a difficult surgery and
has not become a standard measurement to date. Furthermore, there is no standardized
measurement protocol available so far. In mice and rats, the M-wave is often recorded at lower
stimulus intensities and thus appears before the threshold for the generation of the H-wave is
reached (Matthews, 1966). The reason for this observation remains unclear but may originate
from different axonal diameters between these two species and humans. Besides, in mice and
rats, the H-wave sometimes does not disappear at maximum M-wave amplitudes. This finding
may result from the F-wave interference, which is caused by a returning action potential from

the soma of the motor neurons after antidromic a-MN stimulation (Magladery and Mc, 1950).

Descending motor pathways

Finally, the current approaches to induce spasticity in mice might be impaired by the notion
that it is necessary to target the same descending fiber tracts as in the human. However, the
CST in humans seems to play a greater role in the development of spasticity than in rodent
models, and its function must be understood first (Lemon, 2010; Welniarz et al., 2017). The
macaque (pyramidal) corticospinal tract (CST) originates to 30%-40% from the primary motor
cortex and to 60-70% from the supplementary motor area (SMA), premotor cortex (PMA),
parts of the somatosensory areas (S1 and S2) and parts of the posterior parietal cortex
(Moreno-Lopez et al., 2016). The CST is essential for voluntary movement and in higher
primates for the hand dexterity control (Tohyama et al., 2017). A recent viral tracing study in
mice suggests that in contrast to higher primates, connections between the motor cortex and
motor neurons in the spinal cord are monosynaptic only until postnatal day 14. In the mouse,
these cortico-motorneuronal (CM) connections start to form but become actively eliminated

by Sema6D-PlexA1l signaling during development (Gu et al., 2017). One possible explanation



for the different CM connections in mice comparison to higher primates may be that increased
manual dexterity confers no fitness advantages to quadrupedal animals. The topography of
the descending CST is different between rodents and higher primates. The descending
trajectories in higher primates run within the ventral and lateral funiculi of the spinal cord,
whereas they run within the dorsal funiculu in rodents (Lemon, 2008). Furthermore, the
amount of CST axons, that cross the midline at the level of the pyramids in the medulla varies
across species, ranging from 80%-95% in rodents (Joosten et al., 1992), 90% in cats (Armand
and Kuypers, 1980), 85%-90% in macaque and rhesus monkeys (Rosenzweig et al., 2009), to
75%-90% in humans with a high amount of interindividual differences (Jang, 2014). The
remaining uncrossed part of the CST plays a clinical role for motor recovery, e.g., after stroke
(Carmel and Martin, 2014). Unilateral absence of the CST input, caused by stroke or other
lesions, can lead to downstream functional and morphological changes at the level of the spinal
cord (Karbasforoushan et al., 2019). Most importantly, the imbalance of the corticospinal tract
and the vestibulo- and reticulospinal tract contributes to spasticity, specifically the
exaggerated stretch reflex in humans (Oudega and Perez, 2012; Sangari and Perez, 2019).
Selective damage to the pyramidal tract only produces weakness, loss of dexterity, hypotonia,
and hyporeflexia, but no spasticity (Bucy et al., 1964). However, lesions, e.g. in the anterior
limb of the internal capsule with fibers from premotor areas, tend to be associated with
spasticity (Trompetto et al., 2014). As described above, only the premotor cortex has direct
control over the dorsal reticulospinal tract (RST) by inhibiting the spinal reflex circuit, which is
different from the excitatory inputs of the medial RST and vestibulospinal tract (VST). Similar
studies are not available in rodents, particularly in mice. The origin and location of the
reticulospinal and vestibulospinal tract were only described in cats and only recently supported
by detailed tracing studies of the location and topography in the spinal cord (Watson and
Harrison, 2012). Although the spinal tract anatomy — excluding the CST —is believed to be very
consistent across vertebrates, it remains to be shown that the interplay of inhibitory and
excitatory inputs to the spinal reflex circuits act similarly - especially after lesions and/or

degeneration.

