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INTRODUCTION

Movement requires the contraction of muscles, which generate forces on bones and ultimately
move joints. The human body comprises hundreds of joints and muscles, enabling a high degree
of movement complexity. This diversity of movement relies on a highly complex “system of
command”: the central nervous system and its almost 100 billions of neurons. Damage to the
central nervous system disrupts this command and leads to significant movement impairments,
as observed after stroke and spinal cord injury (SCI), the two conditions investigated in this

thesis.

How can we make sense of damage affecting several billion neurons, all more or less intercon-
nected and linked to the rest of the nervous system? In particular, where should we look within
the central nervous system to explain the limited motor behaviour observed after injury? A wide
range of methodological approaches address how brain and spinal networks are altered. How-
ever, translating this knowledge into understanding of behavioural impairment requires to de-

scribe how information from these networks is integrated into a coordinated motor output.

All motor commands ultimately converge on motoneurons, which ultimately drive muscle con-
traction (Heckman & Enoka, 2012). Accordingly, spinal motoneurons that innervate muscle
fibres (a-motoneurons, referred to simply as a motoneuron in this thesis) have been referred to
as the “final common pathway” of the motor system (Liddell & Sherrington, 1925). This raises
the question of how a lesion of the central nervous system, affecting massive and interconnected
networks, translates into specific output alterations. Thus, motoneurons constitute a special site
for quantifying alterations that underlie motor impairments. The assessment of motoneurons
has a history spanning more than a century. However, a methodological shift occurred in the
2010s with the advent of electromyographic decomposition of individual motoneuron behav-
iour from high-density recording (Farina & Holobar, 2016; Negro, 2016). This approach now
enables the non-invasive assessment of the activity of tens of motoneurons, opening up the

possibility of population-level analyses of motoneurons.

Beyond improving quantification of motoneurons behaviour, access to large populations of mo-
toneuron activity provides indirect insight into motor command organisation. Indeed, the dif-
ferent types of inputs converging onto the motoneuron leave specific signatures in motoneuron

behaviour. This makes it possible to infer key aspects of the synaptic inputs and to determine



how the inputs shaping motoneuron firing behaviour differ between individuals with stroke or
SCI and those of healthy controls (Beauchamp, Pearcey, et al., 2023; Chardon et al., 2024;
Johnson et al., 2017; Powers & Heckman, 2017). Therefore, this perspective begins at the final
stage of the motor system and moves upstream towards the inputs underpinning it. Although
not exhaustive of the processes leading to motor output, it uniquely informs on the final effec-

tive inputs influencing motoneurons.

The “types of inputs” referred to here are the three categories of synaptic inputs that determine
whether and how motoneurons discharge. The first, and historically the earliest identified, are
excitatory and inhibitory inputs. Excitatory inputs are required to activate motoneurons and
their intensity further regulates the level of motoneuron activity. Conversely, inhibitory inputs
oppose excitatory inputs by restraining motoneuron activity. Both of these influences are driven
by multiple motor pathways. The third category comprises neuromodulatory inputs. Although
originating from a single descending pathway, these inputs alter the input—output relationship
of motoneurons and are therefore critical for integrating synaptic inputs into motoneuron out-
put. Importantly, neuromodulatory inputs leave identifiable signatures in motoneuron dis-
charge, facilitating the inference of synaptic command from motoneuron activity (Chardon et
al., 2024). This framework now provides a unique opportunity to investigate how alterations in
motor pathways following central nervous system damage reorganise the synaptic inputs re-

ceived by motoneurons during voluntary contractions, thereby constraining motor output.

The overall aim of this thesis was to improve understanding of synaptic input organisation in
individuals with stroke and SCI during voluntary contraction in plantar flexor muscles, with

particular emphasis on muscle length.

This document includes four main sections. The first section presents a literature review on: (1)
movement impairments after SCI and stroke, with emphasis on paresis and muscle length; (2)
the descending and spinal control of motoneurons in health and after SCI and stroke; and (3)
synaptic inputs to motoneurons and their integration. The second section describes the overall
experimental methods used in the experimental studies. The third includes the three experi-
mental studies conducted during the PhD. The fourth section provides a general discussion of

the findings, their implications, and future directions for research in this field.



LITERATURE REVIEW

N PART 1: MOVEMENT IMPAIRMENTS AFTER SCI AND
STROKE WITH EMPHASIS ON PARESIS AND MUSCLE LENGTH

1. Essentials on epidemiology, pathophysiology and classification

1.A. SCI

1.A.1 Definition and epidemiology

The term SCI refers to damage to the spinal cord. SCI can cause paralysis, sensory disorders,
pain, bladder and bowel dysfunction, respiratory impairment and troublesome dysautonomia,
with subsequent disability and impact on quality of life. SCI can have traumatic or non-trau-
matic causes. By definition, traumatic causes result in acute onset, whereas non-traumatic
causes may present with acute, subacute, or chronic onset. Traumatic causes include motor ve-
hicle accidents (36—48%), violence (5-29%), falls (17-21%), and recreational activities (7—
16%) (Kang et al., 2017; McDonald & Sadowsky, 2002). Non-traumatic causes include degen-
eration (e.g., spinal stenosis), infection, transverse myelitis, tumour compression, and vascular

ischaemia (McDonald & Sadowsky, 2002).

In developed countries, and depending on the study, the incidence for traumatic SCI ranges
from 13.1 to 163.4 per million population, the prevalence from 490 to 526 per million, and
mortality from 3.1% to 22.2% (Kang et al., 2018). Some estimates suggest that the prevalence
of non-traumatic spinal cord injuries is more than four times that of traumatic injuries, but it
remains difficult to measure because of heterogeneous aetiologies (McDonald & Sadowsky,
2002). SCI imposes substantial economic costs. For example, the average lifetime cost per per-
son with traumatic spinal-cord injury is between US$500 000 and $2 million, depending on
factors such as extent and location of injury; and total direct costs of caring for individuals with

spinal-cord injury exceed $7 billion per year in the USA (DeVivo, 1997).

A recent study conducted in France and benefiting from the The French Public Health Insurance
database allowed precise estimation of different features (Duchaine et al., 2024). In 2019, 140
000 persons were living with SCI in France, 20 000 being confirmed as post-traumatic SCI (and

up to 55 000 but with a certain degree of uncertainty) of whom 70 % were paraplegics and 30



% tetraplegics; 44.2 % were women and median age was 57 [IQR 44-70]. The age at first
identification of a SCI showed 3 peaks for 3 clusters of subpopulations (around 0; 20; and 50
years old). Regarding the etiology, the most important category was the acquired non-traumatic
subgroup (n=62 561, 46.7%), followed by the symptomatic (i.e., no defined etiology) subgroup
(n=34 590, 25.8%), and traumatic (n=21 459, 16.0%). Congenital, genetic and tumours ac-
counted respectively for 6.6%, and 2% each of the overall population. Women prevailed over
men in congenital and tumoral categories (57 and 54% respectively) and men were largely over-

represented in the traumatic category (67%) (Fig. 1).
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Figure 1. Epidemiology of SCI. Age and sex repartitions at first identification within the time-period
20122019 by the algorithm (left) and age repartition of the SCI population by cause (rvight). Adapted
from Duchaine et al. (2024).

1.A.2  Pathophysiology

Initial mechanical trauma includes traction and compression forces. Direct compression of neu-
ral elements by fractured and displaced bone fragments, disc material, and ligaments injures
both the central and peripheral nervous systems. Blood vessels are damaged, axons disrupted,
and neural-cell membranes broken. Microhaemorrhages occur within minutes in the central
grey matter and spread radially and axially over the next few hours. In case of extended initial
damage, within minutes, the spinal cord swells to occupy the entire diameter of the spinal canal
at the injury level. Secondary ischaemia, potentially extensive, results when cord swelling ex-
ceeds venous blood pressure. Autoregulation of blood flow ceases, and spinal neurogenic shock
leads to systemic hypotension, thus exacerbating ischaemia. Ischaemia, release of toxic chem-
icals from disrupted neural membranes, and electrolyte shifts trigger a secondary injury cascade
that substantially compounds initial mechanical damage by harming or killing neighbouring
cells (McDonald & Sadowsky, 2002). Secondary injury involves cell death through excitotox-
icity, a phenomenon from which knowledge comes largely from stroke and will thus be de-

scribed in the pathophysiology of stroke section.



The spinal cord is composed of neurons (motoneurons, interneurons) that notably receive inputs
from descending centres (corticospinal, reticulospinal — detailed in Part 2). These descending
inputs remain intact above the lesion, but are reduced at the lesion epicentre due to axon dis-
ruption and/or demyelination (Fig. 2). Spinal segments below the injury may receive no de-
scending inputs or a more or less preserved inputs, leading to paresis. At the damaged spinal
levels, motoneuron death will induce denervation, although axons of functional or paralysed
motor units may sprout to recover muscle innervation. Ascending input is often intact below
the lesion. Spinal segments above the lesion and supraspinal structures receive less or no as-

cending input (Thomas et al., 2014).
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Figure 2. Schematic physiopathology of spinal cord injury. Motor function remains intact above the
lesion (right). At the lesion epicentre, there is disruption and demyelination of axons (white matter), as
well as neuron death (grey matter). This reduces or eliminates descending (Motor) inputs to the lesion
epicentre and lower spinal segments, and ascending inputs (Sensory) to segments above the lesion and
supraspinal structures. Function of muscles innervated from damaged spinal levels will largely depend
on the fraction of motor units that remain under voluntary control vs. paralysed (partially paralysed
muscles, right). Adapted from Thomas et al. (2014).

1.A.3  Classification

For standardisation purposes, the American Spinal Injury Association introduced the ASIA Im-
pairment Scale (AIS) (Steeves et al., 2007). This scale includes sensory testing in twenty-eight
dermatomes, assessment of ten key muscles of the upper and lower limbs bilaterally, as well as

the assessment of motor and sensory anal function. It yields a five-grade classification, from



AIS A (most severe, complete lesions) to AIS E (recovery of normal function) (Table 1). Motor-
complete injuries (AIS A or B) are more frequent in traumatic SCI, whereas motor-incomplete
injuries (AIS C or D) predominate in non-traumatic SCI (Kang et al., 2018). Patients with AIS
grades A and D have the lowest (8.3%) and highest (97.3%) probability, respectively, of walking
independently one year after injury (EM-SCI Study Group et al., 2009).

The AIS notably defined (1) the sensory level, which is the most caudal dermatome with normal
function for both pin prick (sharp/dull discrimination) and light touch sensation; (2) the motor
level, which is the lowest key muscle function that has a grade of at least 3/5 (on manual muscle
testing) and all segments above that level are 5/5; and (3) the neurological level of injury, which
is the most cranial segment of the left and right sensory and motor level determined (Rupp et

al., 2021).

Table 1. ASIA impairment scale

Grade Description

A Complete; no sensory or motor function preserved in the sacral segments S4-S5

B Incomplete; sensory but not motor function preserved below the neurological leveland
extending through the sacral segment S4-S

C Incomplete; motor function preserved velow the neurological level; most key muscles
have a grade <3

D Incomplete; motor function preserved velow the neurological level; most key muscles
have a grade > 3

E Normal motor and sensory function

Incomplete SCI gives rise to distinct syndromes depending on the transverse localisation of the
lesion. Two such syndromes, identified in some participants of the PhD studies, are anterior
cord syndrome and Brown-Séquard syndrome. Anterior cord syndrome is characterised by
damage to the anterior two-thirds of the spinal cord (Fig. 3), typically due to reduced or absent
blood supply, often following flexion injuries (Rupp et al., 2021). The corticospinal and spino-
thalamic tracts are compromised, resulting in loss of motor function, pain, and temperature
sensation at and below the level of injury (Rupp et al., 2021). Light touch and joint position
sense are preserved. Brown-Séquard syndrome results from unilateral damage of the spinal
cord. It presents with ipsilateral loss of proprioception, vibration, and motor control at and be-
low the lesion, sensory loss at the level of the lesion, and contralateral loss of pain and temper-

ature sensation below the neurological level of injury.
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Figure 3. Major ascending and descending pathways. Cross-sectional spinal cord diagram illustrating
the main ascending and descending pathways (left) and specific SCI syndromes (right).

1.B. Stroke

1.B.1  Definition and epidemiology

The World Health Organisation defines stroke as a “neurological deficit of cerebrovascular
cause that persists beyond 24 hours or is interrupted by death within 24 hours”. The 24-hour
threshold distinguishes stroke from transient ischaemic attack, a related syndrome in which

symptoms resolve completely within 24 hours (Donnan et al., 2008).

Strokes are classified as ischaemic or haemorrhagic. The most common type is ischaemic
stroke, caused by interruption of blood flow to a specific brain region, and it accounts for ap-
proximately 80% of acute strokes (Thrift et al., 2001). The TOAST classification system iden-
tifies the mechanism leading to vessel occlusion (cardioembolic, artery-to-artery embolism, or
in-situ small-vessel [lacunar] disease) (Adams et al., 1993). In haemorrhagic stroke, the most
frequent mechanism is hypertensive small-vessel disease, leading to lipohyalinotic aneurysm
formation and subsequent rupture (Donnan et al., 2008). Because management differs substan-

tially between subtypes, their rapid clinical differentiation is a critical step in acute stroke care.

Stroke is the second leading cause of death worldwide, with an age-standardised mortality rate
of 75.9 deaths (67.8-83.5) per 100,000 population in 2023 (GBD 2023 — Naghavi et al., 2025).
The global prevalence is 93.8 million individuals, with an incidence of 11.9 million events per
year (GBD 2021 — (Feigin et al., 2024)). The major modifiable risk factors are hypertension,
diabetes mellitus, tobacco smoking, and hyperlipidemia, as well as lifestyle factors, such as

obesity, poor diet/nutrition, and physical inactivity (Guzik & Bushnell, 2017). Stroke induces



large costs. For example, the average lifetime cost per person of first strokes occurring is around
US$100 000 across all stroke subtypes and the corresponding aggregate lifetime cost associated
was $40.6 billion.

1.B.2  Pathophysiology

Interruption of blood flow with ischaemic stroke leads to a loss of blood supply to part of the
brain and induces primary cell death followed by secondary injury events, reactive tissue pro-
genitor responses, and formation of new neuronal circuits (Fig. 4). This progression is radial:
the tissue that suffers the infarct and secondary injury radiates signals out to the surrounding
tissue, including free radicals, inflammatory cytokines, and synchronised electrical activity.
Thus, stroke can be conceived as a site of complete cellular death surrounded by zones of dam-
age and of tissue reorganisation. In addition to the radial diffusion of signals from the injured
region to surrounding intact tissue, damage signals in stroke are relayed through neuronal con-
nections. This is because dying tissue includes both the axons of distant neurons that projected
to that tissue and the projections of neuronal cell bodies located within the dying area. This
means that dying neurons relay signals of their death through their degenerating connections to
distant sites like ipsilesional motor cortical areas, basal ganglia, brainstem, and thalamus or

even spinal cord (Carmichael, 2016).

The initial cell death is due to neuronal excitotoxicity. Neurons devote a substantial amount of
energy to maintain ion gradients through the sodium/potassium pump, for this gradient is
needed to fire action potentials. When ischaemia depletes adenosine triphosphate (ATP), neu-
rons cannot maintain this sodium/potassium gradient, which results in depolarisation that opens
voltage-dependent calcium channels. Excessive calcium in the cell leads to dysfonction of mi-
tochondria, proteolysis, lipolysis and DNA degradation, ultimately resulting in cell death. This
process is called neuronal excitotoxicity and is quickly irreversible (Carmichael, 2016). How-
ever, the tissue around the infarct core has reduced blood flow but is not yet irreversibly dam-
aged. Tissue repair and recovery depend in large part on what happens adjacent to the stroke
core and preserving this area is a main objective in the emergency stroke care (Rosso & Samson,
2014). In this context, the ischaemic penumbra designates the brain tissue that is not initially
damaged by stroke but will progress to infarction over time if therapy is not initiated. Im-
portantly, secondary injury cascades occur in the penumbra with a paradoxical effect: signals
that mediate cell death during the acute stage of stroke might in fact promote repair during the

recovery phase through neurogenesis, axonal sprouting and new connections (Lo, 2008).
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Figure 4. Schematic physiopathology of stroke. (1) The events from damage to repair can be conceived
as a continuum. Below the arrow, each horizontal row progresses, from top to bottom, to an increasingly
small scale of event, from stages of tissue responses down to molecules within these responses, and
organises these along a timeline. All events can be organised on a macro scale into stages of initial
damage, secondary damage, and repair. At the other end of the spectrum, distinct classes of molecules
participate in each point along the time continuum of stroke. (B) Stroke damage and secondary injury
is relayed from the stroke core in a radial manner into peri-infarct tissue. Stroke kills not only neurons
in the stroke core but also their axons, which means that degenerating axons and lost synaptic contacts
occur in the brain areas and more distantly connected areas, including the spinal cord. Adapted from
Krakauer & Carmichael (2017).

Haemorrhagic stroke can also cause primary and secondary brain injury. The immediate effects,
such as hematoma expansion and the consequent increase in intracranial pressure, lead to pri-
mary injury, whereas subsequent effects, such as inflammation, contribute to secondary injury.
Inflammation is characterised by the accumulation and activation of inflammatory cells and
mediators within the haemorrhagic brain. Intracerebral haemorrhage allows the immediate in-
filtration of blood components, including red blood cells, leukocytes, macrophages, plasma
proteins into the injury site. The inflammatory response that follows this infiltration involves
inflammatory mediator release, protease activation, microglia and astrocyte activation, brain

tissue breakdown, and repair (Li et al., 2010).
1.B.3  Classification

The human brain can be subdivided into a mosaic of anatomically and functionally distinct,
spatially contiguous areas (Glasser et al., 2016). Consequently, strokes present as stereotyped
clinical syndromes reflecting reduced blood flow to specific brain regions that correspond to
neurological findings. As this thesis focuses on distal lower-limb muscles, only a limited num-

ber of stroke locations are relevant to such paresis (Fig. 5). The primary motor cortex



representation of the lower limb is located on the medial surface of the frontal lobe, within the
paracentral lobule. This region is supplied predominantly by the anterior cerebral artery. How-
ever, lower-limb muscles may also be affected by extension of infarction in another vascular
territory, typically the middle cerebral artery, either through involvement of the ischaemic pe-
numbra (Lo, 2008) or expansion of a haematoma in haemorrhagic stroke. In addition, limb
muscles may be affected by subcortical lesions, particularly of the internal capsule, through
which descending corticospinal fibres pass. Lesions of the left hemisphere produce right-sided
lower-limb deficits, and vice versa. Deficits typically affect one side of the body, referred to as
hemiparesis, in contrast to spinal cord injuries, which are often bilateral, reflecting the anatom-

ical narrowness of the spinal cord.
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Figure 5. Main regions associated with plantar flexor paresis following stroke. Paresis of the plantar
flexors can result from stroke in the anterior cerebral artery, which supplies the lower-limb representa-
tion of the primary motor cortex, or from extension of infarction into another vascular territory, typically
the middle cerebral artery. In addition, stroke affecting the internal capsule, through which descending
pathways such as the corticospinal and corticoreticular tracts pass, can also lead to plantar flexor pa-
resis.




2. Voluntary movement impairment after SCI and stroke

As separate entities, SCI and stroke have been presented independently. However, they share
several common features related to impairments in voluntary movement and will therefore be

addressed together below.

2.A. Definition of movement impairment

The World Health Organisation, in collaboration with the International Society of Physical and
Rehabilitation Medicine, developed the International Classification of Functioning, Disability
and Health in 2001 (Leonardi et al., 2022). At the highest level, the classification distinguishes
between functioning and disability. These are complementary terms: one emphasises gains and
the other losses across three hierarchical levels: impairment, activity limitation, and participa-
tion restriction. Impairment refers to problems in body structure or function. Activity limitation
denotes reduced ability to perform a task or action. Participation restriction, which replaced the
term handicap, refers to reduced involvement in social situations. Following stroke or SCI,
muscle weakness may be compensated for by use of the less affected limb or assistive devices,
thereby limiting activity restriction. Activity limitation may in turn restrict participation; how-
ever, compensatory strategies (e.g., wheelchair use) may mitigate participation restriction. In
contrast, repair and reorganisation mechanisms primarily operate at the impairment level, which

is the focus of this thesis.

2.B. Weakness

In motor impairment following SCI or stroke, deficits include reduced force generation (weak-
ness) and impaired motor control such as speed, accuracy or coordination. Weakness is arguably
the most prominent component of the motor phenotype. For example, in the NIH Stroke Scale
(NIHSS), motor items primarily assess strength rather than control; the same applies to the
ASIA assessment for SCI. Several arguments support this emphasis. Methodologically, weak-
ness is straightforward to quantify, which favours its clinical use. In addition, weakness is the
dominant contributor to movement impairment in the acute phase, whereas motor control defi-
cits often emerge later, alongside plastic reorganisation (Hiersemenzel et al., 2000; Levin et al.,
2009). Moreover, motor control presupposes sufficient force production; without strength, co-
ordination cannot be meaningfully expressed. Weakness therefore constitutes the foundation of

other dimensions of movement impairment. Notably, plantarflexion weakness, which is the



focus of this thesis, leads to a substantial loss of forward propulsion during walking and is
commonly observed in both pathologies (Dorsch et al., 2016; Moore et al., 2015; Williams et
al., 2019).

2.B.1 Paresis

Weakness results primarily from impairment of upper motor neurons, which limits muscle ac-
tivation. To characterise the deficit in voluntary muscle activation, we use the term “paresis”.
The most appropriate method to quantify the neural component of weakness (i.e., paresis) is the
application of supramaximal electrical stimulation during maximal voluntary contraction
(twitch interpolation). The ratio of peak voluntary torque to peak superimposed torque provides
an estimate of voluntary activation (%), which is distinct from intrinsic muscle strength. This
assessment has been performed in individuals with incomplete SCI, showing substantial deficits
in plantar flexors, with voluntary activation levels of 53 + 6% on the less affected side and 36
+ 8% on the more affected side (Jayaraman et al., 2006). Similar findings have been reported
for the knee extensors (Jayaraman et al., 2006; H. E. Kim et al., 2015) and the flexor carpi
radialis (Lin et al., 2012). In stroke plantar flexors, voluntary activation on the paretic side has
been reported as 48.5 £ 36.9% (range 0-92%), compared with 96.8 £ 1.9% on the non-paretic
side (Klein et al., 2010a). Deficits appear less severe in the knee extensors (Hsiao, 2001; Miller
et al., 2009). Notably, Hsiao (2001) assessed bilateral quadriceps activation and strength during
the first six months following stroke and observed significant improvements in strength,

whereas gains in activation, therefore in paresis, were modest and not statistically significant.
2.B.2  Changes in mechanical properties

Weakness may also be exacerbated by changes in mechanical properties of muscle and tendon
secondary to denervation and inactivity (Ng & Shepherd, 2000). These include alterations in
the determinants of strength in the agonist muscle or increased resistance to movement due to
antagonist contracture (Gracies, 2005a). In stroke, weakness is associated with reduced muscle
mass, shorter fibre length, smaller pennation angle, and increased tendon compliance (Gray et
al., 2012). An increased proportion of type Il fibres has also been reported, possibly reflecting
a compensatory adaptation (Jakobsson et al., 1992). These structural adaptations are less exten-
sively studied in SCI; however, muscle atrophy is likely to contribute substantially (Moore et
al., 2015). Given that many of these changes are related to disuse, similar adaptations are likely

to occur following SCI.



2.C. Selectivity of motor command

In addition to paresis, another neural mechanism limiting joint force production is unwanted
contraction of the antagonist muscle (i.e., excessive co-activation). Altered co-activation is well
documented after stroke (Gracies, 2005a; Lamontagne et al., 2000), whereas it appears less
prominent after SCI (Thomas et al., 1998). However, altered contraction is not limited to an-
tagonist cocontraction. More generally, the term synergy refers either to systematic coupling or
coarticulation across different joints, or to a fixed pattern of muscle coactivation. The notion of
synergy in pathological contexts differs from its usage in healthy movement, where it represents
a form of dimensionality reduction to simplify the degrees of freedom to control. The term
synkinetic is also often used in clinical context and refers to the classical observation of invol-
untary coordination patterns across joints that limit the ability of patients to precisely control

the proximal and distal limb.

One way to conceptualise abnormal joint synergies after central nervous system lesions is as a
loss of degrees of freedom, or repertoire, due to neural damage (Krakauer & Carmichael, 2017).
In healthy individuals, the capacity of the nervous system is often assumed to be effectively
unlimited, and synergies are proposed as a means to exploit and resolve redundancy. In contrast,
lesions of the central nervous system alter its selectivity and may require new synergies to ac-
complish the task. Accordingly, an observed synergy may reflect both loss of repertoire and
adoption of a compensatory pattern based on the remaining circuitry. On the one hand, it may
correspond to a hard synergy, with constraints imposed by the residual neural networks. One
likely hard synergy is the flexion synergy pattern in the upper limb after stroke, which will be
detailed in Part 2 in relation to a possible reticulospinal compensation. On the other hand, habits
(soft synergies) can coexist, as illustrated by persistent inefficient asymmetric gait after stroke,
even when split-belt treadmill adaptation has transiently restored greater symmetry (Reisman
et al., 2013). This raises the question of whether a patient performs poorly out of habit, or
whether this represents the best achievable performance given the remaining neural (and me-

chanical) constraints.

2.D. Other factors underlying voluntary motor impairments

Both weakness and motor control may be influenced by factors beyond motor execution. By
affecting the brain, stroke may also cause apraxia, reflecting a higher-level disturbance (i.e.,

cognitive) of motor control (Goldenberg, 2013). Apraxia differs from other motor symptoms of



unilateral brain damage in that symptoms are often bilateral despite unilateral lesions. Lesions
are predominantly located in the left hemisphere, particularly when premotor and parietal re-
gions are involved, and apraxia is frequently associated with aphasia. Ideomotor apraxia, the
most common form after stroke, is a disorder of skilled action not attributable to weakness,
incoordination, or elementary sensory or motor deficits; motor execution per se is preserved.
When apraxia coexists with motor execution deficits, diagnosis becomes challenging. Never-
theless, it should be considered a potential contributor to movement impairment. In addition,
pain is common after both stroke and SCI and may inhibit motor output (Le Pera et al., 2001).
More complex interactions between motor and pain systems have also been proposed; for ex-
ample, sensorimotor cortex reorganisation may occur to limit the development of neuropathic

pain (Jutzeler et al., 2015).

2.E. Importance of muscle length

The deforming spastic paresis syndrome (Gracies, 2005a) offers a comprehensive, unified view
on the importance of muscle length following central nervous system lesions. On one hand, the
muscle following central nervous system injuries undergoes numerous changes, notably result-
ing in a loss of extensibility. This emphasises that non-neural factors contribute substantially to
muscle resistance and, ultimately, to voluntary movement impairment. On the other hand, it
emphasises the length dependence of paresis, corresponding to reduced central drive to the ag-
onist at shorter muscle lengths, aggravated by the antagonist stretch (Vinti et al., 2015). Notably,
compared with controls, patients exhibit lower voluntary activation during concentric than dur-
ing isometric and eccentric contractions (Kim et al., 2015). Finally, antagonist cocontraction is
aggravated by antagonist stretch (Vinti et al., 2013), limiting joint torque production by the
agonists. In the terminology of Gracies et al., (2024), the term “spastic” refers to length depend-
ence; thus, there is “spastic coactivation,” denoting stretch-enhanced coactivation, as well as
“spastic paresis”. A striking feature resulting from lost extensibility, spastic paresis, and spastic
cocontraction is the production of a reversed movement (negative torque) relative to movement
intended, particularly when the antagonist is stretched and the agonist is shortened (Vinti et al.,

2015).



3. Involuntary movement impairment after SCI and stroke

3.A. Overactivity signs

3.A.1 Spasticity

Lesions of the brain and spinal cord do not produce purely motor deficits. One predominant
clinical sign illustrating this is spasticity, defined as a velocity-dependent increase in tonic
stretch reflexes (i.e., a sensorimotor deficit), detected and measured at rest (Baude et al., 2019).
Spasticity has occupied a central place in the history of central nervous system lesions. It rep-
resents the principal “positive sign”, in contrast to “negative signs”, which include loss of vol-
untary contraction. However, experimental studies have shown that reflex measurements ob-
tained at rest have limited relevance for understanding how sensory input from muscle stretch
receptors is integrated during movement (Ibrahim et al., 1993; J. B. Nielsen et al., 2005). Ac-
cordingly, motor performance impairments have been shown to be poorly related to the pres-
ence of spasticity (Beer et al., 2000; Zackowski, 2004). As Landau (2004) stated in arguing
against an excessive focus on treating spasticity, “Because it is there constitutes neither scien-
tific nor ethical rationale for the reflex temptation to treat this reflex”. Nonetheless, spasticity
highlights profound sensorimotor alterations and may even represent a functionally useful ad-

aptation to corticospinal pathway injury.
3.A.2 Dystonia

Dystonia is an involuntary muscle activity at rest, in the absence of phasic stretch or voluntary
effort but sensitive to tonic stretch (Baude et al., 2019). By maintaining the muscle in a short
length, it may lead, surimposing on altered muscle properties, to deformity in the limbs of in-

dividual with central nervous system lesions, with stroke in particular (Gracies, 2005a).
3.4.3  Spasms

Spasms can manifest as multi-joint and crossed muscle activation. They are usually triggered
by brief innocuous sensory stimuli and often last for several seconds but can be spontaneous
(Adams & Hicks, 2005; Li et al., 2004). Muscle spasms may negatively influence quality of
life through restricting activities of daily living, inhibiting effective walking and selfcare, caus-
ing pain and fatigue, and disturbing sleep (Adams & Hicks, 2005). As with spasticity and dys-

tonia, spasms vary with muscle length, as evidenced by extensor spasms being larger when the



hip is placed in a more extended position. This emphasises the role of proprioceptors and their

integration in the initiation of extensor spasms (Wu et al., 2005).

3.B. Specificity of SCI and stroke

The clinical spasticity syndrome following stroke is characterised in large part by excess dys-
tonia and spasticity (especially in arm flexors and leg extensors) and a relative absence of
spasms, whereas the clinical spasticity syndrome following SCI is characterised by less muscle
tone and, instead, flexor and extensor muscle spasms triggered by cutaneous stimulation are the
hallmark (Macht & Kuhn, 1948). However, spasticity is a common feature after SCI (Sangari
& Perez, 2022) and, while the literature is mixed on the subject, increased coactivation has also
been reported in SCI (Cremoux et al., 2016; Thomas et al., 1998). Change in muscle properties
is a fundamental part of spasticity disorder after stroke (Dietz & Sinkjaer, 2007; Gracies,
2005a), which is not or less the case after SCI (Bennett, 2008).

4. Interpretation of motor impairments within motor control theories

4.A. Spastic movement disorder within optimal feedback control

In a similar attempt to that of Gracies, described above, to move beyond a reductionist focus on
spasticity, other authors have introduced the concept of spastic movement disorder (Dietz &
Sinkjaer, 2007; J. B. Nielsen et al., 2020). The perspective of Nielsen and colleagues comple-
ments that of Gracies. Both recognise the central roles of paresis and muscle alterations in lim-
iting force production. However, Nielsen et al. (2020) integrate the adaptive “spastic”” compo-
nent differently. They propose that weakness compromises postural stability and may be coun-
teracted by antagonist co-activation (Nielsen et al., 1994). In this view, co-activation is not
solely pathological but may represent an adaptive strategy developed by the injured nervous
system to achieve functional stability in the presence of weak and poorly timed muscle activa-
tion. At the whole-body level, a stiff, reduced-range and slow gait may therefore constitute an
adaptive solution rather than a simple deficit. Nevertheless, these interpretations must address
the mechanisms of motor plasticity. For example, recruitment of alternative descending path-
ways may be more diffuse, inherently promoting co-contraction while attempting to compen-

sate for paresis; this issue is discussed in Part 2.

The view proposed by Nielsen (2020) is grounded in prevailing theories of sensorimotor control

in the intact nervous system. These posit that the nervous system uses sensory feedback and



efference copies of motor commands to ensure that movement conforms to predictions gener-
ated by internal models (Shadmehr & Krakauer, 2008; Wolpert & Flanagan, 2016). Within this
framework, sensory feedback (for instance the stretch reflex — altered after brain or spinal le-
sions) is integrated as an expected consequence of motor output (Fig. 6). Deviations from pre-
dicted sensory feedback generate an error signal, which updates the motor programme to refine
future performance. Lesions affecting descending or ascending pathways disrupt the stable cou-
pling between motor commands and sensory consequences, thereby impairing the formation of
accurate internal predictions. Movement may then become random guesses. In response to such
uncertainty, spastic movement disorder may reflect the nervous system’s attempt to control ex-
cessive degrees of freedom under conditions of unreliable somatosensory input. The delayed
emergence of hyperexcitability after central lesions (Katoozian et al., 2018) may represent grad-
ual upregulation of somatosensory gain to improve the signal-to-noise ratio and facilitate inter-
nal model formation. A strategy based on co-contraction around joints may therefore minimise
degrees of freedom and stabilise movement (Franklin & Granata, 2007; Heald et al., 2018).
Consistent with this view, initial paresis predicts later spasticity (Picelli et al., 2014), suggesting

that spastic movement disorder may represent a learned compensation for weakness.
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Figure 6. Schematic illustration of the changing view of the role of sensory information during vol-
untary movement and in relation to spastic movement disorder. The idea that it is possible to separate
reflexes and voluntary movements into separate entities has been abandoned a long time ago in the
realisation that descending motor pathways and sensory afferents converge on the same premotoneu-
ronal neurons (left side of figure). Sensory information may instead be seen as an integrated part of
central motor commands, if the nervous system optimises movements by minimising the error between
the predicted and the actual sensory consequences of movements (vight side of figure). It follows that
spastic movement disorder may be seen as the consequence of an inadequate prediction of the sensory
consequences of movements. From Nielsen et al. (2020).




4.B. Spastic movement disorder within the referent control hypothesis

An alternative theory of motor control also places sensory integration at its core and explicitly
incorporates the stretch reflex into voluntary movement. This framework, the threshold position
control theory, is based on the concept that voluntary activation results from central modulation
of the spatial stretch reflex threshold, defined as the muscle length (or joint angle) at which
stretch elicits muscle activity (Feldman, 2015; Fig. 7). Within this model, spasticity reflects
impaired ability to increase spatial stretch reflex threshold in affected muscles, thereby prevent-
ing inappropriate activation during passive stretch (Levin & Feldman, 1994; Musampa et al.,
2007). Importantly, spatial stretch reflex threshold modulation also underlies voluntary move-
ment control. A muscle inactive at a given length can be activated by shifting its threshold below
that length. Reduced capacity to modulate spatial stretch reflex thresholds may therefore con-
tribute simultaneously to spasticity, paresis and co-activation. This framework offers an inte-
grative view of the various motor signs observed after central nervous system lesions, centred

on the regulation of the stretch reflex.

Both optimal feedback control and the referent control hypothesis have been debated and con-
trasted for decades (Mangalam & Stergiou, 2026), and alternative frameworks have also been
proposed (e.g., Adams et al., 2013). Despite their specificities, they converge on the central role
of sensory information and muscle length, whether considered as error signals, predictive vari-
ables, or drivers of motor output. This is particularly relevant in the context of CNS lesions,
where altered sensory processing profoundly affects the organisation of motoneuron inputs, as
detailed in Part 2 and Part 3. Overall, this highlights the importance of analysing movement
impairments in relation to muscle length, which is closely associated with substantial sensory

information.
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Figure 7. Schematic illustration of spasticity and paresis within the referent control hypothesis. The
referent control hypothesis is centered on the spatial stretch reflex threshold (1), defined as the muscle
length at which stretch elicits muscle activity. Note that the stereotypical relationship between force and
muscle length was obtained in the decerebrate cat (Matthews 1959), thus without descending control.
Therefore, this relationship is not observable under physiological conditions, but the referent control
hypothesis posits that the threshold of the tonic stretch reflex (1) is controlled by the central nervous
system to produce movement. For example, by shifting from 12 to 11, force increases at a given muscle
length. Conversely, force decreases when shifting from A2 to A3. Failure to appropriately adjust A would
lead to paresis and spasticity, respectively, which may occur following central nervous system injuries.




Key points

SCI and stroke represent major public health issues, notably due to the motor impairments they
induce. While they affect the central nervous system through different mechanisms and at dif-

ferent anatomical locations, both conditions lead to overlapping motor impairments.

One major feature of motor impairment in these pathologies is weakness, primarily driven by
paresis, which is the focus of this thesis, and which may be accompanied by alterations in me-
chanical properties. In addition, motor impairments include other deficits in voluntary control,
such as impaired command selectivity, as well as involuntary motor impairments characterised

by overactivity, including spasticity, dystonia, and spasms.

All these deficits are either demonstrated or suggested to be modulated by changes in muscle
length, which therefore constitutes a key factor for understanding these impairments. Further-
more, most current motor control theoretical frameworks emphasise the role of muscle length
and sensory information in explaining motor deficits following central nervous system lesions.

Thus, changes in muscle length will form a central theme of this thesis.

The next part details the motor system in both healthy conditions and after stroke and SCI, in
order to characterise motor impairments in terms of underlying circuit alterations and reorgan-

1sation.




N PART 2: DESCENDING AND SPINAL CONTROL OF MOTO-
NEURONS IN HEALTH AND AFTER STROKE AND SCI

In Part 1, we considered the motor consequences of stroke and SCI. In Part 2, the emphasis is
placed on the descending and spinal circuits acting on motoneurons, and on how these circuits
are altered by the lesions. Notably, the following description focuses on the corticospinal tract
(CST) and the corticoreticulospinal tract, which are of primary importance for force generation
and motor control in humans (Glover & Baker, 2022) and are the most extensively studied in
relation to stroke and recovery. Furthermore, among extrapyramidal tracts, the rubrospinal tract
appears vestigial in human adults (Onodera & Hicks, 2010) and the vestibulospinal tract has
been comparatively less investigated, although this does not preclude functional relevance (Cle-

land & Madhavan, 2021).
1. Descending control of motoneurons in health

1.A. Cortical control

Since the pioneering work of Penfield, the primary motor cortex has been thought to control
movements of different body parts from somatotopically organised cortical territories, corre-
sponding to a ‘point-for-point correspondence of an area of the body to a specific cortical point’.
Work in humans based on cortical stimulation of small patches of primary motor cortex contin-
ues to show isolated and stereotyped movements in response, suggesting that stimulated neu-
rons in the primary motor cortex represent specific movements or groups of agonist muscles
involved in a movement (Roux et al., 2020). Notably, this somatotopy echoes clinical findings
that limited lesions of the precentral gyrus cause focused paralysis of specific body parts (Foer-

ster, 1936; Celebisoy et al. 2007).

However, recordings at the scale of neurons during natural movement from the 1980s onwards
revealed far more complex mechanisms within the motor cortex. Rather than being specified
solely by a somatotopic map, specific movements appear to be encoded by neuronal populations
distributed throughout the motor cortex (Schieber & Hibbard, 1993). In the same line of re-
search, using single-unit recordings, Georgopoulos et al. (1982) demonstrated that neural activ-
ity is broadly tuned to movement direction, with individual neurons exhibiting preferred direc-
tions. Subsequent investigations, including population-level analyses of single-unit recordings,

revealed that the summed neuronal activity predicts instantaneous velocity and trajectory with



high accuracy throughout movement (Georgopoulos et al., 1988; Michaels et al., 2016). Thus,
the motor cortex appears to encode movement kinematics, whereas the details of muscle acti-
vation patterns are generated by subcortical or spinal processing mechanisms. Notably, these
approaches have been highly successful in motor cortical prosthetic control (Collinger et al.,
2013), offering promise for compensatory strategies after paralysis following central nervous

system lesions.

However, a profusion of hypotheses exists regarding the level of control exerted by the motor
cortex. Some argue for a more ‘low-level’ control of movement dynamics, such as torque rep-
resentation (Scott & Kalaska, 1997) or cooperative muscle “synergies” (d’Avella & Bizzi,
2005). Importantly, the motor cortex is composed of different types of neurons with distinct
projections. Among these are corticomotoneuronal neurons, which form monosynaptic connec-
tions with alpha motoneurons and for which substantial evidence supports a role in controlling
low-level parameters such as EMG and muscle force (Omrani et al., 2017). It is plausible that
while the “old” motor cortex contributes to motor output by providing activation drives for the
spinal modules, the “new” motor cortex further sculpts the activations of specific muscles by
bypassing the spinal mechanisms through the corticomotoneuronal cells (Bizzi & Cheung,

2013).

The motor cortex is also involved in a variety of higher-level control functions that depend
heavily on sensory signals from the periphery for robust and precise operation. These functions
include motor skill learning, motor planning, sensory guidance of manipulative movements,
modulation of movement patterns, initiation and termination of low-level pattern generators
operating largely at the spinal or brainstem level, and mental simulation of movements (Omrani
et al., 2017). The presence of sensory feedback in the motor cortex has been argued to play an
essential role in motor control (Scott, 2004; Todorov & Jordan, 2002), or to update motor plans
when movement dynamics do not match expectations (Diedrichsen et al., 2005; Wolpert &
Ghahramani, 2000). In this line, it has recently been shown that sensory expectations shape
neural population dynamics, including in motor cortical areas (Michaels et al., 2025). Notably,
these findings reflect the rich interconnectivity and extensive convergence within the motor
cortex, including cortico-cortical projections and inputs from the basal ganglia, cerebellum, and

other subcortical structures (Georgopoulos & Carpenter, 2015).



1.B. Corticospinal tract

The CST originates from multiple cortical areas and terminates in distinct regions of the spinal
grey matter (Fig. 8). Recent quantification in humans indicates that primary sensory and motor
cortex, supplementary motor area, and premotor cortex contribute approximately 37%, 32%,
25%, and 7% of CST axons, respectively (Seo & Jang, 2013). Each subdivision exhibits a spe-
cific termination pattern within the spinal grey matter, reflecting distinct functional roles. CST
projections from primary motor cortex are crucial for voluntary movement; those from premo-
tor areas contribute to sensory guidance; supplementary motor area projections support plan-
ning and coordination of movement sequences; and cingulate motor areas are implicated in the

emotional aspects of movement (Lemon, 2008; Lemon & Griffiths, 2005).
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Figure 8. Schematic anatomy of the corticospinal and corticoreticulospinal tracts. Transverse sections
of the spinal cord, medulla, and pons, and a frontal section of the brain. The corticospinal tract origi-
nates from the cortex, decussates at the level of the pyramids to form the lateral corticospinal tract,
while the remaining portion does not decussate and forms the anterior corticospinal tract. The cortico-
reticulospinal tracts are composed of corticoreticular projections, which give rise to the medial and
lateral reticulospinal tracts, projecting ipsilaterally and bilaterally, respectively.




1.C. Reticulospinal tract

The corticoreticulospinal tract represents a major extrapyramidal motor pathway and comprises
the corticoreticular tract and the reticulospinal tract (RST) (Jang & Lee, 2019). The RST origi-
nates from the reticular formation and is organised bilaterally: single reticulospinal axons ter-
minate bilaterally in the spinal cord, mainly onto interneurons but also monosynaptically onto
motoneurons, over multiple segmental levels with minimal ipsilateral predominance (Kuypers,
1964; Sakai et al., 2009). Cortical input to the pontomedullary reticular formation arises bilat-
erally from primary motor cortex, premotor cortex, cingulate, and supplementary motor area
(Keizer & Kuypers, 1989). The RST plays a central role in recovery and adaptation after stroke
and SCI. However, understanding its role after stroke and SCI requires anatomical and physio-
logical clarification. The reticular formation is a diffuse brainstem network comprising hetero-
geneous neuronal populations organised into nuclei. It extends through the mesencephalon,
pons, and medulla and is classically divided into median, medial, and lateral columns. Neurons
in the lateral column and mesencephalic reticular formation contribute primarily to ascending
pathways, notably the ascending reticular activating system, which regulates arousal and sleep—

wake cycles (Fig. 9).
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Figure 9. Schematic anatomy and projections of the reticular formation. The reticulospinal tract orig-
inates largely from nuclei located in the pons and medulla, within the median and medial columns.
Monoaminergic projections of the reticulospinal tract arise from all three levels of the median column
and from the pons within the medial column (blue). Glutamatergic projections originate from the pons
and medulla within the medial column (green). Nuclei located in the mesencephalon of the medial col-
umn and at the three levels of the lateral column primarily give rise to ascending projections (black).