Conclusion and outlook



The molecular basis and the pathophysiology of spasticity are complex and incompletely
understood. Further, to date spasticity treatment remains insufficient, with many patients
being left with a severe disability. There is already a well-described mouse model available for
almost all spasticity-related neurological disorders, either by genetic engineering or localized
lesioning. However, since the discovery of the spastic mouse more than 30 years ago, only a
minority of studies were carried out to target spasticity, especially related to stroke.
Experimental modeling of spasticity in mice remains tricky due to an incomplete understanding
of the differences in the role of descending fiber tracts for motor control, and no consensus or
extensive evaluation of behavioral and electrophysiological scorings. Future studies are
needed to assess all relevant aspects of spasticity with standardized readouts for the
behavioral and electrophysiological evaluation that can be applied longitudinally for several
weeks to months in large cohorts. By overcoming the current experimental hurdles of
spasticity in mice, future studies would benefit from the rich portfolio of cutting-edge
neuroscience tools such as viral tracing and optogenetics, for the anatomical and functional
dissection of spasticity-related circuits in the mouse model (Wahl et al., 2017) (Liske et al.,
2013). For example, these tools could be used to evaluate the modulation of the reticulospinal
tract as suggested by clinical studies to improve motor recovery by reducing the excitability
and connectivity in overactive neural circuits such as the stretch reflex (Moritz, 2018).
Furthermore, molecular imaging and genetic targeting in the mouse model could provide a
way to unravel how the neuroinflammatory response affects the development of spasticity,
for example by longitudinal in vivo imaging of microglia by positron emission tomography (PET)
or bioluminescence imaging (Belloli et al., 2018) (Collmann et al., 2019). The time profile of
neuroinflammation assessed with such an imaging approach combined with a selective
depletion of microglia (Elmore et al., 2014) could be used, for example, to investigate the
beneficial effects on spasticity by reducing inflammation as suggested in clinical studies of
immunotherapy to treat MS (Patejdl and Zettl, 2017) (Bergamaschi et al., 2011).

Spasticity-related biomarkers identified by experimental studies will be essential to validate
clinically-relevant signs of spasticity when developing novel, urgently needed therapies that

target the underlying pathophysiology.



Table 1: Mouse models of spasticity

Multiple Sclerosis

Amyotrophic lateral

Genetic mice models

Spinal Cord
Injury (SCI)

(EAE model)

sclerosis (ALS)

Disease | Strain Measurement Phenotype Treatment Ref.

o C57BL/6) RDD (H-reflex) - - (Toda et al., 2014)
°

& C57BL/6) RDD (H-reflex) - Baclofen (Lee et al., 2014)

Force measurement Tremor with a Cannabinoid
Biozzi of the leg, visual persistent frequency receptor
- agonist(R(+)-WIN (Baker et al., 2000)
ABH control of tail of ~40 Hz
flicking and curlin 33,212; THC
g g methan-andamide
- . (Ghareghani et al.,
C57BL/6 Clinical score Melatonin, Baclofen 2018b)
C57BL/6, . . i
Mir21-- Clinical score - THC; CBD (Al-Ghezi et al., 2019)

No changes in motor

hSODG93A Rotarod . - (Weydt et al., 2005)
behavior
SOD1686R EMG of the tail Albno.rmal gaitar?d THC (Raman et al., 2004)
muscle hindlimb paralysis
Footprint pattern Abnormal limb reflex
hTDP-43 ) (only visual - (Wils et al., 2010)
analysis .
description)
hsopessa | Open Field, Nerve - - (Modol et al., 2014)
conduction test
Walk in short
Spastic steps/tiptoe,
mice Only descriptive interlock hind feet, - (Chai, 1961)
(Spa) lack facility in
swimming
Rapid limb/tail
Spastic EMG recording of tremor, toe-walking
mice flexor muscle of the gait, lack of flexibility ) (Heller and Hallett,
(Spa) proximal hindlimb of trunk movements, 1982)
and forelimb difficulty in regaining
upright posture
Diazepam,
flunitrazepam,
Spastic p.henobarbitone,'
mice EMG,Of the - dlphenylhy('jantom, (Biscoe and Fry, 1982)
(Spa) hindlimbs bromocriptine,
baclofen,
benztropine,
sodium valproate
shorter short stride
Neuroscore, Stride patterr.1, decreased
Sepp /- pattern analysis, pole climb score, and - (Hill et al., 2004)

Rotarod, Pole climb

rotarod when fed
with selenium-
deficient diet

(Boulenguez et al.,

. } _ -
Slc12a5*/ RDD (H-reflex) 2010)
Spinal to sciatic
-1 direct current ) . (Ahmed, 2014)

stimulation, Stretch-
induced




nerve/muscle
response, H-
reflex, Cortically
evoked potentials,
Sciatic nerve
excitability
Injection of
botulinum toxin in
C57BL/6 - the ipsilateral (Salga et al., 2019)
hamstring
EMG in the ventral (Bellardita et al.,
C57BL/6 part of the tail i i 2017)
RDD (H-reflex), Repeated anodal
Dorsal root Changes of the peak . .
) trans-spinal direct (Mekhael et al.,
CD-1 potential, Ground paw area to the current stimulation 2019)
locomotion test, contralateral paw
Ladder-wheel (a-tsDCS)
xlg:#?e Nimodipine (FDA-
HoxBSCfe’ EMG of the ventral i approved L-type (Marcantoni et al.,
Cacnald: part of the tail calcium channel 2020)
eGFPFlex blocker)

Abbreviations: EAE (Experimental Autoimmune Encephalomyelitis), CBD (Cannabidiol), RDD (Rate-dependent depression),
THC (A®-tetrahydro-cannabinol)
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