The descending motor component is the reticulospinal tract. It comprises glutamatergic reticu-
lospinal neurons arising mainly from the medial column of the pons and medulla, as well as
monoaminergic neurons from the median column (raphe nuclei) (Hochman et al., 2001). These
neuronal populations exert distinct effects on spinal circuits. Glutamatergic reticulospinal neu-
rons convey relatively fast specific (although spatially diffuse) motor commands. In contrast,
monoaminergic projections exert a neuromodulatory, or excitability, command by altering the
input-output properties of motoneurons (Heckman et al., 2003). This neuromodulatory influ-
ence, which modifies motoneuronal gain rather than providing specific movement commands,
constitutes a central focus of this thesis. As will be described in the next section, both of these

commands seem to be implicated in various motor impairments after stroke and SCI.

The raphe nuclei and the locus coeruleus are the dominant sources of serotonin and noradrena-
line, respectively, for the central nervous system. Accordingly, it is common to speak about
serotonergic and noradrenergic systems (Heckman et al., 2009a). Notably, these systems are
closely related to the emotional systems of the brain (Holstege & Kuypers, 1987). The locus
coeruleus and associated nuclei, which are the source of noradrenaline-containing axons in the
spinal cord and elsewhere in the brain, have long been known to play a fundamental role in
attention and arousal (Aston-Jones et al., 2001). In this line, recent evidence suggests that the
level of neuromodulation to spinal motoneurons is decreased during relaxation (Mesquita et al.,
2022). More direct evidence supports a link between the serotonergic system and motor behav-
iour: neurons of the raphe nuclei fire least during sleep and most during tonic motor outputs
such as locomotion, with firing rate increasing with locomotor speed (Jacobs et al., 2002). Im-
portantly, monoaminergic systems are diffuse in topology but organised in a highly structured
manner, with different subnuclei projecting preferentially to distinct targets. This organisation
warrants caution when transposing context-dependent influences observed in higher functions
to motor function, as there may be a functional selectivity in projections (Esposito et al., 2014).
Thus, behaviour associated with descending monoaminergic projections remains partly specu-

lative.

Serotonergic fibres project throughout the spinal cord grey matter (Hochman et al., 2001).
Raphespinal serotonergic neurons located in the more rostral medulla tend to lack neuropeptides
and project to the dorsal horn, whereas more caudal raphespinal neurons co-contain neuropep-
tides and project to the ventral horn (Hokfelt et al., 2000). These neuropeptides, notably sub-

stance P and thyrotropin-releasing hormone, have been shown to strongly excite motoneurons



(Bédard et al., 1987), suggesting that ventral horn projections are particularly designed to en-
hance motor activity. It is also known that the ventral horn of the spinal cord receives a rich

noradrenaline input (Heckman et al., 2003).
2. Descending control of motoneurons after stroke and SCI

2.A. Stroke

2.4.1 Cortical control

Stroke induces loss of brain tissue. Spontaneous reactions to this loss occur already within a
few minutes after ischaemia, initiating a complex cascade of cellular and molecular processes
not only in the peri-lesional tissue but also in remote brain regions (Schallert et al., 2000). These
processes include inflammation, altered gene transcription and translation, growth factor secre-
tion, changes in neurotransmitter receptors, synaptogenesis, and axonal sprouting (Cramer,
2008). They ultimately promote the establishment of new connections with surrounding tissue
(Carmichael et al., 2001). At the level of cortical organisation, human studies using positron
emission tomography and functional magnetic resonance imaging have consistently demon-
strated overactivity during reorganisation (Grefkes & Ward, 2014). After stroke, activity in-
creases in the contralesional primary motor cortex and bilaterally in the ventral premotor cortex
and supplementary motor area compared with healthy controls (Rehme et al., 2012). Longitu-
dinal studies indicate that this cortical overactivity does not occur immediately at stroke onset
but reflects a time-dependent reorganisation process. Early increases are associated with better
functional recovery, suggesting a supportive role of contralesional motor areas during this
phase. However, successful long-term recovery is associated with a subsequent normalisation

of initially enhanced cortical activity (Grefkes & Ward, 2014).
2.4.2  Corticospinal and reticulospinal tracts

The functional relevance of this reorganisation depends critically on which descending path-
ways are recruited. Potential mechanisms include engagement of uncrossed corticospinal pro-
jections from the contralesional cortex, interhemispheric connections between motor cortical
areas, or recruitment of alternative pathways such as the corticoreticulospinal tract. The recruit-
ment of the corticoreticulospinal tract remains one of the most prominent hypotheses and is of

fundamental importance in this thesis.



Motor impairment after stroke is strongly associated with ipsilesional CST damage (Byblow et
al., 2015; Soulard et al., 2020; Swayne et al., 2008). Stroke may disproportionately affect the
CST because of its predominantly unilateral organisation and relatively focal cortical origin,
thus limiting redundancy compared with other descending pathways (Krakauer & Carmichael,

2017).

The diffuse organisation of corticoreticular projections may have important implications for
recovery following strokes that preferentially damage the more focal and predominantly con-
tralateral CST (Fisher et al., 2021). In primates, pyramidal tract lesions induce upregulation of
the RST within six months (Zaaimi et al., 2012). In patients with stroke, cortical overactivity,
including enhanced contralesional connectivity, suggests similar RST upregulation during re-
covery. Notably, Cho and colleagues (Jang & Cho, 2022, for review) have associated recovery,
particularly of walking capacity (Seo & Jang, 2013), with increased tract volume of the con-
tralesional corticoreticular tract (Fig. 10). In addition, recovery of ipsilesional and contrale-
sional CST integrity, as well as the ipsilesional corticoreticulospinal pathway, has been posi-

tively associated with functional improvement (Soulard et al., 2020).

Figure 10. Contralesional corticoreticular tract plasticity after stroke. (A) T2-weighted MR images
show a putaminal haemorrhage in the right hemisphere at 3 weeks and 3 months after onset. (B) Result
of diffusion tensor tractography (DTT), the right corticospinal tract (CST) shows discontinuation at the
brainstem on both 3-week and 3-month DTT. By contrast, on 3-month DTT, the left CST has become
thinner (green arrow) compared with 3-week DTT. (C) The right corticoreticulospinal tract (CRT) shows
discontinuation below the lesion on both 3-week and 3-month DTT. On 3-month DTT, the left CRT has
become thicker (vellow arrow) compared with 3-week DTT, revealing CRT reorganisation. From Jang
& Lee (2017).




Importantly, several motor impairments may reflect increased RST influence. Dewald and col-
leagues proposed that flexion synergy after stroke results from progressive substitution of cor-
ticospinal output by ipsilateral (i.e., same side as the motor impairments) reticulospinal projec-
tions as force demands increase (Ellis et al., 2009). Activation of shoulder abductors in the
paretic arm induces involuntary elbow, wrist, and finger flexion, termed flexion synergy, linked
to task-dependent recruitment of contralesional cortex and excessive ipsilateral reticulospinal
drive. Because reticulospinal projections lack the capacity for finely fractionated control, their
increased contribution promotes stereotyped flexor patterns. This may represent an adaptive
strategy preserving residual force at the expense of fine motor control (Ellis et al., 2009, 2012;
McPherson, Chen, et al., 2018). Further support of this hypothesis derives from involuntary
finger movements in the passive hand during attempted movement of a single finger of the
paretic hand, consistent with bilateral monosynaptic reticulospinal projections to finger flexors
(Baker, 2011). Interactions between residual CST and corticoreticulospinal tract pathways re-
main debated and likely involve complex recovery-dependent dynamics (Hammerbeck et al.,

2021).

2.B. SCI

2.B.1 Cortical control

In a review of motor cortex reorganisation after SCI, Urbin et al. (2019) concluded that motor
maps reorganise to some extent following injury, although the precise locus of adaptation re-
mains uncertain. Lundell et al. (2011) reported a pattern of cortical over-activation similar to
that observed after stroke: during simple ankle movements, individuals with SCI exhibited bi-
lateral activation of primary motor, premotor, and supplementary motor cortices. This wide-
spread activation may reflect compensatory recruitment associated with abnormal muscle syn-

ergies after SCIL.
2.B.2  Corticospinal and reticulospinal tracts

Evidence for CST involvement in SCI derives primarily from electrophysiological studies. Mo-
tor evoked potential latencies are prolonged, likely reflecting demyelination of corticospinal
axons, and stimulation thresholds are increased, suggesting reduced numbers of functional cor-
ticospinal projections reaching spinal motoneurons (Oudega & Perez, 2012). In animal models,
CST axons exhibit spontaneous sprouting (i.e., axon growth from new or existing collaterals)

rostral and caudal to the lesion, establishing indirect connections below the injury, potentially



via propriospinal interneurons (Bareyre et al., 2004; Fouad et al., 2001). These interneurons
integrate convergent motor and sensory inputs and modulate spinal circuits, including via long
propriospinal projections. Although CST sprouting is well documented in animals (Oudega &
Perez, 2012; Rosenzweig et al., 2010), human evidence remains limited (Oudega & Perez,
2012). Recent trials suggest that corticospinal recovery contributes to functional improvement
in humans with SCI (Jo & Perez, 2020). Similarly, the injured RST can form new connections,
including via propriospinal relays, accompanied by locomotor improvements (Filli et al., 2014;
May et al., 2017). Indirect human evidence also supports RST contributions to motor function

and spasticity after SCI (Baker & Perez, 2017; Sangari & Perez, 2019).
3. Spinal control of motoneurons in health

SCI and stroke primarily affect the descending pathways described above. These pathways pro-
ject information to spinal targets. For the generation of purposeful movements, target interneu-
rons and motoneurons must integrate this information with inputs from other pathways and
from propriospinal and segmental inputs. Importantly, as Lemon (2008) put it, descending path-
ways do not simply telegraph commands for movement to the spinal apparatus; rather, the spinal
cord functions as part of the brain, not as its servant. Indeed, the spinal cord has a largely inte-
grative role, likely reflecting the complex parameters that must be controlled in spinal neurons,
such as firing threshold, rate coding, and synaptic gain, as will be described in Part 3 (Pierrot-
Deseilligny, 2012). Among all spinal neurons, of particular importance for movement are mo-
toneurons, which project to contractile muscle fibres, ultimately leading to muscle contraction
and movement. In the following section, we describe the main spinal pathways that participate
in the control of motoneurons, as well as how SCI and stroke affect these pathways. Of note,
we use the terms excitation and inhibition of motoneurons, the underlying mechanisms of which

will be detailed in Part 3.

Different populations of interneurons act as relays between descending projections and moto-
neurons, and the field aimed at characterising these populations has recently progressed sub-
stantially, notably through whole central nervous system imaging in rodent models and single-
cell transcriptomic analyses (Squair et al., 2025). For parsimony, we will only present one group
of interneurons that does not primarily project directly onto motoneurons: propriospinal inter-
neurons, which have fundamental motor roles and have proven highly relevant to the functional
impact and recovery after SCI and stroke. The remaining interneurons discussed are the main

ones projecting directly to motoneurons, with either excitatory or inhibitory influences.



3.A. Propriospinal interneurons in health

Propriospinal interneurons receive inputs from descending locomotor pathways and propagate
motor commands rostrocaudally to locomotor circuits via short or long, ipsilateral, or commis-
sural axons. Extensive evidence supports their locomotor role, although they are also essential
for dexterous forelimb movements (Azim et al., 2014). Their locomotor role is specifically
linked to innervating or participating in the locomotor central pattern generator, ultimately co-
ordinating forelimb and hindlimb networks by integrating sensory information (Laliberte et al.,

2019).

3.B. Excitation by motor synergy encoder interneurons in health

As briefly evoked earlier, when discussing the role of the motor cortex in movement generation,
substantial evidence supports the view that voluntary movement relies on a complex pathway
linking the motor cortex to spinal interneurons. Through this circuitry, the cortex selects and
combines appropriate spinal interneuronal modules and provides them with temporal patterns
of activation suited to the behaviour being executed (Bizzi & Cheung, 2013). In this context,
an important group of interneurons has been described as motor synergy—encoding interneurons
(Levine et al., 2014; Ronzano et al., 2021). They may represent a central node in the neural
pathways underlying voluntary and reflexive movement. This population receives direct input
from the motor cortex and sensory pathways and, in turn, provides monosynaptic output to
spinal motoneurons. Importantly, they may underlie motor synergies by shaping the coordinated
activity of motoneurons within and between muscles (Levine et al., 2014; Ronzano et al., 2021).
They potentially constitute motor primitives that manage redundant degrees of freedom at mus-
cles and joints and may therefore be considered building blocks of motor control (Hug et al.,

2023).

3.C. Monosvynaptic la excitation of motoneurons in health

3.C.1 Muscle spindle, related afferents and the monosynaptic reflex

Muscle spindles are the major sensory receptors that inform kinaesthesia, the ability to sense
position and movement (Proske & Gandevia, 2012). Each spindle contains specialised intrafu-
sal fibres oriented parallel to the force-producing extrafusal fibres. At both ends, intrafusal fi-
bres are connected either to extrafusal fibres or to tendinous ligaments. Thus, when extrafusal

fibres change length, intrafusal fibres are stretched or shortened accordingly. The receptor



consists of primary and secondary sensory endings. Primary endings respond, by changing fir-
ing frequency, to both the magnitude and velocity of muscle length change (Matthews, 1981).
They therefore contribute to the sense of limb position and movement. Secondary endings lack
pronounced velocity sensitivity and signal only length change, thus contributing primarily to
position sense (Proske & Gandevia, 2012). Axons of primary endings belong to group Ila affer-
ents, whereas those of secondary endings belong to group II afferents. Importantly, Ia afferents
make excitatory synapses with (a-)motoneurons, forming a monosynaptic reflex such that mus-

cle lengthening can lead to contraction of the lengthened muscle (Fig. 11).

PAD-IN

Figure 11. Monosynaptic la excitation of motoneurons. la afferents originate from muscle spindles
and form excitatory synapses with motoneurons (a-MN). These excitatory inputs are notably modulated
by primary afferent depolarisation interneurons (PAD-IN), which reduce the amplitude of action poten-
tials in la afferents. This mechanism is regulated by descending pathways.

3.C.2  Gamma innervation

Unlike other peripheral mechanoreceptors, spindle organs possess their own motor supply via
v (‘fusimotor’) neurons (Matthews, 1981). This innervation is substantial: approximately 30%
of spinal motor neurons are y neurons, supplying muscle spindles exclusively and controlled by
descending commands and peripheral afferent input (Burke et al., 1976). The classical expla-
nation for human spindle control is based on ‘a—y co-activation’ (Vallbo, 1970), whereby vy
neurons are activated simultaneously with a-motoneurons to prevent spindle slack during con-
traction, thereby maintaining stretch sensitivity. However, several findings point to a more com-
plex role, including independent and goal-directed tuning of muscle spindles (Papaioannou &

Dimitriou, 2021). Consequently, new hypotheses propose that human spindle control facilitates



sensorimotor performance according to task demands, rather than merely encoding posture and

movement (Dimitriou, 2022).
3.C.3  Presynaptic inhibitions

The excitatory effect of Ia afferents on motoneurons is regulated by two mechanisms termed
presynaptic, as they occur at the afferent, i.e., before the synapse. Importantly, these mecha-
nisms are specific to la afferents, unlike postsynaptic inhibition acting directly on motoneurons.
The first, homosynaptic post-activation depression, consists of a frequency-dependent decrease
in excitation due to neurotransmitter depletion. Of note, this phenomenon is not confined to the
Ia-motoneuron synapse and it might be argued that it is not a « true » presynaptic inhibition,

contrary to the second mechanism (Burke et al., 2013).

The second mechanism, ‘true’ presynaptic inhibition, is mediated by primary afferent depolar-
isation interneurons. An excitatory synapse near the presynaptic terminal releases y-aminobu-
tyric acid (GABA), inducing sustained depolarisation of the afferent membrane and reducing
action potential amplitude. Because neurotransmitter release depends on action potential am-
plitude, this reduces transmitter release into the synaptic cleft. Of note, the precise anatomy of

primary afferent depolarisation interneurons remains under investigation (Hari et al., 2022).

3.D. Svynaptic inhibition of motoneurons in health

Besides excitation, motoneurons also receive inhibition via interneurons (Fig. 12). These neu-
rons have multiple roles, including coordinating large neuronal networks in the spinal cord that
shape coherent patterns of movement (Goulding et al., 2014). Below, the focus is placed on
interneurons located close to motoneurons in the ventral horn of the spinal cord, which directly

influence them.
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Figure 12. Main spinal inhibitory pathways to motoneurons. Motoneurons (o-MN) receive inhibitory
inputs from la interneurons (la-IN), Renshaw cells (RC), and Ib interneurons (Ib-IN), all under the in-
fluence of descending pathways. Motoneurons are shown in black, while excitatory afferents are shown

in green and inhibitory interneurons in red. Circles represent the soma of the neurons and are filled to
indicate inhibitory neurons.

3.D.1 Disynaptic reciprocal la inhibition

Other pathways directly inhibit motoneuron membranes, reducing responsiveness to excitatory
inputs. A key example is disynaptic reciprocal Ia inhibition. Here, Ia afferents act via Ia inter-
neurons to inhibit motoneurons innervating antagonist muscles (Laporte & Lloyd, 1952). Thus,
stretch of an agonist increases Ia activity, which activates inhibitory interneurons and sup-
presses antagonist motoneurons. In this functional description, the « muscle stretch » is the
primary stimulus activating Ia afferents. Notably, disynaptic reciprocal Ia inhibition is often
referred to as mediating reciprocal inhibition on the basis that antagonist alpha motoneuron
inhibition is evoked by agonist muscle contraction. However, concentric contractions (muscle
shortening) would produce the opposite effect. Therefore, the final behaviour - reciprocal an-
tagonist activity - must be partially distinct from disynaptic reciprocal Ia inhibition. This dis-
tinction likely resides in the descending control of Ia interneurons (Jankowska, 1992). Con-
sistent with this, reciprocal Ia inhibition from ankle dorsiflexors onto plantar flexors appears 50
ms before the onset of tibialis anterior contraction (Crone et al., 1987), supporting the su-

praspinal initiation of this inhibition in humans. However, it should be noted that whether



muscle spindles are primarily sensitive to muscle length or other factors, such as force, remains

an ongoing debate (e.g., Blum et al., 2017).
3.D.2  Renshaw inhibition

The axon collaterals of motoneurons diverge within the ventral horns to form excitatory synap-
ses with specialised interneurons termed Renshaw cells (Fig 12). Renshaw cell axons project
back to motoneuron somata to form inhibitory synapses (Niyo et al., 2024). This inhibition
spreads over the entire motoneuron pool (i.e., other motoneurons innervating the same muscle)
and may also involve motoneurons innervating synergistic muscles. Thus, motoneuron output
excites cells that subsequently inhibit the same motoneurons. This scheme, known as recurrent

inhibition, was first demonstrated by Renshaw, (1941).
3.D.3  Ib inhibition

Muscle spindles are not the only sensory receptors within the muscle-tendon unit. Golgi tendon
organs are force-sensitive receptors responding to active and passive tension. They are situated
in series with muscle fibers at the musculotendinous junction. Ib afferents from Golgi tendon
organs are primarily excited by muscle tension and participate in pathways that inhibit moto-
neurons projecting to synergists (Fig. 12) while facilitating those projecting to antagonists (Kni-

kou, 2008).
4. Spinal control of motoneurons after stroke and SCI

4.A. Propriospinal interneurons after stroke and SCI

Regarding propriospinal interneurons, their position within the spinal cord and their central role
in locomotor generation make them well suited to propagate supraspinal commands to motor
systems below the level of an SCI. This concept underpins some of the most promising results
in restoring motor function (Lorach et al., 2023), particularly through the formation of new
connections from supraspinal neurons to propriospinal interneurons (Bareyre et al., 2004) and
the establishment of “detour” circuits around lesions (Courtine et al., 2008). Propriospinal path-
ways are also thought, although far less studied, to provide an alternative route for transmitting

motor commands after stroke (Stinear & Byblow, 2004; Tohyama et al., 2017; Urbin, 2025).



4.B. Motor synergy encoder interneurons after stroke and SCI

The motor synergy encoder network is thought to be highly “eloquent”, that is, a region which,
if lesioned, impairs functional recovery more severely than other areas. These regions may ac-
count for the “neuroanatomical—functional paradox”, whereby similarly located lesions produce
differing effects (Fouad et al., 2001). The fundamental role of these neurons has been exploited
using epidural electrical stimulation of the dorsal spinal cord in SCI to engage functional muscle

synergies, ultimately leading to partial locomotor recovery (Wenger et al., 2016).

4.C. Monosynaptic Ia Excitation of motoneurons after stroke and SCI

This reflex underlies the tendon tap reflex, which produces a brief muscle stretch followed by
contraction. An increased tendon tap reflex is a typical sign of central nervous system lesions,
and is therefore observed after SCI and stroke, at least after the initial ‘flaccid’ period. An elec-
trophysiological equivalent is the H-reflex, elicited by electrical stimulation of Ia fibres. The
H-reflex, and thus the monosynaptic reflex, is increased at rest compared with healthy individ-

uals in both SCI (Chen & Perez, 2022) and stroke (Aymard, 2000).

Studies in triceps surae and forearm extensors found no evidence of increased background
fusimotor drive or abnormal stretch responsiveness post-stroke (Hagbarth et al., 1973; Wilson
et al., 1999). Similarly, in SCI, recordings from peroneal nerve muscle spindle afferents showed
no differences in ongoing firing rate, discharge variability, or passive stretch responses com-
pared with intact individuals (Macefield, 2013). However, in mice, muscle spindles have been
shown to be essential for locomotor recovery after SCI by shaping rearrangements of descend-

ing circuits (Takeoka et al., 2014).

A decrease in homosynaptic post-activation depression is an invariant finding after stroke and
SCI and is one of the very few mechanisms that correlate to the degree of spasticity (Aymard,
2000; Grey et al., 2008; Lamy et al., 2009). After SCI and stroke, presynaptic inhibition is
decreased, although the reduction appears modest in stroke (Faist et al., 1994; Lamy et al.,

2009).

4.D. Synaptic inhibition of motoneurons after stroke and SCI

In plantar flexors post-stroke and SCI, reciprocal Ia inhibition has been reported to be replaced

by facilitation (Crone, 2003), although facilitation may originate from Ib pathways. Recurrent



inhibition is increased at rest in patients with stroke and SCI (Katz & Pierrot-Deseilligny, 1982;
Shefner et al., 1992). Group Ib inhibition is reportedly replaced by facilitation in patients with
stroke (Delwaide & Oliver, 1988), whereas results in SCI remain contradictory (Knikou, 2005;
Morita et al., 2006). Importantly, all spinal circuits are under the control of descending inputs,

which are altered after stroke and SCI, as detailed in the following paragraph.

4.E. Descending control of spinal neurons and implication for natural movement

Following SCI and stroke, descending control of spinal circuits is altered, providing the primary
explanation for the aforementioned changes in spinal circuitry. Crucially, these results derive
from assessments performed at rest, whereas supraspinal control of interneurons is fundamental
during movement. As stated by Burke et al. (2013) regarding upper motoneuron syndrome, «
during movement, the supraspinal control of all testable spinal circuits is defective ». For ex-
ample, spinal loop excitability is higher at rest after SCI compared with healthy individuals but
increases in a much lesser manner during muscle activity (Chen & Perez, 2022). Thus, the clin-
ical utility of resting-state results may be limited in explaining behaviour during actual move-
ment. Notably, descending control of spinal interneurons is mainly excitatory; however, it can
activate both excitatory and inhibitory interneurons to modulate the motor command (Jankow-
ska, 1992). Recent studies continue to highlight the critical importance of descending control.
For example, animal models demonstrate that the acquisition of mature behaviour during post-
natal development correlates with the maturation of supraspinal projections. Conversely, re-
moving descending input during the postnatal period severely disrupts spinal circuit develop-
ment and ultimately leads to the monosynaptic reflex hyperexcitability observed in SCI and

stroke (Smith et al., 2017).

4.F. Interpreting the role of spinal circuits and changes after SCI and stroke

Only a subset of spinal circuits has been presented above, specifically the simpler monosynaptic
and disynaptic pathways. Yet, complexity emerges alongside a lack of unambiguous function.
Indeed, numerous functions have been proposed for each of these circuits, with notably the
possibility that they may serve several roles depending on the behavioural goal (Krakauer &
Carmichael, 2017; Windhorst, 1996). Below, we do not discuss all proposed functions in detail,
but present these circuits within the context of a general theory of motor control: the referent
control hypothesis, presented earlier. In this framework, a primary common feature of these

circuits is that they are all posture-stabilising mechanisms. When motoneurons are activated,



the antagonist muscle lengthens, increasing reciprocal inhibition and thereby deactivating the
activated motoneurons, which ultimately resists the original agonist shortening. Similarly, when
motoneurons activate, Renshaw cells are concurrently activated and, in return, diminish moto-
neuron activity. In addition, Renshaw cells inhibit Ia interneurons mediating reciprocal Ia inhi-
bition to antagonist motoneurons, thereby increasing the resistive effects of reciprocal inhibi-
tion. Furthermore, contraction increases Ib inhibition activity, which also diminishes the activ-
ity of the motoneurons responsible for the original contraction. All these pathways would act
as posture-stabilising mechanisms. Interestingly, they highlight a posture-movement paradox:
« how can an active movement occur without triggering the resistance of these posture-stabi-
lising mechanisms? ». The referent control hypothesis addresses this by assuming that central
control structures shift physiological variables associated with muscle activation thresholds (A,
threshold of tonic stretch reflex) and reset posture-stabilising mechanisms to a new posture,
thereby transforming them into movement-producing mechanisms (Feldman, 1986). One of the
most appealing aspects of this hypothesis in the context of SCI and stroke is that it unifies
exaggerated muscle reflexes and poor voluntary control into a single framework. These are
often considered separately, as illustrated by the classical classification of negative signs (pare-

sis) and positive signs (spasticity, co-contraction, dystonia) (Levin et al., 2000).



Key points

Motor command relies primarily on the motor cortex, descending pathways, and spinal circuits.
The motor cortex is composed of distributed neuronal populations encoding high-level move-
ment parameters, such as kinematics, and is integrated with higher-order functions, including

planning, learning, sensory integration, and prediction.

Multiple brain regions contribute to the formation of descending pathways. Notably, the CST
serves as the principal pathway for voluntary and fine motor control, whereas the RST is bilat-
eral and diffuse, contributing to posture, gross movements, and monoaminergic neuromodula-

tion.

Stroke and SCI induce a reorganisation of descending control. Key features include cortical
overactivity and a shift from corticospinal to reticulospinal contribution, which may constrain

the repertoire of movement (e.g., flexion synergy after stroke).

The spinal cord acts as an active integrative centre, composed of diverse interneuronal networks
that structure motor output. After stroke and SCI, alterations in these interneuronal circuits are
observed, including increased monosynaptic reflex excitability, reduced presynaptic inhibition,
and disrupted inhibitory pathways, collectively suggesting impaired regulation by descending

inputs.

Together, these changes indicate that the net synaptic input to motoneurons may be altered, in
terms of excitatory, inhibitory, and neuromodulatory components. However, this organisation

remains poorly characterised, particularly during voluntary contraction




N PART 3: SYNAPTIC INPUTS TO MOTONEURONS AND THEIR
INTEGRATION

In the previous Part, we considered the anatomical and functional organisation of the central
nervous system with respect to motor output, with an emphasis on the consequences of SCI and
stroke. Moving from these circuit-level alterations towards an understanding of behavioural
impairment requires describing the organisation and integration of motoneuron inputs. This will

be addressed in this Part, in both the healthy state and after stroke and SCI.
1. Regulation of motoneuron activity

1.A. Motoneuron structure

Neurons are cells specially endowed with the ability to communicate precisely and rapidly with
other cells at distant sites in the body. Two features give neurons this ability. First, they have a
high degree of morphological and functional asymmetry. Neurons have receptive dendrites at
one end and a transmitting axon at the other. This arrangement is the structural basis for unidi-
rectional neuronal signalling. Second, neurons are both electrically and chemically excitable.
The cell membrane of neurons contains specialised proteins, ion channels and receptors, that
facilitate the flow of specific inorganic ions, thereby redistributing charge and creating electri-
cal currents that alter the voltage across the membrane. These changes in charge can produce a
wave of depolarisation in the form of action potentials along the axon, the usual way a signal

travels within the neuron (Kandel et al., 2021).

Motoneurons have their cell body in the ventral horn of the spinal cord (Fig. 13). Their axon
travels from the ventral horn to the skeletal muscle to form a contact called the neuromuscular
junction (or endplate). At this site, they lose their myelin sheath and divide into several fine
branches. At their ends, these fine branches form multiple expansions or varicosities called syn-
aptic boutons from which the axon releases its transmitter acetylcholine (Ach) which binds to
and opens the ACh receptor-channels in the end-plate membrane, leading to depolarisation of
the post-synaptic membrane and ultimately to an action potential, which then propagates along
the muscle fiber, resulting in muscle fibre contraction. Importantly, innervation is organised in
a precise manner. One motoneuron innervates several muscle fibers through its axon and the
assembly of one motoneuron and the muscle fibers it innervates is called a motor unit (Heckman

& Enoka, 2012).



An action potential of a motoneuron leads to the genesis of a unique action potential on the
muscle cell membrane because more transmitter is not available in the synapse to attach to the
receptors in sufficient quantities until another motoneuron action potential occurs. Thus, there
is a 1 : 1 ratio between action potentials on the neuronal and muscle cell membranes, which is
a fundamental property that allows the recording of the activity of motoneurons through muscle

activity recording (see Method section) (Kandel et al., 2021).
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Figure 13. Structure of motoneurons. Motoneurons have their cell bodies located in the ventral horn
of the spinal cord. Their axons project along peripheral motor nerves to innervate the skeletal muscle
fibres they supply.

1.B. The resting membrane potential

An action potential is a rapid change in membrane potential. Thus, understanding the generation
of an action potential first requires detailing the mechanisms that regulate the resting membrane
potential (Fig. 14). Inside and outside the cell are ions, both positive (cations) and negative
(anions). Differences in charge between the extracellular and cytoplasmic surfaces of the mem-
brane give rise to the membrane potential (Vi), defined as the electrical potential difference
across the membrane (Vim = Vin — Vour), where Vi, is the intracellular potential and Vo is the
extracellular potential. The resting membrane potential (V:), is equal to Vis, since by convention

the extracellular potential is defined as zero. Its typical range is —60 to —70 mV. Regulation of



the membrane potential is mediated by specialised membrane pores called ion channels, a class
of integral membrane proteins present in all cells. Ion channels selectively recognise specific
ions and conduct them across the membrane. Their opening may be either non-gated or gated,

and both types contribute to the resting membrane potential (Kandel et al., 2021).

Potassium (K*) ions are the major contributors to the resting membrane potential. Their con-
centration is much higher in the cytoplasm than in the extracellular fluid. They therefore diffuse
out of the cell down their chemical concentration gradient. However, the efflux of K* is self-
limiting. As K* leaves the cell, it generates an electrical potential difference (positive outside,
negative inside). Because K* is positively charged, the increasing negative intracellular poten-
tial opposes further efflux. This simplified example illustrates the two forces driving ions across
the membrane: (1) a chemical driving force, determined by the concentration gradient, and (2)
an electrical driving force, determined by the membrane potential. The membrane potential at
which these forces balance is called the equilibrium potential (Ex = 90 mV for K*), and is
determined by the Nernst equation (Equation 1), where R is the gas constant, T the absolute
temperature, z the valence of the ion, F the Faraday constant, and [X], and [X]; the extracellular

and intracellular ion concentrations (Kandel et al., 2021).

RT = [X]o

Ex = — In—-
=2 I

Equation (1)

If neuronal membranes were permeable only to K*, then Ex would determine Vi, (i.e. Ex = V).
If Vm were more positive than Ek, the electrochemical force on K* would drive it outward and
reduce Vm; conversely, if Vi, were more negative, inward movement would occur. However,
neurons at rest are also permeable to notably sodium (Na") and chloride (CI°) ions. Thus, K*,
Na* and Cl™ fluxes together determine the resting membrane potential by biasing Vi, towards
their respective equilibrium potentials. The resting membrane potential is therefore described
by the Goldman equation (Equation 2), which incorporates the relative membrane permeability
(P) to each ion. Permeability, expressed in cm/s, reflects the number of open channels for a
given ion. Because the membrane is far more permeable to K* than to other ions, Vi, lies closer

to Ex (Vm typically around —65 mV) (Kandel et al., 2021).

Vi = RT l P [K™], + Pc[Na™], + P [CL7];
™= F VPR + Pe[Nat]; + PlCl],




Equation (2)

The resting membrane potential does not equal the equilibrium potential of any single ion. Con-
sequently, without active mechanisms, ionic gradients would dissipate over time and Vi, would
decline. This dissipation is prevented by the sodium—potassium pump (Na*/K*-ATPase), which
transports Na* out of the cell and K* into the cell against their electrochemical gradients. This
process requires energy derived from adenosine triphosphate ATP hydrolysis. Thus, at rest, the
cell is not at equilibrium but in a steady state: passive Na* influx and K* efflux through resting
channels are exactly balanced by the activity of the Na*/K* pump. Other active transporters also
contribute, such as the Ca?* pump. In addition, some active transport mechanisms do not directly
use ATP but rely on cotransporters, which move one ion against its electrochemical gradient by
exploiting the energy stored in the gradient of another ion. Because these mechanisms depend

indirectly on ATP-driven pumps, they are termed secondary active transporters (Kandel et al.,

2021).

K~ driving forces Na* driving forces Cl driving forces

Chemical Chemical Chemical

|

Figure 14. Ion channels determining the resting membrane potential. The resting potential of a mo-
toneuron is determined by the proportions of different types of ion channels that are open, together with
the value of their equilibrium potentials. Potassium (K*), sodium (Na'), and chloride (CL) channels
are illustrated in a simplified cell membrane, with arrows indicating the associated chemical and elec-
trical driving forces.

1.C. Neurotransmitters and synaptic integration

Motoneurons communicate with other neurons by chemical synaptic transmission. A presynap-

tic action potential triggers the release of a chemical transmitter from the presynaptic cell via



exocytosis. Transmitter molecules then rapidly diffuse across the synaptic cleft and bind to re-
ceptors on the postsynaptic cell. There are two major classes of transmitter receptors: ionotropic
and metabotropic receptors. lonotropic receptors are ligand-gated ion channels. Binding of
transmitter to an extracellular site induces a conformational change that opens the channel pore,
generating an ionic current that either excites (depolarises) or inhibits (hyperpolarises) the
postsynaptic cell, depending on the receptor type. Thus, the action of a transmitter depends on
the properties of the postsynaptic receptor rather than on the transmitter itself (Kandel et al.,

2021).

Depolarisation of the motoneuron is referred to as an excitatory postsynaptic potential (EPSP).
The unitary EPSP produced by a single sensory input depolarises an extensor motoneuron by
less than 1 mV, typically 0.2—0.4 mV, well below the threshold for action potential generation.
Reaching threshold generally requires a depolarisation of approximately 10 mV. Consequently,
action potential generation in a motoneuron requires near-synchronous activation of multiple
excitatory inputs. Conversely, hyperpolarisation is termed an inhibitory postsynaptic potential
(IPSP), which counteracts EPSPs and prevents the membrane potential from reaching threshold

(Kandel et al., 2021).

Neurons that release glutamate typically activate receptors that generate EPSPs. Glutamate re-
ceptor activation usually opens ligand-gated channels permeable to Na* and K*. The equilib-
rium potentials are approximately Ena = +60 mV and Ex = —90 mV, creating electrochemical
driving forces for Na" influx and K* efflux, respectively. The net effect of these opposing fluxes
is determined by the reversal potential (Erv), defined as the membrane potential at which Na*
influx equals K* efflux and net current is zero. For these non-selective cation channels, Erev 1s
close to 0 mV, representing a weighted average of Ena and Ek, given by the Goldman equa-
tion (Equation 3). Given a resting membrane potential of approximately —65 mV, opening these
channels produces a strong depolarising inward current driving Vm towards 0 mV. As the elec-
trochemical driving force (Vm — Erev) decreases during depolarisation, the current rapidly de-
clines. This reduction in driving force, together with the brief opening of synaptic channels and
the activation of opposing conductances, explains the small amplitude of a single EPSP (Kandel
et al., 2021).
RT  Pyg[Na™], + P [K"],
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Equation (3)



IPSPs are generated by neurons releasing GABA or glycine. For example, the GABAa receptor
is an ionotropic receptor that opens CI™ channels. Because these channels are primarily perme-
able to Cl17, the reversal potential approximates the Cl~ equilibrium potential (Eci = =70 mV).
If ECl is slightly more negative than the resting potential (e.g., Vr = =65 mV), opening CI~
channels produce a hyperpolarising current (Vi — Ec1> 0). Even when Eci is close to the resting
membrane potential and little hyperpolarisation occurs, the opening of C1™ channels still inhibits
the neuron from firing by holding the membrane near its resting potential, which is called a

shunting inhibition effect (Kandel et al., 2021).

Motoneurons receive synaptic inputs from many other neurons, some excitatory and others in-
hibitory. These inputs are coordinated through neuronal integration. This integration of excita-
tory and inhibitory inputs depends on several factors, including the location, size and geometry
of synapses. The final output is binary: the neuron either generates an action potential or it does
not. Action potential initiation occurs at the axon initial segment. Neuronal integration therefore
involves the summation of synaptic potentials that spread to this site. Temporal summation re-
fers to the addition of successive synaptic potentials in the same postsynaptic neuron. This
property exists because the change in current does not translate instantaneously into a change
in membrane potential, leaving time for summation. This property is determined by the mem-
brane time constant. The other type of summation is called spatial summation and refers to the
process by which inputs from many presynaptic neurons acting at different sites on the postsyn-
aptic neuron must be added together at the initial segment. This property reflects the degree to
which the EPSP decreases as it spreads passively from a synapse along the length of the dendrite
to the cell body and axon initial segment. It is related to the length constant property of the
neuron (Kandel et al., 2021).

1.D. Action potential generation

At the axon initial segment, the depolarisation required to reach the action potential threshold
(=55 mV) is approximately 10 mV from a resting level of =65 mV. When summation of EPSPs
and IPSPs brings the membrane potential close to this threshold, voltage-gated Na* channels,
distinct from chemically ligand-gated channels, open rapidly (Fig. 15). The resulting depolari-
sation triggers the opening of additional voltage-gated Na* channels, producing a further influx
of Na* and accelerating depolarisation. This regenerative positive feedback cycle develops ex-
plosively, driving the membrane potential rapidly almost toward the Na+ equilibrium potential

of +55 mV (Kandel et al., 2021).



When the depolarisation is maintained for some time, the Na+ channels begin to close, leading
to a decrease of inward current. This process, termed inactivation, renders the channel tempo-
rarily non-responsive to further depolarisation. Recovery from inactivation requires repolarisa-
tion to the resting membrane potential and defines the absolute refractory period. Although a
small subthreshold depolarisation increases inward Na* current, it also enhances outward K*
current by increasing the electrochemical driving force on K* (Ex = —90 mV). Closure of volt-
age-gated K* channels is slower than that of Na* channels, and several milliseconds are required
for them to return to the closed state. As a result, the membrane potential transiently becomes
more negative than its resting value as Vi, approaches Ex. This phenomenon, termed afterhy-
perpolarisation, limits the maximal firing rate of a neuron, defined as the number of action
potentials generated per unit time. Firing rate is a fundamental parameter in neuronal commu-

nication and, in the present context, in the transmission of signals from motoneurons to muscle
fibers (Kandel et al., 2021).
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Figure 15. Action potential. Excitatory postsynaptic potentials (EPSPs) depolarise the membrane from
its resting potential (—65 mV). If this depolarisation reaches the threshold (—55 mV), a stereotyped
action potential is triggered, consisting of a rapid depolarisation, followed by repolarisation and a re-
fractory period during which the membrane potential falls below the resting level.

1.E. Metabotropic receptors and persistent inward current

As mentioned previously, in addition to ionotropic receptors, motoneurons are also regulated
by metabotropic receptors. In contrast to ionotropic receptors, which directly control ion flux,
metabotropic receptors act through intracellular biochemical cascades that ultimately lead to

the indirect modulation of ion channels. A major family of metabotropic receptors is the G



protein—coupled receptors (GPCRs), which have been extensively studied and exert significant
effects in motoneurons. Here, we focus on their actions on voltage-sensitive channels (Fig. 16).
Of note, several terms have been used to describe these inputs: neuromodulatory (as they alter
neuronal properties), G protein—coupled (because most neuromodulatory inputs act via
GPCRs), metabotropic (as the intracellular cascades are considered part of neuronal metabo-
lism), and slow synaptic transmission (reflecting the slower time course compared with fast
ionotropic transmission) (Heckman et al., 2009a). Consistent with the majority of studies on
human motoneurons, we use the term neuromodulation, although this represents only one as-

pect of GPCR function, which is fundamental to numerous physiological processes.

Current evidence indicates that the principal neuromodulatory effects on spinal motoneurons
arise from serotonin (5-HT) and noradrenaline (NE), two monoamines that exert similar effects
on spinal neurons (Heckman et al., 2009a). Their brainstem origins were described in Part 2.
As with ionotropic receptors, the effects of 5-HT and NE depend on the receptor subtypes ex-
pressed by the target neuron. For example, both monoamines can depolarise the resting mem-
brane potential, probably via 5-HT6 or 5-HT7 receptors (Harvey et al., 2006). In contrast, 5-
HT1 receptors exert inhibitory actions at the initial segment, which may contribute to central
fatigue during prolonged 5-HT release reaching this region (J. Perrier & Cotel, 2008). Overall,
however, descending 5-HT and NE inputs strongly enhance motoneuron intrinsic excitability.
This effect is primarily mediated by persistent inward currents (PICs) activated via 5-HT2 and
NE al-receptors (Harvey et al., 2006; J.-F. Perrier & Hounsgaard, 2003). GPCRs act through
second-messenger signaling cascades, which are fully characterised only for selected pathways
in the nervous system. Ultimately, activation of 5-HT2 and al receptors promotes the opening
of two channel types that generate PICs: L-type Ca** channels (CaV1.3) and persistent Na*
channels (molecular subtype unidentified), located predominantly on dendrites (Lee & Heck-
man, 1999; Y. Li et al., 2004). Because PIC channels are voltage-gated, they require membrane
depolarisation for activation. Importantly, their contribution to synaptic processing depends
critically on descending monoaminergic drive: greater monoaminergic input produces larger

PICs (Lee & Heckman, 2000).
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Figure 16. Generation of PIC drive. Serotonin (5-HT) and noradrenaline (NE), originating from the
brainstem, activate metabotropic G protein—coupled receptors (GPCRs), which act via second-messen-
ger signaling cascades to ultimately activate persistent inward current (PIC) channels. Because PIC
channels are voltage-gated, they also require membrane depolarisation for activation, thereby acting as
an amplifier of synaptic input. Similar to potentials generated by ionotropic inputs, PIC-mediated de-
polarisations are transmitted to the axon initial segment and contribute to the firing behaviour of moto-
neurons.

PICs are characterised by two prominent effects on firing rate. First, they produce a high accel-
eration (i.e., rate of increase) of firing rate in response to injected current, reflecting amplifica-
tion of synaptic input (Hultborn et al., 2003; Lee & Heckman, 2000). Second, they generate
bistability, whereby a brief excitatory input can trigger self-sustained firing that is terminated
only by inhibitory input (Hounsgaard et al., 1988; Schwindt & Crill, 1980). These phenomena
correspond to amplification and prolongation effects of synaptic inputs mediated by PICs (Fig.
17). The Na*-mediated PIC (NaPIC) contributes primarily to amplification but not prolonga-
tion, as it inactivates within seconds (Powers & Binder, 2001). In contrast, the Ca?*"-mediated
PIC (CaPIC) underlies both acceleration and prolongation of motoneuron firing (Harvey et al.,
2006; Kuo et al., 2006). These two aspects are inextricably linked by the inherent persistence
of the channels mediating the PIC (Heckman et al., 2009b). Most evidence derives from animal

models, using voltage-clamp techniques to directly characterise PICs in motoneurons. In the



following sections, we discuss their influence on motoneuron firing during natural behaviour
in humans; accordingly, we refer to the effects of PICs on motoneuron firing output, rather than
on synaptic input per se. Although not addressed in detail here, PICs are also essential for re-
petitive firing by reducing afterhyperpolarisation (Harvey et al., 2006; Kuo et al., 2006). In
summary, PICs profoundly reshape a-motoneuron integration by modifying the input—output

relationship.
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Figure 17. PIC amplification and prolongation of synaptic inputs. In (a), a low threshold motoneuron
is voltage clamped to either —90 mV (magenta trace) or —55 mV (cyan trace). At a hyperpolarised
holding potential (i.e. —90 mV) activation of homonymous la afferents resulted in a steady current re-
sponse with a sharp onset and offset that matched temporal parameters of the input. At a depolarised
holding potential (i.e. —55 mV), the same input was amplified and prolonged, highlighting the voltage
dependence of the PIC. In (b), the net PIC (red trace) is the difference between the motoneuron current
response at a depolarised and at a hyperpolarised holding potential from (a). In (c), the motoneuron is
unclamped. At a hyperpolarised level (~ —90 mV; magenta trace), synaptic input does not reach the
threshold for repetitive firing. By contrast, at a more depolarised level (~ —70 mV; cyan trace), the same
input evokes repetitive firing that is sustained well after the input is turned off, albeit at a lower firing
rate. From Khurram et al. (2022).




1.F. Three types of inputs integrated by motoneurons

Summarising the preceding sections, motoneurons receive (i) excitatory inputs that induce ex-
citatory postsynaptic potentials, driving the membrane potential toward the action potential
threshold; (ii) inhibitory inputs that induce inhibitory postsynaptic potentials, preventing the
membrane potential from reaching threshold; and (iii) neuromodulatory (metabotropic) inputs
that enhance intrinsic excitability through PICs, thereby modulating the input—output gain of
motoneurons. These three types of inputs are mediated by glutamate (excitation), GABA and
glycine (inhibition), and serotonin (5-HT) and noradrenaline (NE) for neuromodulation. The
pathways mediating these inputs are summarised in Figure 18. Overall, motoneurons integrate
these inputs to determine their recruitment and firing behaviour, as detailed in the following

sections.
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Figure 18. Overview of motoneuron inputs. Motoneuron inputs can be classified into three main types:
excitatory (green), inhibitory (red), and neuromodulatory (blue), with the underlying pathways illus-
trated. Excitatory inputs primarily arise from the brain, particularly the motor cortex, from glutama-
tergic nuclei in the brainstem, from spinal interneurons (INs), and from peripheral afferents. Inhibitory
inputs primarily arise from specialised spinal interneurons, including la interneurons (la), Ib interneu-
rons (Ib), and Renshaw cells (RC). Neuromodulatory inputs arise from monoaminergic nuclei in the
brainstem, notably serotonergic (5-HT) and noradrenergic (NE) pathways, which modulate motoneuron
excitability via metabotropic receptors, ultimately resulting in amplification and prolongation of the
ionotropic drive.




2. Motoneuron pool organisation

2.A. Motoneuron role in force generation

So far, we have considered motoneurons through various aspects: their descending and spinal
inputs, and how these inputs regulate their activity. However, the central role of motoneurons
is defined by their projections to skeletal muscle. The number of motor units per muscle is
typically a few hundred, with large variation across muscles (Heckman & Enoka, 2012). The
innervation ratio, the number of muscle fibers innervated by a single motoneuron, also displays
large variability both between and within muscles (Heckman & Enoka, 2012). Importantly for
central nervous system force control, muscle units exhibit high mechanical heterogeneity, with
a 100-fold range in force production across motor units, primarily due to the innervation ratio
(Heckman & Enoka, 2012). As detailed below, motor units determine muscle force through two
mechanisms: the number of motor units recruited and the force produced by each unit, which

depends on the motoneuron firing rate and the number of muscle fibres innervated.

2.B. Motoneuron recruitment

The recruitment threshold of a motoneuron is determined by two primary factors: (1) its relative
share of the synaptic input and (2) its intrinsic threshold (Heckman & Binder, 1993). In the cat
medial gastrocnemius, motoneuron thresholds range from approximately 3 nA to over 30 nA
(Heckman & Binder, 1991). This 10-fold range is largely attributable to differences in input
resistance, which is inversely proportional to motoneuron surface area; consequently, smaller
neurons reach threshold with less current. Conversely, it is unlikely that total ionotropic synap-
tic current is ten times greater in high-threshold units than in low-threshold units (Heckman &
Binder, 1993; Powers & Binder, 2001), despite evidence that certain descending inputs prefer-
entially target high-threshold motoneurons (Fig. 19).

Ultimately, the recruitment sequence is governed by these differences in input resistance, lead-
ing to Henneman’s size principle. This principle dictates that motor units are recruited in an
orderly fashion from small to large. This sequence corresponds to the progressive activation of
slow-twitch, low-force, fatigue-resistant units (low threshold), followed by progressively larger,
faster, and more fatigable units (high threshold) (Henneman & Mendell, 1981). While neuro-
modulatory inputs can shift motoneuron thresholds, these effects are generally insufficient to

override the substantial threshold differences imposed by input resistance (Heckman et al.,



2009b). The upper limit of motor unit recruitment typically occurs below maximal voluntary
contraction (MVC); for instance, soleus motor units are recruited up to approximately 90%

MVC (Oya et al., 2009).
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Figure 19. Schematic of the distribution of synaptic inputs across motoneuron types shows that syn-
aptic sources are not uniformly distributed. Additionally, synaptic sources do not have a uniform effect
on each type of motoneuron (S vs. F). Cortical and rubrospinal inputs produce much greater (up to 9
times) effects in F motoneurons than they do in S motoneurons. Vestibular inputs are about twice as
strong in F motoneurons than in S. la inputs have the strongest effect in S motoneurons, being about
twice that in F motoneurons.

2.C. Motoneuron rate coding

A historical perspective is insightful for understanding the mechanisms underlying motor unit
rate coding. Early attempts (1950s—1980s) to link synaptic current to firing rate via intracellular
recordings (reviewed in Khurram et al., 2022) revealed a relatively simple linear input-output
relationship. However, this model failed to account for firing patterns observed during volun-
tary contractions in humans, which are characterised by: (1) an initial acceleration creating a
steep slope in rate modulation; (2) a rapid transition to a significantly lower slope; and (3) a
relatively linear decline in firing rate as input decreases, with derecruitment occurring at a much

lower input level of current injection than recruitment (Johnson et al., 2017; Fig. 20)

This discrepancy arose because early input-output functions were derived from anaesthetised
preparations, which suppressed the neuromodulatory drive from the brainstem. Conversely, de-
cerebrate cat preparations, used to study the effects of serotonin 5-HT and norepinephrine, re-
vealed discharge patterns strikingly similar to those observed in humans (Heckman et al.,
2009b). As discussed, monoaminergic drive induces PICs that modulate the voltage-sensitive
channels responsible for action potential generation. It is now clear that PICs fundamentally

shape rate coding by inducing marked initial acceleration and onset-offset hysteresis (Fig. 20).



These PIC-mediated effects, visible during natural human behaviour, are believed to be closely
linked to the amplification and prolongation of synaptic inputs. Recent studies further confirm
that neuromodulatory input from the brainstem is a fundamental component of normal motor
behaviour. For example, in vivo antagonism of 5-HT2 receptors attenuates the self-sustained
firing of human motor units, confirming that serotonergic neuromodulation is a key facilitator

of motoneuron discharge (Goodlich et al., 2024).
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Figure 20. Similarity of firing patterns between intracellular recordings with PICs and human
motoneuron firing. On the left, a triangular current ramp is injected via an intracellular electrode into
a motoneuron of a decerebrate cat. In the absence of persistent inward currents (PICs; low neuromodu-
latory state), the change in firing frequency is linear and follows the injected current (red trace). When
PICs are present (high neuromodulatory state), the firing behaviour becomes non-linear, with marked
initial acceleration, saturation, and pronounced onset—offset hysteresis (green trace). On the right, rep-
resentative human motoneuron firing rate patterns are shown during a linear increase and decrease in
torque, mimicking the injected current ramp. These firing patterns exhibit similar features, including
strong initial acceleration, saturation, and onset—offset hysteresis, consistent with intracellular record-
ings under high neuromodulatory conditions. This supports a fundamental contribution of PICs to hu-
man motoneuron firing behaviour. Adapted from Johnson et al. (2017).

While PICs increase motoneuron excitability, they also enhance the capacity of inhibitory syn-
aptic activity to reduce that excitability (Hultborn et al., 2003; Kuo et al., 2003). There are two
primary mechanisms by which PICs amplify inhibitory synaptic inputs. First, membrane hy-
perpolarisation can deactivate the inward current; the subsequent loss of this depolarising cur-
rent is effectively equivalent to adding a hyperpolarising current. Second, the activation of in-
ward currents depolarises the membrane, thereby increasing the reversal (driving) potential for
inhibitory synapses. The first mechanism, unlike the second, alters the time course of inhibitory
postsynaptic currents (IPSCs) and requires higher-amplitude IPSCs (Bui et al., 2008). Further-

more, the interaction between dendritic PIC channels and synaptic inhibition is location-



dependent. Renshaw cells, for instance, exert a potent inhibitory effect due to their projection’s
location (Bui et al., 2008), whereas the mechanism underlying the efficacy of reciprocal Ia in-
hibition remains unclear (Hyngstrom et al., 2007). Of note, while the studies discussed above
focus on how PICs modulate inhibition, conversely, human studies often emphasise the « damp-
ening effect » of inhibition on PICs. This highlights that the interaction is bidirectional and can

be characterised from either perspective.

In humans, motoneurons likely receive substantial tonic inhibition during normal motor behav-
iour, evidenced by high levels of spontaneous activity in premotor spinal interneurons (many
of which are inhibitory) in awake primates (Prut & Perlmutter, 2003). The decerebrate cat prep-
aration similarly exhibits significant tonic inhibition (Hyngstrom et al., 2007; Johnson et al.,
2012). This steady background allows for several distinct temporal patterns of inhibition rela-
tive to excitation: (1) constant inhibition while excitation varies; (2) a « push-pull » pattern,
where inhibition decreases as excitation increases; or (3) « proportional » inhibition, where
excitation and inhibition covary. A fundamental study for this thesis, Chardon et al., (2024),
demonstrated through simulations (details will be provided in the Method section) that these
distinct inhibitory patterns are associated with specific firing behaviours (Fig. 21). For instance,
at a constant neuromodulatory level, a push-pull pattern enhances PIC acceleration and prolon-
gation effects on the firing; whereas a proportional pattern tends to suppress them, reflecting
the dampening effect of inhibition on PICs. Notably, the push-pull pattern is supported by spinal
circuit architecture, such as the organisation of la afferents and Ia inhibitory interneurons (John-
son et al., 2012), and aligns with firing patterns observed in healthy humans (Chardon et al.,
2024). Furthermore, a push-pull pattern is required for reaching high firing rates during high-
force contractions (Skarabot et al., 2025) and is more pronounced in trained versus untrained
individuals (Skarabot et al., 2026). While proportional patterns are common throughout the
central nervous system (Berg et al., 2019), spinal circuits may modulate these inhibitory strat-
egies based on the task. Importantly, whether these inhibitory patterns are altered after SCI and

stroke remains a critical question.



Push-pull pattern Proportional pattern

Figure 21. Impact of inhibitory pattern on firing rate pattern. A motoneuron pool model receives a
constant neuromodulatory input (blue trace) but different inhibitory patterns. A push-pull inhibitory
pattern, which corresponds to a decrease in inhibitory conductance (red trace) during increase in excit-
atory conductance (green trace), or a proportional pattern, which corresponds to a co-increase of ex-
citatory and inhibitory conductances, leading to different firing patterns. Adapted from Chardon et al.
(2024)

2.D. Synaptic inputs: functionnal considerations

A central question in neuroscience is how neurons, despite their limited bandwidth, encode
signals spanning several orders of magnitude. In the motor system, this problem can be refor-
mulated as follows: how can accuracy be maintained across a wide range of force outputs? To
illustrate this issue, Wei et al. (2014) proposed the following example. Consider a transmission
system (e.g. motoneurons to muscles) capable of transmitting only a limited number of spikes
within a relevant interval, with force assumed to be proportional to spike count. Suppose the
system can generate a maximum of 10 spikes. In Situation A, forces between 0 and 1 N are
required, whereas in Situation B, forces between 0 and 10 N are needed. With a fixed gain, the
system must operate at 1 N per spike to accommodate the maximal force in Situation B. A lower
gain would fail to produce the required peak force. However, under this constraint, Situation A
would allow only integer force values, leading to errors of up to 0.5 N, as the maximum error
equals half the step size. Thus, without gain modulation, the capacity to generate high forces

necessarily compromises precision at low forces. In contrast, a context-dependent gain would



allow a gain of 0.1 N per spike in Situation A and 1 N per spike in Situation B. Under these
conditions, maximal error in Situation A would be reduced to 0.05 N, substantially decreasing
output variability while preserving performance in Situation B. In motoneurons, gain can be
regulated by PICs and the pattern of inhibition described above. PICs increase gain through
their amplification effect and a push—pull inhibitory organisation provides the central nervous
system with a further mechanism for increasing motoneuron gain in a paradoxical manner: in-
creasing background inhibition to enhance disinhibition and thereby increase effective gain

(Johnson et al., 2012).

While the adaptation of motoneuron gain by PICs is a crucial component of motor control, it
presents a potential problem. Monoaminergic projections driving PICs are diffuse and lack ap-
parent somatotopy. Consequently, they are not motor pool specific (Johnson & Heckman, 2014;
Skagerberg et al., 1982). As a result, their profound effect could potentially lead to involuntary
activation across multiple motor pools, including agonists and antagonists acting at multiple
joints. The interaction between inhibition and PICs has been proposed as the solution to this
issue (Hyngstrom et al., 2007). Inhibition provides the capacity for "sculpting" specific move-
ment patterns from the diffuse background of neuromodulation generated by descending mon-
oaminergic tracts (Hyngstrom et al., 2007). This hypothesis is often summarised as « diffuse
descending neuromodulation, focused local inhibition » (Heckman et al., 2008), which high-
lights the crucial role of inhibition and the risks associated with the dysregulated inhibition that

follows SCI and stroke.

2.E. Common and independent inputs

So far, we have presented the synaptic command characterised through three components acting
on motoneurons: inhibitory and excitatory (ionotropic), and neuromodulatory (metabotropic)
inputs. Another fundamental distinction between types of synaptic inputs concerns the portion
of input correlated across the motoneuron pool, termed common synaptic input, and the remain-
ing portion, termed independent input (Fig. 22; Farina et al., 2014). The fundamental properties
of common synaptic input are: (1) despite the non-linear properties of individual motoneurons
(described above), the motoneuron pool linearises the relationship between common synaptic
input and the neural drive to the muscle. This likely provides a mechanism for the central nerv-
ous system to execute smooth movements using non-linear elements with high synaptic noise;
(2) within the frequency bandwidth relevant for force generation (typically <10 Hz due to mus-

cle contractile characteristics), the motoneuron pool filters out signals sent independently to



each neuron and transfers only the common components with pure scaling. This makes common
input the primary driver of force modulation (Farina, et al., 2014). This line of research thus
focuses on understanding functional connectivity. Beyond these features, questions remain re-
garding the organisational level of common input across muscles and behavioural contexts (i.e.,

motoneuron functional synergies) (Hug et al., 2023).
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Figure 22. Common and independent inputs to motoneurons. Motoneurons receive a proportion of
inputs that are shared across the motoneuron pool (common inputs), originating from multiple sources,
as well as independent inputs (Ix). Neuromodulatory inputs project diffusely across motoneuron pools.
Theses input structure the firing bahaviour of groups of motoneurons. Adapted from Hug et al. (2023).

3. Motoneuron inputs and behaviour after stroke and SCI

3.A. SCI

SCI results in muscle-dependent changes in motoneuron recruitment and rate coding. While no
global differences compared to controls were observed in the triceps brachii (Wiegner et al.,
1993), significantly lower firing rates have been reported in the first dorsal interosseous, biceps
brachii, and tibialis anterior (Debenham et al., 2024; Kizyte et al., 2025; Thomas et al., 2014).
Within plantar flexor muscles, the SOL was assessed by (Kizyte et al. (2025), who reported no
significant differences in motoneuron mean discharge rates between SCI and control individu-

als.

Changes in recruitment thresholds remain difficult to quantify in humans. Available evidence
focuses on the maximal relative force at which the highest-threshold motoneurons are recruited.
For example, thenar motoneurons are recruited at forces up to 72% maximal voluntary contrac-

tion torque (MVT), compared to controls, which typically saturate below 30% MVT (Thomas



et al., 2014). Experiments have also started to explore motoneuron synergies after SCI, suggest-
ing that some reorganisation may occur (Duan et al., 2026). Generally, synaptic input to moto-
neurons during voluntary contraction has received minimal attention, likely due to the technical
challenges of using intramuscular EMG to isolate individual motor unit behaviour. Conversely,
animal models and involuntary contractions have been more extensively explored regarding

synaptic input commands.

Animal models of SCI demonstrate that increased PICs play a primary role in the development
of muscle spasms and spasticity (Li & Bennett, 2003). Crucially, increased PICs after complete
lesions are due to the compensatory emergence of constitutively active 5-HT2 and NA al re-
ceptors; these provide neuromodulatory excitation independent of monoaminergic drive
(D’Amico et al., 2014; Murray et al., 2010). Importantly, the transition from acute spinal shock
to the recovery of excitability, marked by increased residual force and signs of overactivity,

parallels the re-emergence of motoneuron PICs in animal experiments (Li et al., 2004).

In humans with chronic SCI, the contribution of PICs is suggested by the reduced synaptic drive
required to maintain firing in paired motor unit analysis during spasms (Gorassini, 2004). Be-
yond the evidence linking PICs to spasms, recent findings suggest that spasms also arise from
a global reduction in synaptic inhibition, which disrupts the regulation of PIC magnitude. Con-
sequently, both disinhibition and heightened intrinsic excitability contribute to spasm genera-
tion (Mahrous et al., 2024). This decreased inhibition would be primarily driven by the disfa-
cilitation of interneurons following the loss of descending pathways and the downregulation of
the chloride transporter KCC2, which depolarises the chloride reversal potential (normally Eci
~-70 mV), reducing the inhibition effect (Boulenguez et al., 2010). Importantly, these mecha-
nisms likely differ from those underlying paresis, as evidenced by findings that spinal excitation
is increased at rest in SCI but fails to appropriately scale (i.e., increase) during voluntary con-

tractions (Chen & Perez, 2022; Vastano & Perez, 2020).

In this thesis, the firing behaviour of motoneurons will be assessed during voluntary contrac-
tions using large populations of recorded motoneurons, and synaptic inputs will be estimated
for the first time in humans after SCI, in terms of excitatory, inhibitory, and neuromodulatory

components (Study 2).



3.B. Stroke

Previous studies assessing motoneuron firing rates have consistently revealed a systemic reduc-
tion in paretic muscles post-stroke. Specifically, this has been observed during submaximal
contractions in the biceps brachii (Gemperline et al., 1995; Mottram et al., 2014), the first dorsal
interosseous (Hu et al., 2015; Li et al., 2015), and the tibialis anterior (Chou et al., 2013). One
striking feature identified in some motoneurons is "negative rate modulation", which is a de-
crease in firing rate despite an increase in torque, and thus presumably an increase in net syn-

aptic input (Mottram et al., 2014).

Pharmacological attenuation of the monoaminergic drive in stroke survivors reduces the flexion
synergy typically associated with chronic stroke, suggesting that monoamines contribute to
these motor adaptations (Beauchamp et al., 2022; McPherson, et al., 2018). Accordingly, vari-
ous methodologies addressing whether neuromodulation is increased post-stroke suggest that it
may contribute to signs of overactivity, alongside ionotropic changes (McPherson et al., 2008;
Mottram et al., 2010). However, estimates of neuromodulatory level during voluntary contrac-
tion have revealed mixed results compared to controls (Beauchamp, et al., 2023; Mottram et
al., 2009). Mottram et al., (2009) argue that their results support distinct mechanisms for ove-
ractivity signs in stroke versus SCI, with PICs being less altered post-stroke. While these com-
parisons are legitimate, given that SCI and stroke differ in their clinical presentation (e.g., prev-
alence of spasms versus spasticity), we maintain that the confounding factor of state (voluntary
contraction versus rest) is crucial. This distinction limits the validity of extrapolating results
from rest to active movement, particularly across populations where standardised, comparative

assessments are lacking.

Overall, few studies have attempted to estimate synaptic input commands after stroke. Mottram
et al. (2009) used the paired motor unit approach, which has been shown to be highly dependent
on inhibitory inputs, thereby limiting conclusions regarding neuromodulatory levels. The study
by Beauchamp et al. (2023) used a more recent approach, the same as that employed in this
thesis (see Methods), but focused on the biceps brachii, comparing it to the contralateral side,
and was conducted on a relatively small sample (n = 11). Thus, in this thesis, motoneuron firing
behaviour has been assessed during voluntary contractions using large populations of recorded

motoneurons for the first time in plantar flexor muscles, with healthy individuals as controls

(Study 3).



4. Modulation of motoneuron inputs and behaviour with muscle length and

antagonist tendon vibration

4.A. Modulation of motoneuron inputs and behaviour with muscle length in healthy individu-

als

Movement necessitates changes in joint kinematics, which are accompanied by both neural and
mechanical modifications. As joint position shifts, muscles may be stretched, increasing the
activity of various afferents (primarily Ia, II, and Ib). This provides the central nervous system
with sensory feedback that regulates the spinal mechanisms, as described in Part 2. In the mus-
cles investigated in this thesis (SOL and GM), lengthening enhances torque-generating capac-
ity, following their curvilinear and consistently positive force-length relationship (Hoffman et
al., 2012; Maganaris, 2001). Consequently, less muscle activation is required to produce the

same absolute torque at longer muscle length.

How the central nervous system adapts synaptic commands to these shifting neural and me-
chanical properties remains largely unexplored. To date, this question has primarily been ad-
dressed through pathway-specific approaches. For example, homosynaptic postactivation de-
pression increases with muscle length (Colard et al., 2025). However, the length-dependence of
neuromodulatory, inhibitory, and excitatory inputs in humans remains unknown. A fundamental
study, in the decerebrate cat model, revealed that changing joint position substantially modu-
lates PICs via reciprocal inhibition (Hyngstrom et al., 2007). Nevertheless, these findings may
differ from the physiological state during active movement in humans for two reasons: (1) Ib
afferent-mediated inhibition increases at longer muscle lengths and is likely more influential
during voluntary contractions than in paralysed animal models; and (2) key descending systems
that modulate sensory-driven inhibition are absent in the decerebrate cat (Hyngstrom et al.,
2007). Thus, the length-dependence of neuromodulatory, inhibitory, and excitatory inputs in
humans remains to be determined, which has been the focus of the Study 1 of this thesis. Spe-
cifically, this study primarily aimed to test the hypothesis that PIC-mediated prolongation is
modulated by changes in muscle length through changes in inhibitory inputs.

4 B. Modulation of motoneuron inputs and behaviour with muscle length in SCI and stroke

As proposed in Part 1, muscle length is central to the physiological and sensorimotor impair-

ments observed after stroke and SCI. Notably, a « stretch-sensitive paresis » has been described



(Vinti et al., 2015). However, that study quantified activation via EMG amplitude, which is not
a reliable indicator of neural drive. Factors such as biased spatial sampling of motor units and
variable volume conductor effects across joint positions alter the relationship between neural
drive and EMG amplitude (Besomi et al., 2020). Addressing this through individual motor unit
activity is necessary to verify this hypothesis. While position-dependent alterations in torque
are evident - particularly in stroke, where patients may produce reversed (negative) torque - this

phenomenon could be explained by abnormal co-activation alone.

Whether PICs are altered after stroke and SCI remains unclear. However, it is established that
several spinal pathways mediating postsynaptic inhibition are dysfunctional in both conditions
(as detailed in Part 2). Beyond altering the net synaptic input to motoneurons, impaired inhibi-
tory control may also disrupt PIC regulation via the « dampening effect » (Heckman et al.,
2009b). Consequently, inhibitory system dysfunction could lead to severe motor deficits, as
poorly controlled PICs would amplify the detrimental consequences of altered inhibitory inputs.
The interaction between inhibitory inputs and PICs has notably been tested using antagonist
tendon vibration (Mesquita et al., 2022), which reduces PICs, likely via activation of the recip-
rocal Ia inhibition pathway (Burke et al., 1976). Additionally, vibration may, via sensory affer-
ent stimulation, increase the responsiveness of raphe serotonergic neurons (Moolenaar et al.,
1976), thereby enhancing PICs. Consequently, vibrations of the antagonist tendon provide an
excellent experimental paradigm for manipulating inhibition and evaluating the interaction be-
tween different synaptic inputs. Both change of muscle length and tibialis anterior vibration
were used in Study 2 and Study 3 to experimentally manipulate inhibitory inputs to plantar
flexor motoneurons, providing insights into the role of inhibitory inputs in shaping motoneuron

behaviour.



Key points

Motoneurons are the final integrators of the motor command, translating neural signals into
force through the innervation of muscle fibers. This innervation is organised into motor units,

whereby one motoneuron innervates multiple muscle fibers via its axon.

Motoneuron function depends on the membrane potential, defined by the charge difference be-
tween extracellular and intracellular compartments. The membrane potential can undergo a ste-
reotyped, rapid change known as the action potential, which transmits discrete discharges to

muscle fibers.

The membrane potential of motoneurons is determined by electrochemical driving forces,
which are strongly influenced by synaptic inputs from other neurons. These inputs act on ion
channels, generating ionic currents that either depolarise or hyperpolarise the membrane. Ulti-

mately, motoneurons integrate these inputs to determine their output behaviour.

In addition to excitatory and inhibitory ionotropic inputs, motoneuron behaviour is critically
modulated by neuromodulatory inputs, which activate PICs and result in amplification and pro-
longation of synaptic inputs. In this way, neuromodulation reshapes the input—output relation-

ship of motoneurons.

Muscle force is determined by both the number of active motor units (recruitment) and their
discharge rates (rate coding). These features are shaped by the three types of inputs, resulting

in input-specific firing patterns.

Motoneuron firing behaviour has been studied in selected muscles following stroke and SCI,
and has generally revealed alterations. However, it has rarely been investigated in lower limb
muscles, particularly using large populations of motor unit recordings. Regarding synaptic in-
puts, current knowledge is largely limited to animal models in SCI and to upper limb muscles

in stroke.

Finally, the dependence of excitatory, inhibitory, and neuromodulatory inputs on muscle length,
in both healthy and pathological conditions, remains unknown. This also represents a key ex-
perimental paradigm, along with antagonist tendon vibration, which allow manipulation of in-

hibitory inputs in vivo in humans.







Objectives & hypotheses

Regulation of muscle force depends on both the number of recruited motor units and the force
produced by each unit, which in turn is determined by motoneuron firing rate and the number
of innervated muscle fibers. Recruitment and rate coding depend on the three types of synaptic
inputs: excitatory, inhibitory, and neuromodulatory. In functional contexts, motor output must
continuously adapt to changing mechanical and sensory conditions. Movements of daily life
notably involve variations in joint position, which modify muscle mechanical properties
through the force—length relationship, thereby requiring corresponding adjustments in synaptic
inputs. In parallel, changes in joint position alter sensory feedback to motoneurons, which must
be integrated to ensure appropriate regulation of motoneuron pool behaviour. Consequently, the
central nervous system must coordinate these multiple constraints to produce effective motor
output. Increasing force production, adapting to mechanical demands, and integrating sensory
inputs all require complex neural computations. Ultimately, the three synaptic input commands
must be coherently integrated by motoneurons to generate appropriate motor behaviour. Re-
garding stroke and SCI, it is unclear how synaptic inputs are organised to support residual force

production, and how these inputs adapt to changes in joint position or sensory feedback.

The global objective of this thesis is to better define the organisation of synaptic inputs to mo-
toneurons during voluntary contraction after stroke and SCI, and to determine how these inputs
adapt to changes in inhibitory inputs in both health and disease. The experimental work is struc-

tured into three studies.

Specifically, Study 1 aimed to investigate changes in synaptic inputs during voluntary contrac-
tions in humans. We hypothesised that PIC estimates would decrease as plantar flexor muscle
length increases, regardless of whether absolute or relative torque is maintained constant across
ankle positions. This would suggest that muscle length, rather than muscle tension, primarily
drives PIC modulation. We further hypothesised that this decrease would be mainly attributable
to increased inhibitory input, whereas neuromodulatory input would remain relatively stable

during these tasks.

Studies 2 and 3 aimed to determine how synaptic inputs shape motoneuron rate coding in indi-
viduals with incomplete chronic SCI and chronic stroke, respectively. First, we compared the
relative contributions of inhibitory and neuromodulatory inputs to motoneuron firing rates in

plantar flexor muscles between individuals with pathology and healthy controls, using specific



firing features to estimate synaptic inputs. We then experimentally manipulated inhibitory input
through changes in muscle length and antagonist tendon vibration, to further characterise the

role of inhibition in shaping motoneuron behaviour.

What allowed us to address these questions for the first time was the following experimental
framework, common to all three studies. Participants performed isometric plantarflexion tasks,
while high-density EMG signals were recorded and decomposed into individual motoneuron
firing patterns. Then, synaptic inputs were inferred from the characteristic signatures observed

in these firing patterns (Fig. 23).
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Figure 23. Thesis method overview. Participants performed isometric plantarflexion consisting of a
linear increase and decrease in torque, while high-density surface electromyography (HDsEMG) was
recorded from the gastrocnemius medialis (GM) and soleus (SOL). EMG signals were then decomposed
into individual motoneuron spike trains and converted into continuous firing rates. Specific firing rate
features were quantified and served as “signatures” of distinct synaptic inputs, which allowed estima-
tion of the contributions of excitatory, inhibitory, and neuromodulatory inputs to motoneuron firing.




METHOD

In each study included in this thesis, analyses are based on the activity of motoneurons from
the gastrocnemius medialis (GM) and the soleus (SOL). As detailed previously, impairments of
these muscles are common after stroke and SCI and have important functional consequences.
Additionally, these muscles are superficial, which allows the decomposition of EMG signals

into the activity of individual motoneurons.

The following sections detail (i) the experimental setup and protocol common to all studies in
this thesis, (i) the method used to decompose EMG signals into individual motoneuron activity,
(ii1) the motoneuron firing rate-related metrics used in the experiments, and (iv) the validation

of the metrics used to infer motoneuron inputs.

N EXPERIMENTAL SET UP AND PROTOCOL

For all the studies, participants were seated on an isokinetic dynamometer (HUMAC NORM,
CMSI, Stoughton, MA, USA), with their foot securely attached to the footplate (Fig. 24). Inex-
tensible straps were tightened to immobilise their torso, pelvis, and thigh of the tested leg. The
lateral malleolus was aligned with the dynamometer's axis of rotation. The participant's position
was adjusted to ensure a hip angle of 80° (hip extended = 0°) and a knee angle of 10° (leg
extended = 0°). The ankle position was set to either 20° of plantar flexion or 0° (neutral ankle
position). A third position was set to 20° of dorsiflexion (referred to as -20°) in Study 1, or 10°
of dorsiflexion (referred to as -10°) in Studies 2 and 3. Torque signal was digitised at 2048 Hz
(Quattrocento, 400-channel EMG amplifier; OT Bioelettronica, Torino, Italia).

For all the studies, participants began with a standardised warm-up consisting of two 5-second
contractions at 50%, 70%, and 90% of their self-estimated maximal contraction intensity, with
a 20 s rest period between contractions. After a 2-minute rest, they performed two 5-second
plantarflexion MVTs at each of the three ankle angles in Study 1, separated by a 2-minute rest
period. In Studies 2 and 3, MVTs were recorded only at 20° of plantarflexion and 0° because
of limited possibility for participants to repeat contractions and/or to reach the position of -10°
of dorsiflexion. If the difference between the two contractions exceeded 5%, an additional MVT
was performed. Participants received real-time visual feedback of the torque signal during each

effort, and strong verbal encouragement was provided. Peak MVT torque was considered as the



maximal value obtained from a moving average window of 100 ms and was subsequently used
to determine submaximal plantarflexion targets. The same procedure was performed to deter-
mine dorsiflexion MVTs. After the warm-up and MVT assessments, participants performed a
set of isometric submaximal plantarflexion contractions that varies depending on the studies.
Accordingly, the rest of the experimental procedure is detailed in the ‘Materials and Methods’

section of each study in this thesis.

ISOMETRIC PLANTARFLEXION TASK

4 N

Torque target

Torque realised

Figure 24. Set up. Participants were seated in an isokinetic dynamometer and performed isometric
plantarflexion consisting of a linear increase and decrease in torque, while high-density surface elec-
tromyography (HDsEMG) was recorded from the gastrocnemius medialis (GM) and soleus (SOL). Two
EMG grids were used for the GM (in purple) and the SOL (in green).

High-density surface electromyograms (EMG) were recorded using two 64 electrode grids per
muscle (13 x 5 gold-coated electrodes, with one electrode absent in a corner; 4 mm interelec-
trode distance; OT Bioelettronica, Torino, Italy) placed over the muscle bellies of both the GM,
SOL and TA. The GM and SOL muscles were selected because they are strongly affected by
both paresis and signs of hyperexcitability in individuals with incomplete SCI (Jayaraman et
al., 2006), whereas the TA was assessed to control for the level of coactivation. The electrode
grids were attached using disposable bi-adhesive foam layers (SpesMedica, Battipaglia, Italy),
and the cavities in the adhesive were filled with conductive paste (SpesMedica, Battipaglia,
Italy). A reference electrode (Kendall Medi-Trace, Canada) was placed over the patella, and a

ground electrode (strap dampened with water) was placed around the ankle of the tested leg.



The EMG signals were recorded in monopolar mode, bandpass filtered (10-500 Hz), and dig-
itised at a sampling rate of 2048 Hz (EMG-Quattrocento, 400 channel EMG amplifier; OT Bi-
oelettronica, Torino, Italy). The data were acquired using OT BioLab+ software (OT Bio-

elettronica, Torino, Italy).

N DECOMPOSITION OF EMG SIGNAL INTO MOTONEURONS
ACTIVITY

1. EMG

Electromyography measures the electrical signal generated by a muscle during contraction
(Merletti & Muceli, 2019). This electrical activity originates from action potentials propagating
along active muscle fibers. As described earlier, muscle fibers are grouped into motor units,
which constitute the basic control unit of muscle contraction. Each action potential discharged
by a motoneuron activates all the muscle fibers it innervates. As multiple motoneurons dis-
charge concomitantly, the EMG signal is an interference signal representing the sum of the
action potentials of the active motor units (Day & Hulliger, 2001). However, the amplitude of
surface EMG is also influenced by physiological and non-physiological factors independent of
motoneuron activity which complicates the interpretation of the interference EMG signal (Fa-
rina et al., 2004). Factors affecting the EMG signal are notably the volume conductor between
the electrodes and the muscle, muscle geometry, muscle crosstalk, and phase cancellation (Fa-
rina et al., 2014). The ability to observe the activity of individual motoneurons makes it possible
to overcome these limitations by assessing the neural drive, which corresponds to the sum of
the action potentials discharged by the motoneurons innervating the muscle (Fig. 25). In addi-
tion, access to the neural drive opens a new window on the motor input commands of motoneu-
rons, notably via the approach used in this thesis, detailed in “VALIDATION OF THE MET-
RICS USED TO INFER MOTONEURON INPUTS”.
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Figure 25. Overview of the EMG decomposition. The nervous system generates force by activating
motor units and modulating their discharge rates. During isometric contractions, the train of motor unit
action potentials can be modelled as the convolution of the series of discharge times and the motor unit
action potentials. The EMG signals are the sum of the trains of action potentials from the active motor
units within the recorded muscle volume. The EMG decomposition with blind source separation consists
of inverting the generative model of EMG signals by estimating the series of discharge times for active
motor units. For this, blind-source separation algorithms can be applied on EMG signals recorded with
grids of surface electrodes. Adapted from Avrillon et al. 2024

2. EMG decomposition

Following the description of the motor unit (Liddell & Sherrington, 1925), experimentalists
developed tools to record their extracellular electrical potentials, with the aim of understanding
how the nervous system generates and controls muscle force. From concentric needles to fine
wires, from large surface electrodes to dense grids of small surface electrodes (Farina et al.,
2016). This last approach was the recording method used in this thesis. Together with algorithms
that automatically separate the overlapping activity (i.e., the interference signal) of motor units
(Farina & Holobar, 2016; Negro, 2016), it allows the non-invasive recording of tens of moto-

neurons activity per muscle, as described below.

The process of separating the overlapping activity of motor units into individual motor unit
activity relies on the application of a source separation algorithm. In our case, we used the fast
Independent Component Analysis (fastlCA) algorithm, theoretically described (Farina & Hol-
obar, 2016), validated (Negro, 2016) and implemented in the Muedit software (Avrillon et al.,
2024). The main principle behind the source separation algorithm is that each motor unit has a

spatio-temporal action potential waveform that differ from all other active motor units within



the recorded muscle volume. Intuitively, it means that each motor unit looks differently on the
grid, and the task is thus to identify the particular look of a motor unit to identify when it acti-
vates. In technical terms, it consists of optimising a separation vector for each motor unit to
separate its series of discharge times from all other active motor units (Farina & Holobar, 2016).
As a consequence of this principle, motor units innervating a similar number of muscle fibres
and positioned close to each other within the recorded muscle volume are likely not distinguish-
able. However, increasing the number and spatial distribution of recording electrodes increases
the likelihood that each motor unit have a unique motor unit action potential profile (Caillet et
al., 2023). The reliable identification of the entire series of discharge times for each motor unit
requires stationary recording conditions to keep the separation vector consistent. This explains
why, so far, EMG signals should be recorded during isometric contractions. Otherwise, a change
in position/orientation of the active muscle fibres relative to the grid electrodes during the re-
cordings can impact temporal and spatial action potential profiles — and thus not align with the

main principle behind the decomposition (Avrillon et al., 2024).

The pre-processing of EMG signals first required visual inspection of all the signals to remove
the channels with artifacts or low signal to noise ratio, as they may alter the separation vectors.
The filtered EMG signals are then extended and whitened before applying the source separation
algorithm. Intuitively, the extension step is there to simplify the task of the source separation
algorithm by creating short time window of EMG samples that captures the motor unit action
potential (MUAP) waveform. So instead of identifying a motor unit only by its spatial profile
across electrodes, the algorithm identifies it using its full spatio-temporal profile. Alternatively,
it’s like converting the time component of the MUAP into a space component; with the exten-
sion factor (i.e., time lags) of 16 used in this thesis, the 64 channels of each grid become
16*64=1024 signals. Mathematically, it corresponds to solve an instantaneous linear mixture
instead of a convolutive mixture (Negro, 2016). After extension, the signals are whitened
through a linear transformation that removes correlations between channels and normalises
their variance. This step helps the source separation algorithm that relies on detecting statistical

independence between sources.

After pre-processing of the EMG signals, the step to follow consists of iteratively optimising
separation vectors for each motor unit to identify a matrix that transforms the whitened EMG
signals into the motor unit spike trains (Fig. 26). The separation vector corresponds to a set of
weights, W= [W1,W2,W3,...,Wn], applied to all extended-EMG channels (N) to isolate one motor

unit. Intuitively, it reflects that motor unit appears on all channels but with different amplitudes.



When fastICA multiplies this vector with the EMG data, it computes a weighted sum of the
signals. The weights are determined with a fixed-point algorithm that iteratively optimises the
separation vector using a cost function - the skew cost function in this thesis - with aim to
maximise the sparsity of the estimated motor unit spike train. The rationale behind maximising
the sparsity is that the sum of two or more spike trains is less sparse than a single motor unit
spike train. The fixed-point algorithm terminates once the separation vectors are sufficiently
invariant between successive iterations, with respect to a pre-set upper bound, or reach 150
iterations. Then, the discharge times are estimated with a peak-detection function and a K-
means classification that separate the high peaks (spikes) from the low peaks (noise) (Avrillon
et al., 2024). Of note, separation vectors were initialised using the values of the EMG signals

at the time instants where the value of the sum of squared EMG signals was maximised.
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Figure 26. Optimisation of motor unit separation vectors. A fixed-point algorithm iteratively optimises
separation vectors for each motor unit. The projection of EMG signals onto these separation vectors
generates motor unit pulse trains, from which the series of discharge times are identified. The separation
is initialised using the values of the EMG signals at the time instants where the value of the sum of
squared EMG signals is maximised (Max EMG). In this example, the fixed-point algorithm terminated
after 11 iterations once the separation vector varied below an imposed upper limit between successive
iterations. The evolution of the separation vector, the motor unit pulse train and the distribution of its
values are displayed on the right. At the end of the fixed-point algorithm, the discharge times are esti-
mated with a peak-detection function and a K-means classification that separate the high peaks (spikes)
from the low peaks (noise). Adapted from Avrillon et al. (2024)




3. Manual editing of motor unit spike trains

The results provided by the decomposition algorithm need to be assessed for accuracy (Holobar
et al., 2014). The silhouette value measures the normalised distance between the spikes and the
noise and can be used to assess the reliability of the motor unit spike trains, with a silhouette
value higher than 0.9 chosen as threshold for inclusion (Negro, 2016). The manual editing,
realised on Muedit, consists of (i) removing spikes causing erroneous discharge rates (outliers),
(i1) adding discharge times clearly separated from the noise, (iii) recalculating the separation
vector, (iv) reapplying the separation vector on the entire EMG signals, and (v) repeating this
procedure until the selection of all the discharge times appears to have been achieved (Fig. 27)
(Avrillon et al., 2024). The reliability of this process has been shown to be excellent between
operators (Hug et al., 2021). Importantly, as there is a 1 : 1 ratio between action potentials on
the neuronal and muscle cell membranes (i.e., the motor unit action potential), this approach

informs about the firing behaviour of motoneurons (Farina et al., 2016).
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Figure 27. Manual editing of motor unit spike trains. In this example, the automatic decomposition
has been performed on the central segment of the signal, that is, during the plateau of force. (4) After
the automatic decomposition, falsely identified discharge times cause erroneous discharge rates while
missed discharge times cause drops in discharge rates. (B) One can manually remove or add these dis-
charge times if they are clearly identifiable. (C) After this manual editing, the separation vector is re-
calculated, and the motor unit pulse train is updated and extended to the limits of the signal. (D) The
automatic detection of discharge times is manually corrected another time, and this iterative process
stops once the full series of discharge times is identified. From Avrillon et al. (2024)




4. Validation of spike trains obtained from surface EMG decomposition and

manual editing

The crucial problem in EMG decomposition is its accuracy. While any algorithm can provide
realistic spike trains, the precise quantification of errors in such estimates remains partially
elusive (Marateb et al., 2011). This topic has been largely debated (De Luca et al., 2006, 2015;
Farina, Merletti, et al., 2014; Farina & Enoka, 2011). Here, we present what can be considered

the three main types of validation.

The first type of validation is via simulation. EMG signals are simulated by generating series
of discharge times of motor units via an anatomical model entailing a cylindrical muscle volume
with parallel fibres, in which subcutaneous and skin layers separate the muscle from the surface
electrodes (Avrillon et al., 2024). Then, EMG signals are decomposed and manually edited to
obtain motor unit spike trains. These spike trains are then compared to the ground truth (i.e.,
the simulated discharge times). Specifically, a rate of agreement is calculated as the ratio be-
tween correctly identified discharge times and the sum of correctly identified discharge times,
missed discharge times, and falsely identified discharge times. This yields a mean agreement
of 95% for surface EMG signals (Avrillon et al., 2024).

A second type of validation assesses the consistency between discharge times identified from
surface EMG signals and those obtained through intramuscular EMG signals (Fig. 28), which
are considered the reference method (Negro, 2016). The rate of agreement, tested in the first
dorsal interosseous muscle, ranges from 98% at 10 %MVT to 91% at 90 %MVT (Negro, 2016).

In addition, the accuracy of EMG decomposition can be assessed for each individual motor unit
in each signal analysed. For that, an index of accuracy can be calculated by comparing how
much the identified discharge times differ from noise. Specifically, in this thesis, we used the
silhouette value, which measures the normalised distance between the spikes and the noise and
is used to assess the reliability of the motor unit pulse trains (Negro, 2016). As recommended,
we only consider motor units that exhibit a silhouette value higher than 0.9 (Avrillon et al.,
2024). These types of index have been shown to correlate significantly with both the sensitivity
of the identified MU discharges and their false alarm rates (Holobar et al., 2014), thus consti-

tuting the third important type of validity criterion.
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Figure 28. Validation of the decomposition results by comparing decomposition from surface EMG
signals to intramuscular EMG signals. Spike trains obtained by surface EMG decomposition (blue
spikes) and intramuscular EMG decomposition (grey spikes) in the first dorsal interosseous at 90 %MVT
for six motor units for a representative interval of 5 s duration. Mismatched are shown in red. In this
example, the range of agreement calculated for the entire recording of durations 30 s was 91.0 + 2.2%.
Adapted from Negro et al. (2016).

5. Tracking motor units across contractions

All the studies of this thesis include comparison of motoneuron firing rate-related metrics across
different conditions, and thus across different contractions. As a consequence, the EMG decom-
position could not directly associate the spike trains of one motor unit in a contraction to the
corresponding spike trains of this same motor unit in other contractions. The process of associ-
ating the different spike trains to the same motor unit is called the tracking of motor units. To
achieve this, the separation vector (also called the motor unit filter) identified in one contraction
was applied to the extended and whitened EMG signals of the other contraction (Francic &
Holobar, 2021). The resulting spike trains were then compared with those initially obtained and
a motor unit was considered tracked if at least 30% of the discharge times was shared (Francic
& Holobar, 2021). The details of which contractions were used for the tracking procedure varies
depending on the studies. Accordingly, details are in the ‘Materials and Methods’ section of
each study in this thesis. Notably, tracking motor units across contractions can yield a reduced
number of motor units for analysis, either due to failure of the tracking procedure or because
motor units decomposed across contractions differ, such that only the shared pool is conserved

for further analyses.



N FIRING RATE-RELATED METRICS

1. Motoneurons recruitment threshold and rate coding

In this thesis, instantaneous firing rates (in pulses per second; pps) were filtered to obtain
smooth continuous estimates of firing rate. Specifically, we used support vector regression to
create continuous estimates, which minimise fitting errors (Beauchamp et al., 2022). Subse-

quent analyses are based on these continuous estimates (Fig. 29).

Recruitment threshold of each motoneuron was defined as the torque at its first firing. The firing
rate at recruitment was taken as the first value, and the peak firing rate was taken as the maximal
value. Firing-rate modulation was calculated as the difference between peak firing rate and fir-

ing rate at recruitment.
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Figure 29. Calculation of recruitment and rate coding metrics. Instantaneous firing rates of a single
motoneuron and the corresponding smoothed estimate (purple trace) are shown during a triangular
plantarflexion torque task (black trace). The recruitment threshold of each motoneuron was defined as
the torque at the first discharge. Firing rate at recruitment was defined as the initial firing rate, whereas
the peak firing rate corresponded to the maximal observed value. Firing rate modulation was calculated
as the difference between peak firing rate and firing rate at recruitment.

2. Historical perspective on estimating synaptic inputs and PICs

As already mentioned in the literature review, mammalian motoneurons have historically been
thought of as simple summation devices, linearly adding and subtracting excitatory and inhibi-
tory synaptic inputs to produce graded firing (Granit et al., 1966). However, from the 1970s, it
has been demonstrated that similar to other invertebrate/vertebrate neurons (Llinas, 1988),

mammalian motoneurons can exhibit nonlinear properties, such as amplification and



prolongation of synaptic input (Hounsgaard et al., 1988; Schwindt & Crill, 1980). The prolon-
gation effect mediated by PICs has been the first to be explored in humans with a series of
works that led to the paired motor unit approach (Crone et al., 1988; Eken & Kiehn, 1989;
Gorassini et al., 2002; Gorassini et al., 1998; Kiehn & Harris-Warrick, 1992) which has expe-
rienced a revival with the rise of non-invasive recording of large population of motoneurons

with high density EMG and decomposition (Khurram et al., 2022; Mesquita et al., 2024).

The estimation of PIC-related prolongation in human motoneurons is conceptually straightfor-
ward. It involves determining whether a difference exists in net synaptic input between the
recruitment and derecruitment phases of a motoneuron, which would indicate the presence of
self-sustained firing. To address this, the paired motor unit approach relies on the firing rate of
a lower-threshold motor unit as a proxy for the common synaptic input. This requires to assume
that both units receive the same synaptic input or at least linearly related synaptic input (com-
mon drive) (Farina et al., 2014) and that the control unit responds relatively linearly to the
common synaptic input (Bennett et al., 2001). Accordingly, and as will be detailed in the section
“4. The paired motor unit approach in practice”, a key criterion for applying the paired motor
unit approach is that the firing rates of the pairs are highly correlated, in order to ensure that
they share a common synaptic input. Conceptually, it might be difficult to understand how the
second assumption could hold if the control unit has also a PIC-related depolarised current.
However, this simply means that there is an added depolarisation produced by a PICs, and the
synaptic current can still produce changes in firing rate. Also, importantly, PICs are activated
near recruitment, contributes to the initial acceleration and are not further activated during in-
creases in synaptic input (i.e., already fully activated); thus, it does not interfere with linear rate
modulation. Within these conditions, a difference in the firing rate of the control motoneuron
between the recruitment and the derecruitment of the test unit would guaranty that responses of
the motoneuron could be attributed to intrinsic properties only (i.e., not to a change of synaptic

input). This difference of firing rates is called AF (in pps) (Fig. 30).
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Figure 30. Analyses from motoneuron firing rate. The geometric approach was used to calculate brace
height, acceleration, and attenuation, which were used to estimate the level of neuromodulation, PICs
amplification effect on the firing, and the pattern of inhibition, respectively. Persistent inward currents
(PICs) prolongation effect on firing were estimated using the paired motoneuron analysis (AF). In this
example, the test motoneuron's smoothed firing rate is shown in green, while the control units' smoothed
firing rates are shown in purple. Normalised AF is calculated by dividing AF by the difference in the
control motoneuron at test motoneuron recruitment and the firing rate at control motoneuron derecruit-
ment.

Thus, the approach is close to the one used to characterise these properties in animal models,
where controlling synaptic input is realised through intracellular current injection (Hounsgaard
et al., 1988; Schwindt & Crill, 1980). Comparison of these approaches constituted the first val-
idation of the approach. Estimate of the effect of sustaining motor-unit firing (from change in
control unit rate) was quantitatively very similar to that obtained with intracellular recording in
vitro in the same population of motoneurons. The consistency of the results from intracellular
recording and motor-unit recordings provided a validation of paired-motor-unit method (Ben-
nett et al., 2001). First assessments provided AF values around 3.6 Hz for an initial recruitment
of 9.8 Hz (Gorassini et al., 2002). This was interpreted as a possible 40% reduction in the esti-
mated synaptic input needed to maintain firing of a motor unit compared with the estimated
amount needed to recruit the unit initially. Therefore, it suggested that PICs provide a substan-

tial source of depolarisation in human motoneurons.

Later, it has been suggested that other intrinsic properties, notably via spike frequency adapta-
tion (i.e., the tendency of firing rate to decrease with time), could lead to positive AF values,

even in the absence of a PIC contribution (Revill & Fuglevand, 2011). However, the use of



biophysical models of motoneurons revealed that although AF values are not linearly related to
PIC levels and can be affected by other factors, AF values > 1 Hz require a significant level of
PIC generated by dendritic channels, and increases in PIC above this minimum level should
lead to higher AF values. Thus, it was thought that although other factors can contribute, varia-
tions in discharge hysteresis and AF values primarily reflect the contribution of dendritic PICs
to motoneuron activation. As will be detailed below, current best knowledge suggests that AF
is the result of the combined influence of neuromodulatory inputs and of the pattern of inhibi-
tion (Beauchamp et al., 2023; Chardon et al., 2024). As a consequence of its dependence on
inhibitory inputs, AF is thus not a good estimate of neuromodulatory inputs. Nevertheless, it
reflects the prolongation effect of PICs on firing rate during in vivo assessment, that would not

occur without metabotropic neuromodulatory inputs.

Beyond its prolongation effect, neuromodulatory inputs, through PICs, also induce an amplifi-
cation of the synaptic inputs and thus non-linearities in motoneuron discharge. Specifically, PIC
amplification causes a sharp initial rise of the discharge followed by a saturation, during a linear
increase in force production. Thus, the discharge profile during a linear ascending phase of
force yielded potential quantifiable properties that can be used to estimate neuromodulatory
inputs. Based on this idea, Beauchamp et al. (2023) proposed to quantify the non-linearity in
the discharge profile with a « geometric approach » (Fig. 30). As detailed in the next section,
this method defines three main metrics: brace height, acceleration slope and attenuation slope.
Intuitively, brace height corresponds to the maximal deviation in discharge rate from linear
increase (i.e., the theoretical net synaptic input); acceleration correspond to the initial slope of

the discharge rate; and attenuation slope corresponds to the slope after saturation.

Importantly, and as will be detailed in the section “VALIDATION OF THE METRICS USED
TO INFER MOTONEURON INPUTS”, modeling studies (Beauchamp et al., 2023; Chardon
et al., 2024) have shown that:

e brace height is specifically sensitive to the level of neuromodulation, which is likely
proportional to monoamine release and enhances the effective strength of PIC channels;
e attenuation slope is specifically sensitive to the pattern of inhibition, that is how synap-
tic inhibition covary with synaptic excitation, such that a steeper attenuation slope re-
flects a stronger push-pull inhibitory pattern, meaning inhibition decreases as excitation

increases; and



e acceleration slope, reflecting the amplification effect of PICs on firing rate (Avrillon et
al., 2024; Revill & Fuglevand, 2017), is the result of the combined influence of neuro-
modulatory inputs and of the pattern of inhibition. Acceleration slope is thus the coun-
terpart of AF, which reflects the prolongation effect of PICs on firing rate and is also

influenced by both neuromodulatory inputs and the pattern of inhibition.

Thus, the contribution of inhibitory and neuromodulatory inputs to the motoneuron behaviour;
as well as the amplification and prolongation effect of PICs (i.e., PIC-mediated amplification
and prolongation) can be inferred from specific features of the firing rate (Beauchamp, et al.,

2023; Chardon et al., 2024).
3. The geometric approach in practice

The geometric approach assesses how much the motoneuron firing rate deviates from a linear
relationship with time output during the ramp-up phase of the contractions. More precisely, the
relationship with time was used in Studies 2 and 3 while torque relationship with %MVT or
N.m was used in Study 1. The rationale behind all these variables is that they correlate with the
net synaptic input received by the motoneuron pool. For example, the net synaptic input likely
increases during the ascending phase of the contractions, which is represented by the concom-
itant increases in torque (Beauchamp et al., 2023) or time (Chardon et al., 2024). While the
torque is conceptually better, we chose to present the time in Studies 2 and 3 because it facili-
tates comparison across populations and conditions. Notably, results in this thesis were con-

sistent across these different options.

Continuing the illustration with time, the smoothed firing rate of each motoneuron was plotted
against the time generated during a contraction. The largest perpendicular distance between this
firing rate and a hypothetical linear increase from recruitment to peak firing rate was quantified,
and this distance was defined as brace height. To ensure that brace height reflects only the rel-
ative deviation from a linear pattern and to eliminate any bias from differences in peak firing
rates across groups, brace height was normalised to the height of a right triangle, where the
hypotenuse runs from the point of recruitment to the peak firing rate. We excluded firing trains
of motoneurons if they showed a negative slope during the acceleration phase or had a negative
brace height before normalisation. This method splits the firing rate into acceleration and atten-
uation phases, which could unintentionally create an artificial attenuation phase if the true at-

tenuation phase had not been reached during the ascending phase of the triangular contraction.



To avoid this, motoneuron firing trains were excluded if the duration between recruitment and
peak firing rate was shorter than 3 s. Exhaustive visual assessment of the geometric approach
to motoneuron firing rates (Fig. 31) made us reconsider this criterion along the thesis, and a 4 s
threshold was used in the Study 3. In addition to brace height, we calculated the slopes of both
the initial acceleration phase and the subsequent attenuation phase of the motoneuron firing rate

(Fig. 30).

Notably, as the geometric approach required sufficient time activation, it cannot be used in the
higher threshold motoneurons of a given contraction intensity. Conversely, the paired motor
unit approach requires the use of lower threshold motoneurons and it thus not usable for low

threshold motoneurons.
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Figure 31. Visualisation of the acceleration and attenuation slopes. An exhaustive visual assessment
of the geometric approach applied to motoneuron firing rates was performed, showing for each motor
unit (MU) the acceleration (blue) and attenuation (red) slopes, as well as the onset of the attenuation
phase (green).

Previous studies in stroke have described what has been presented as a particular feature of rate
coding: negative rate modulation, defined as a decrease in firing rate following the initial in-
crease despite continued increases in torque or EMG amplitude (Beauchamp et al., 2023; Mot-
tram et al., 2009). Because this pattern can challenge the geometric approach, we implemented
a bilinear fit to separate the initial increase from the subsequent saturation in Study 3. An ex-

haustive visual assessment of this approach was performed, as illustrated in Figure 32.
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Figure 32. Visualisation of the bilinear approach. An exhaustive visual assessment of the bilinear ap-
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proach applied to motoneuron firing rates was performed, showing for each motor unit (MU) the accel-
eration (blue) and attenuation (red) slopes.

4. The paired motor unit approach in practice

Non-linearities in motoneuron firing during the descending phase of triangular contractions
were quantified using the paired motoneuron analysis (Gorassini et al., 2002). For this analysis,
motoneurons with a lower recruitment threshold (control units) were paired with motoneurons
with a higher recruitment threshold (test units). The difference in the firing rate of the control
motoneuron between the time at recruitment and the time at derecruitment of the test unit was
calculated and referred to as AF. In agreement with previous work, the criteria for including a
pair of motoneurons were as follows: 1) the test motoneuron should fire for at least 2 seconds,
2) the test motoneuron should be recruited at least 1 second after the control motoneuron to
ensure full activation of PIC, 3) the test motoneuron should be derecruited at least 1.5 seconds
before the control motoneuron to avoid overestimation of AF, and 4) a coefficient of determi-
nation (1?) > 0.7 should be observed between the smoothed firing rates of the test and control
motoneuron (Hassan et al., 2020). AF values are presented as "unit-wise" averages for all suit-
able test-control motoneuron pairs, thus reducing the number of AF values to one value per test
unit. AF reflects the prolongation effect of PICs on firing rate and is the result of the combined
influence of neuromodulatory inputs and of the pattern of inhibition (Beauchamp et al., 2023;
Chardon et al., 2024). Because AF depends on the firing rates of the control unit, which differ
between the two populations studied here, we complemented the analysis by normalising AF to
the maximal value that could have occurred based on the modulation of the control motoneuron.

Specifically, AF was divided by the difference in the control motoneuron firing rate at test



motoneuron recruitment and at control motoneuron derecruitment (i.e., “k”, Fig. 30) (Skarabot
et al., 2025). An exhaustive visual assessment of this approach was performed, as illustrated in

Figure 33.
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Figure 33. Visualisation of the paired motor unit approach. An exhaustive visual assessment of the

paired motor unit approach was performed, showing for each pair the two firing rates, as well as the
AF calculation and its resulting value. Firing rates of test motor units are shown in blue, whereas firing
rates of control motor units are shown in red. Corresponding AF values are displayed above the firing-
rate plots.

5. MUAP

MUAP amplitude was used as a proxy for motor unit size. In detail, MUAPs were extracted
using spike-triggered averaging of high-density surface EMG signals. Single differential EMG
signals were computed along the electrode columns and used for subsequent analysis. Spike-
triggered averaging was performed using all the firing times identified by decomposition as
triggers. MUAPs were extracted using a 170-sample window centered on each firing time (~12
ms), and the resulting averaged waveforms were detrended (Fig. 34). For each motor unit, peak-
to-peak amplitude was calculated for each available single differential channel as the difference
between the maximum and minimum values of the averaged MUAP waveform. The MUAP
amplitude for a given motor unit was defined as the maximum peak-to-peak value observed
across all channels. This procedure was applied to all identified motor units, and MUAP ampli-

tude values were subsequently grouped according to the corresponding muscle.
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Figure 34. Recording of motor unit action potentials. Motor unit action potentials (MUAPs) were ex-
tracted using spike-triggered averaging of high-density surface EMG signals. Each trace represents the
average MUAP over a 12 ms window centred on each discharge. This example illustrates MUAPs from
two soleus motor units recorded within the same EMG grid.




N VALIDATION OF THE METRICS USED TO INFER MOTONEU-
RON INPUTS

1. Introduction to conductance models of motoneurons

In the literature review, we introduced the Goldman equation, which expresses the dependency
of the membrane potential on ionic permeability and ion concentrations. This notably allowed
determination of the resting membrane potential. However, this equation is limited for describ-
ing time-dependent changes in membrane potential or for quantifying the magnitude of indi-
vidual ionic currents. This information can be obtained using a simple mathematical model
derived from electric circuit theory. The model, called an equivalent circuit, represents the key
electrical properties of the neuron using resistors, batteries, and capacitors. Equivalent circuits
provide both biophysical insight and a quantitative description of how ionic currents generate
changes in membrane potential and ultimately electrical signals (i.e., sequences of action po-
tentials) in neurons. This type of model was used to validate the metrics employed to infer
motoneuron inputs and is therefore presented below. First, the original Hodgkin—Huxley model
is introduced for pedagogical purposes. The following section will present the main adaptations
of this model, along with the rationale and results of the simulations used to validate metric

interpretation (Beauchamp et al., 2023; Chardon et al., 2024).

In terms of electrical properties, the lipid bilayer confers capacitance to the membrane, defined
as the ability of an electrical nonconductor to separate charges across it. The separation of
charges on the inner and outer surfaces of the cell membrane gives rise to the transmembrane

potential difference, given by:

V=0/C

Equation (4)

where Q is the net excess positive or negative charge on each side of the capacitor and C is the

capacitance.

However, the membrane behaves as a leaky capacitor because it is studded with ion channels
that can conduct charge. Otherwise, the lipid bilayer itself has effectively zero conductance or
infinite resistance. Importantly, unlike a resistor, which responds to a step current with an in-

stantaneous voltage change, the membrane potential evolves over time due to its capacitance.



To change the charge across the capacitor, there must be current across the capacitor (Ic). Since

current is the flow of charge per unit time (I.= AQ/At), the change in voltage across a capacitor

depends on both the magnitude and duration of the current:

AV = I,.At/C

Equation (5)

In neurons, the current across the capacitor corresponds to the flux of ions moving through
membane channels according to their selectivity. Accordingly, taking account of the two mains
ions Na" (Ina") and K+ (Ix "), and addind a leak current (Ir) that accounts for baseline membrane
permeability to ions, the change of membrane voltage is given by:

dv

C E: _(INa+ IK+IL)

Equation (6)

So far, the notion of permeability has been used to describe the opening of ion channels. A
crucial part of the modeling process is the transition from permeability to conductance, which
represents its cellular level modelisation. In the equivalent circuit, a particular ion conductance
of the cell membrane in its resting state equals the number of open channels multiplied by the
conductance of a single channel. However, for the purpose of linking the membrane voltage
(Vm) to ions currents, the important notion is to incorporate the dependance of each ionic current

to the electrical and chemical driving forces, which is given by:

Ly = gx (Ex — Vin)

Equation (7)

Where g is the conductance, E the equilibrium potential and x a particular ion. The conductance
is modeled as a resistor governed by Ohm’s law (I = g.V), while the difference between the
voltage membrane and the equilibrium potential represents the electrochemical driving force,
which is modeled as a battery (ions are pushed toward their equilibrium potential). The resulting

equivalent circuit is shown in Figure 35.
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Figure 35. A simple equivalent circuit of a neuron. The basic components of Hodgkin—Huxley-type
models, which represent the biophysical characteristics of the cell membrane, include the lipid bilayer,
represented as a capacitance (Cy). Voltage-gated and leak ion channels are represented by conductances
(2). The electrochemical gradients driving the flow of ions are represented by batteries (E).

What have been ignored so far is that channels underlying action potentials are voltage gated,
implying that conductance is both voltage- and time-dependent. Combining these elements, the

voltage-current relationship becomes:
av
C E = _(gk(V: t)(Ek - Vm) + gNa(V’ t)(ENa - Vm) + gL(EL - Vm))

Equation (8)

In detail, the ionic conductances are defined by three differential equations that will not be
detailed here. However, the relevance of these equations will be illustrated using the sodium

conductance, given by:

gNa(V' t) = g_Namgh

Equation (9)

Where gy, is the maximal conductance of the sodium channels, m the activation gate variable

and h the inactivation gate variable.

Originally, Hodgkin and Huxley empirically fitted their experimental measurements to derive
equations describing Na* and K* conductances as functions of voltage and time. Despite their
empirical nature, these formulations provided critical insight into the biophysical basis of volt-

age gating. Specifically, they suggested the existence of an ion channel gate composed of three



activation subunits, all of which must be open for channel activation (reflected by m?), and a
separate inactivation mechanism represented by h. Remarkably, these predictions were con-
firmed more than 50 years later through X-ray crystallography studies of voltage-gated chan-
nels. In sodium channels, this revealed a structure consistent with the model: three activation-
related subunits and a fourth subunit associated with inactivation, corresponding to three func-
tional states: resting, activated, and inactivated. Each represents a distinct channel conformation

(Fig. 36).
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Figure 36. Different conformations of sodium channels. Diagrams depict the redistribution of gating
charge and positions of the activation and inactivation gates when the channel is at rest, open, and
inactivated. The red cylinders represent the S4 regions containing the positive gating charges. Depolar-
isation of the cell membrane from the resting state causes the gating charge to move outward. Outward
movement of the 84 regions of domains I, 11, and 111 is associated with activation, whereas slower move-
ment of the S4 region of domain IV is associated with inactivation. The movement of the S4 region of
domain 1V allows an intracellular loop between domains Il and 1V (depicted as a green rectangle) to
bind to a docking site at the inside of the pore, allosterically stabilising an inactivated closed state. From
Kandel et al. (2021)

2. Input commands induces “signatures” in motoneuron firing patterns

The model presented above is limited in its ability to account for the diversity of motoneuron
behaviours. Accordingly, a more complex model was implemented for the following studies.
Specifically, the model detailed below was developed to reproduce the range of input—output
behaviours recorded in GM motoneurons in decerebrate cats, with additional adaptations to
better match firing rate profiles observed during moderate voluntary contractions in humans

(Beauchamp et al., 2023; Chardon et al., 2024; Powers & Heckman, 2017).



Like the Hodgkin—Huxley equivalent circuit, this model includes resistor—battery elements in
series to represent the dependence of ionic currents on conductance and reversal potential. For
convenience, these elements are represented using the “bow-tie” symbol (Fig. 37). The model
includes Na*, K*, and leak conductances, as well as additional conductances accounting for
afterhyperpolarisation (InAHP) and hyperpolarisation-activated mixed-cation current (Incn),

and resistors that link the soma and dendrite compartments.

Importantly, the model also includes calcium conductance mediating the slowly-activating PIC

(CaPIC) into each of the dendritic compartments, given by:

Iear = 9carMear V — Ecar)

Equation (10)

Where Icar is the current for the L-type calcium channel, gcar is the conductance of the L-type
calcium channel, mcar is the activation gate, V is the compartment voltage, and Ecar is the

reversal potential for the L-type calcium channel.

The model is implemented as a motoneuron pool, consisting of 20 motoneurons with a range
of intrinsic properties humans (Beauchamp et al., 2023; Chardon et al., 2024; Powers & Heck-
man, 2017). As detailed below, these properties enable the model to reproduce characteristic
features of human motoneuron behaviour, including orderly recruitment and nonlinear rate

modulation (Powers & Heckman, 2017).

Conductance (mS.cm?)

Time (s)

Figure 37. Conductance-based motoneuron model and simulation possibilities. The model includes a
soma compartment connected to four dendritic compartments via resistors. Resistor—battery elements
are represented using a “bow-tie” symbol and notably include calcium conductances mediating persis-
tent inward currvents (PICs). Simulations can be run using this model by varying excitatory (green),
inhibitory (red), and PIC (blue) conductances as a function of time.




With this model, simulations can be performed by varying known inputs to evaluate the result-
ing firing behaviour, thereby linking specific inputs to outputs. Figure 38 illustrates the simple
case of varying the excitatory input by changing the excitatory conductance in dendrites. Spe-
cifically, a change in excitatory conductance induces corresponding changes in both dendritic
compartments (Fig. 38, middle panel, blue and red curves) and the soma (Fig. 38, middle panel,
black curve). The firing rate of a given motoneuron is then obtained by computing the inverse
of the interspike interval at the soma. A continuous firing rate is subsequently derived by ap-
plying a smoothing filter (1-s Hanning filter in Fig. 38). As can be seen in Figure 38 (bottom
panel), the excitatory conductance is not linear but noisy, which aim to reproduce that common

inputs to motoneuron pools are not perfectly shared but contain noise.
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Figure 38. Simulations: from conductance to firing rates. From top to bottom, a noisy conductance
command (black; mean level indicated by a red trace) is applied to the model, which modulates the
membrane voltage of dendritic compartments (only two compartments are shown, in blue and red) and
of the soma (black). Changes in somatic conductance are converted into raw (black) and smoothed (red)
instantaneous firing rates by taking the inverse of interspike intervals. Adapted from Powers & Heckman

(2017).

Studies by Powers & Heckman (2017) and Beauchamp et al. (2023) used this model to examine
firing rates across different levels of neuromodulatory drive and patterns of inhibition. Neuro-

modulatory inputs were adjusted by multiplying the max conductance of the L-type calcium



channels by a multiplier (0.8, 0.9, 1.0, 1.1, 1.2), thereby modulating the magnitude of PICs. The

max conductance is defined as:

Icar = GcarRmoa
Equation (11)

Where Rmod is the gain factor that scales the maximum conductance g¢,;, thus completing the

equation 10.

The pattern of inhibition was parameterised as a function of excitatory input through dendritic
inhibitory conductance. Specifically, inhibition was adjusted to represent either proportional
inhibition (positively scaling with excitation) or push—pull inhibition (negatively scaling with

excitation). The relationship between inhibitory (Iin) and excitatory input (Iex) is given by:
lin = Ginlex + bin
Equation (12)
Where the excitatory input Iex is multiplied by a gain Gi, and biased by bi, as defined by:
bin = GinRmoq — 1.25Rmeaq” — 1
Equation (13)

The inhibitory gain, Gin, is varied from —0.7 to 0.7 in increments of 0.1, thereby spanning con-
trol schemes from push—pull to proportional inhibition. Notably, these equations explicitly cou-

ple inhibition to neuromodulation via the bias term bix.

Results of varying levels of neuromodulatory drive and patterns of inhibition is shown in the
Figure 39. Push-pull inhibition leads to firing rate profiles that rise and fall more smoothly with
changes in excitatory input, whereas balanced inhibition leads to more pronounced firing rate
saturation. Increasing the neuromodulatory level produces higher firing rates, but increases rate
saturation, particularly for proportional inhibition. It also produces more hysteresis, leading to

discharge that outlasts the excitatory command, particularly for proportional inhibition.
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Figure 39. Time course of firing rates depending on the inhibitory pattern and the level of neuromod-
ulatory input. Model responses to combinations of either proportional or push—pull patterns of inhibi-
tion with different levels of neuromodulation are shown either as samples of 10 motoneuron firing rates
(thin lines); or as average firing rate responses (thick lines) for the five levels of neuromodulation tested
(sky blue lines). Adapted from Powers and Heckman (2017).

While these results highlight the nonlinear affects specifically related to inhibitory pattern and
neuromodulatory drive, the study by Powers & Heckman (2017) did not provide firing-related
quantitative metrics directly relatable to synaptic input commands. This gap was addressed by
Beauchamp et al. (2023), who linked synaptic input organisation to measurable features of mo-
toneuron firing. Specifically, four main metrics presented above (brace height, attenuation, ac-
celeration, and AF) were tested for their ability to detect changes in neuromodulatory and in-
hibitory inputs through linear regressions. The main results as shown in Figure 40. Theses re-

sults clearly reaveled that:

e brace height is specifically sensitive to the level of neuromodulation (not associated
with the inhibitory pattern);

e attenuation slope is specifically sensitive to the pattern of inhibition (not associated with
the level of neuromodulation); and

e acceleration slope and AF are the result of the combined influence of neuromodulatory

inputs and of the pattern of inhibition.
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Figure 40. The effects of neuromodulation and inhibitory pattern on AF, brace height, acceleration
slope, and attenuation slope. Estimated values are shown on the specified scales with neuromodulation
levels across the x-axis and vertical bars indicating mean and 95% confidence intervals (CI). The indi-
cated neuromodulation values represent a multiplier applied to the max conductance of the L-type cal-
cium channel used to simulate the PICs. Horizonal lines connect means for each level of inhibitory
profile and are coloured with reciprocal inhibitory patterns in red and proportional inhibitory patterns
in yellow. The numerical values and colour mapping indicated in the legend represent the excitation—
inhibition coupling, with the pattern of inhibitory input varied in a reciprocal (—, red) or proportional
(+, vellow) fashion. These values range from —0.7 to 0.7 and indicate the proportion of inhibition to
excitation (i.e. 0.7: peak inhibition conductance ~70% of excitation). pps: pulse-per-second; s: second.
Adapted from Beauchamp et al. (2023)

These findings indicate that motoneuron firing patterns contain exploitable signatures of syn-
aptic input organisation. However, an important limitation remains: these approaches rely on
forward simulations with known inputs, whereas in human experiments, inputs are unknown,
raising the issue of inverse inference (i.e., inferring inputs from observed outputs). Chardon et
al. (2024) addressed this limitation by developing a reverse engineering framework. Their ob-
jective was to determine whether firing patterns contain sufficient information to uniquely iden-
tify input combinations. A major concern was that the motoneuron input—output relationship
may be non-unique, with multiple input configurations producing similar outputs. However,

their results demonstrated that firing patterns substantially constrain the solution space,



achieving 75-90% variance explained in predicted inputs. Importantly, nonlinearities induced
by neuromodulation generated distinctive features in firing patterns, facilitating input identifi-

cation.

In this approach, a target motoneuron pool output was imposed as a triangular profile (linear
increase followed by decrease). This output corresponded to the cumulative spike train of the
20 motoneurons, approximating a similar force profile (Fig. 41, left), and was held constant
across simulations. Thus, unlike previous studies that varied inputs to observe outputs, this ap-
proach fixed the output and examined the input combinations required to reproduce it. An im-
portant part of the study was to identify the time-varying conductance inputs (Fig. 41, right)
necessary to match the target output under different fixed conditions (Fig. 41, middle). Results
show that increasing neuromodulation enhances nonlinear behaviour and reduces the level of
excitation required to achieve the same output. Conversely, higher excitation is required to
counteract inhibition when it scales proportionally with excitation, compared to push—pull in-
hibition. Notably, the relationship between excitatory conductance and time is nonlinear even

when producing a linear output.
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Figure 41. Reverse engineering framework. The main goal of the approach was to test whether the
three inputs can be predicted from motoneuron firing rates. On the upper right is shown the average
and standard deviation of the excitatory input to the motoneuron pool required to produce the target
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output, with neuromodulation values of 0.8 and 1.2. On the lower right is shown the average and stand-
ard deviation of excitation (solid) and inhibition (dotted) for the two extremes of inhibitory patterns
(push—pull in green and proportional in orange). Adapted from Chardon et al. (2024).

As in Beauchamp et al. (2023), regression analyses were performed to determine which firing

features best predict input organisation. Mutual information scores for each metric (Fig. 42)



reflects how well each one predicts the input organisation on its own. The results were fully
consistent with previous findings, supporting the use of brace height to infer neuromodulatory

level, and the attenuation slope to infer inhibitory patterns.
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Figure 42. Predictive power of metrics for synaptic inputs in reverse engineering paradigm. Mutual
information scores quantify the predictive capacity of each feature. Brace height was specifically pre-
dictive of neuromodulation level, whereas attenuation was specifically predictive of the inhibitory pat-
tern. In contrast, AF showed non-specific predictive power, being associated with both neuromodulation
level and inhibitory pattern.

3. Reliability of the metrics

A condition required for appropriate quantification of firing pattern features is a linear increase
and decrease of net synaptic input to motoneurons. While this condition cannot be verified, as
torque is considered a grossly indirect measure of net synaptic input, it is important that the
triangular torque tasks performed by participants do not deviate from a linear pattern. Figure
43 shows the mean torque trace for control, SCI, and stroke individuals. To test whether differ-
ences exist between populations, we quantified the distance between the experimental torque
trace and the torque target using the root mean square error, testing ascending and descending
phases separately (Fig. 43). There was no interaction between group and phase (ascending or
descending) (p = 0.5224), nor any difference between ascending and descending phases (p =
0.1636). In contrast, there was a significant group effect (p = 0.0019). Specifically, root mean
square error was higher in stroke than in control individuals by 1.48 (95% CI: [0.51-2.45], d =
1.3, p = 0.0013), while there was no other difference between groups (p > 0.1540). Overall,
errors in torque matching were small, but stroke individuals, on average, exhibited lower-qual-

ity matching than control individuals. Notably, the major deviations from the torque target were



not due to large oscillations in the produced torque but rather to smooth deviations, thus rarely

deviating from linearity.
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Figure 43. Assessment of torque task performance. The upper panel shows the mean torque trace for
control, SCI, and stroke participants, with variability illustrated by the shaded area (standard devia-
tion). The lower panel shows the deviation between the experimental torque trace and the target torque,
quantified using the root mean square errvor (RMSE), for both ascending and descending phases. Across
phases, RMSE was higher in stroke compared with control participants by 1.48 (95% CI [0.51-2.45], d
= 1.3, p =0.0013).

In Study 2, twenty-seven participants performed the triangular contraction twice, at 40 %MVT,
to assess the reliability of the motoneuron firing rate metrics. The reliability was quantified
using a multilevel (mixed-effects) modelling approach to appropriately account for the hierar-
chical structure of the data (motoneurons nested within contractions, nested within partici-
pants). For each metric and muscle, a linear mixed model of the form Imer(metric ~ 1 + (1 | id)
+ (1 | id:trial)) was fitted. This specification partitions the total variance into three components:
between-subject variance (c%q), between-contraction variance within subjects (c*contraction),
and residual variance at the motoneuron level (c%esiquar). This framework allows estimation of

reliability at the level of participant-specific averages while properly incorporating the unequal



number of motoneuron contributing to each contraction. The level of participant-specific aver-
ages is the one appropriate as the statistical inference is made at this level (i.e., not at the level

of the motoneuron nor by averaging motoneurons within muscles before analysis).

The intraclass correlation coefficient (ICC) was derived from these variance components to
reflect the reliability of the average of two contractions (k = 2), corresponding to an agreement-

type ICC. Specifically, the ICC was computed as:
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Equation (14)

Where 7,y represents the average number of motoneurons per contraction. This formulation
accounts for both within-subject variability across contractions and the precision associated
with averaging multiple motoneurons, thereby providing an estimate of reliability at the partic-

ipant level that is consistent with the mixed-model analyses.

The standard error of measurement (SEM) was calculated as the square root of the within-

subject variance, combining both contraction-level and motoneuron-level variability:
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Equation (15)

The smallest detectable change (SDC), representing the minimal change required to exceed
measurement error with 95% confidence, was then derived as:
SDC =1.96 X V2 x SEM

Equation (16)

Together, these metrics provide complementary information on reliability, absolute measure-

ment error, and sensitivity to change, all grounded in a variance decomposition that reflects the

multilevel structure of the data. The results are shown in table 2 for GM and SOL separately.

Overall, repeatability is good across metrics. However, brace height in the GM and acceleration

slope in the SOL display very low repeatability.



Table 2. Reliability of motoneuron-related metrics

Muscle Metrics ICC SEM SDC
RT 0.88 2.9 8.0
acceleration 0.75 0.4 1.2

GM attenuation 0.60 0.1 0.4
brace height 0.02 11.2 30.9
AF 0.90 0.5 1.2
peak FR 0.98 0.7 1.8
RT 0.60 35 9.6
acceleration 0.26 0.5 1.3
SOL attenuation 0.46 0.1 0.2
brace height 0.64 6.7 18.4
AF 0.84 0.6 1.6
peak FR 0.94 0.6 1.7

ICC, intraclass correlation coefficient; SEM, standard error of measurement; SDC, smallest detectable change;

GM, gastrocnemius medialis; SOL, soleus; RT, recruitment threshold; peak FR, peak firing rate.

Agreement between contractions was further explored using Bland—Altman analyses, adapted
to also assess the effect of motoneuron number on agreement. For each metric and muscle,
values were first averaged at the contraction level using all available motoneurons, and then the
difference between the two contractions (trial 2 — trial 1) was computed for each participant.
Unlike classical Bland—Altman plots, the x-axis was defined as the average number of moto-
neurons contributing to each estimate (computed separately for each metric as the mean of the
motoneuron counts across the two contractions). This approach allows direct evaluation of

whether measurement error is influenced by the number of motoneurons sampled.

For each metric, the mean difference (bias) and the limits of agreement (mean = 1.96 x SD of
the differences) were displayed, providing a visual assessment of systematic bias and absolute
agreement (Figure 44 for GM and Figure 45 for SOL). In addition, a linear trend (with standard
error) was fitted to examine potential relationships between the magnitude of disagreement and
the number of motoneurons. This visualisation enables identification of heteroscedasticity (e.g.,
larger variability at low motoneuron counts) and potential bias related to sampling density,
thereby complementing ICC-based reliability estimates by revealing how precision and agree-

ment depend on the underlying number of observations.
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Figure 44. Bland-Altman plots for the GM. Bland—Altman plots were used to assess the reliability
between the two trials as a function of the number of motoneurons included in the analyses. Each dot

corresponds to the difference in the corresponding metric between trials for each participant. The re-
sulting linear regression is shown in blue, with its standard error.
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Figure 45. Bland—Altman plots for the SOL. Bland—Altman plots were used to assess the reliability
between the two trials as a function of the number of motoneurons included in the analyses. Each dot
corresponds to the difference in the corresponding metric between trials for each participant. The re-

sulting linear regression is shown in blue, with its standard error.




This analysis revealed very good agreement for most metrics, independent of the number of
motoneurons analysed. However, a few exceptions to this trend were observed. Specifically,
the recruitment threshold shows some variability across trials, which suggests that decomposi-
tion of surface EMG signals may identify different samples of motor units across trials. Fur-
thermore, this analysis confirms the large variability across trials for brace height. It is likely
that this increased variability is due to the calculation of brace height, which involves a normal-
isation procedure (division by the height of the right triangle). Indeed, this step makes brace
height sensitive to small changes in the denominator. To illustrate, consider the extreme case
where the denominator is close to zero, which would lead to very large values for brace height.
Thus, while this normalisation procedure likely confers specific sensitivity to the neuromodu-

latory level (Beauchamp et al., 2023; Chardon et al., 2024), it comes at a cost of low reliability.

To refine the consequence of the low reliability of brace height, classical Bland-Altman plots
for brace height were conducted (Fig. 46). Specifically, individual differences between trials
are coloured by group, which allows assessment of wether errors are associated with group-
specific patterns, which does not appear to be the case. Overall, it thus appears that errors in
brace height measurement are not specific to subpopulations and do not depend on the number
of motoneurons used for the analysis. These results support the assumption of random meas-
urement error (Falissard & Gillibert, 2023). Consequently, the low reliability of brace height
would not lead to biased inference of group differences but rather only to reduced statistical
power to detect true effects. Overall, this makes brace height a less sensitive metric than the

others.
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Figure 46. Bland-Altman plots for brace height. Individual differences between the two trials are plot-
ted against the mean brace height across trials, for both gastrocnemius medialis (GM), and soleus
(SOL).




Experiments

NSTUDY 1: MODULATION OF PERSISTENT INWARD CUR-
RENTS IN MOTONEURONS WITH JOINT ANGLE DEPENDS ON
MUSCLE LENGTH

KEY POINTS

e A central and unresolved question is how motoneurons are controlled to produce muscle
contractions adapted to changes in muscle length, which directly affect the muscle’s
force-generating capacity.

e Current understanding of this question is largely centred on the control of motoneurons
through ionotropic inputs. In this study, we focus on another key contributor to moto-
neuron depolarisation: persistent inward currents.

e Our findings reveal that the prolongation of motoneurons’ discharge induced by persis-
tent inward currents is modulated by muscle length via the regulation of inhibitory in-
puts.

e These results support that persistent inward currents may serve as an additional mecha-
nism, mediated through inhibition, to adjust motoneuron activity to account for changes
in force-generating capacity associated with changes in muscle length.

ABSTRACT

During voluntary movement, activity of motoneurons is modulated to account for changes in
muscle force-generating capacity induced by variations in muscle length. To date, research has
primarily focused on the modulation of ionotropic inputs, while the role of another key contrib-
utor to motoneuron activity, persistent inward currents (PICs), has been largely overlooked. In
this human study involving young male participants (n=19), high-density surface electromyog-
raphy signals were recorded from the gastrocnemius medialis and soleus muscles at different
ankle positions, and subsequently decomposed into motor unit spiking activity. Metrics ex-
tracted from these spiking activities were used to estimate the respective contributions of PICs,
neuromodulation, and inhibition to motoneurons activity. To differentiate the impact of muscle
length from muscle tension, we compared voluntary contractions performed at both similar rel-
ative torque levels and similar absolute torque levels across different ankle positions. Our re-
sults revealed that PIC-induced prolongation of motor unit discharges was reduced at longer
muscle lengths, accompanied by increased inhibition. This effect was consistent across both
relative and absolute torque conditions, supporting the hypothesis that muscle length is the pri-

mary driver of PICs modulation with changes in position. These findings suggest that PICs may



serve as an additional mechanism - likely related to inhibitory inputs - to regulate motoneuron

activity, ensuring adaptation to changes in muscle length.

1. INTRODUCTION

Voluntary movement relies on dynamic muscle contractions, during which muscle length
changes. The neural mechanisms by which motoneuron activity adapts to account for these
changes in muscle length - and consequently in force-generating capacity - remain poorly un-
derstood. Most previous studies have focused on the modulation of excitatory and inhibitory
ionotropic inputs to motoneurons (Pierrot-Deseilligny & Burke, 2012). However, the role of
another important contributor to motoneuron activity, persistent inward currents (PICs), has

been largely overlooked.

PICs are depolarising currents mediated by sodium and L-type calcium channels on the mem-
brane of motoneurons. These currents amplify and prolong the effects of synaptic inputs on
motoneuron activity (Heckman et al., 2009a). PICs are activated by metabotropic neuromodu-
latory inputs resulting from the release of monoamines (serotonin 5-HT and norepinephrine) on
the motoneuron synapse. PICs are also modulated by inhibitory inputs, with a dampening effect
of these inputs on PICs demonstrated in both animal (Bui et al., 2008; Hultborn et al., 2003;
Hyngstrom et al., 2007; Kuo et al., 2003) and human studies (Gomes et al., 2024; Mesquita et
al., 2022; Orssatto et al., 2022; Pearcey et al., 2022; Revill & Fuglevand, 2017). As longer
muscle length enhances inhibitory inputs to motoneurons (Colard et al., 2024), it is likely that
the contribution of PICs to motoneuron activity decreases as muscle length increases. This may
serve as a mechanism for regulating motoneuron activity, adapting it to the muscle's force-gen-
erating capacity. This may also reflect an effective mechanism for locally adjusting PICs by

countering the diffuse projection of descending monoaminergic drive (Heckman et al., 2008).

Hyngstrom et al. (2007) demonstrated in the decerebrate cat that PICs are modulated by
changes in joint angles. Specifically, they found that lengthening the dorsiflexor muscles in-
creases reciprocal inhibition to the plantar flexor muscles, thereby reducing PICs in the plantar
flexors as they shorten. Divergent observations have been reported in humans, where PICs of
the motoneurons innervating the tibialis anterior and gastrocnemius medialis are greater when
these muscles are in a shortened position compared to a lengthened position (Beauchamp et al.,
2023). Differences between these findings could be attributed to (i) Ib afferent-mediated inhi-

bition, which increases at longer muscle lengths, and which are likely more involved during
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voluntary contractions than in paralysed animal models (Khan & Burne, 2009; Stephens et al.,
1975); and (i1) key descending systems that modulate inhibition from sensory inputs, which are

absent in the decerebrate cat model (Hyngstrom et al., 2007).

This study aimed to better understand the modulation of PICs with joint angle by examining
the role of muscle tension and the respective role of inhibition and neuromodulation, during
voluntary contractions in humans. The paired-motor unit method (M. Gorassini et al., 2002)
and the geometric method (Beauchamp et al., 2023) were used to estimate PICs (metrics: AF
and acceleration slope of the initial firing), neuromodulation by monoamines (metric: brace
height constructed based on the non-linearities in the ascending firing phase) and the pattern of
inhibition, i.e., the level of synaptic inhibition in respect of synaptic excitation (metric: attenu-
ation slope of the ascending firing phase). Participants performed plantar flexions at different
ankle positions with similar absolute torque and with similar relative torque across ankle posi-
tions. By isolating the influence of muscle tension - comparing the same absolute and relative
torque at different joint positions - we were able to assess the potential contribution of muscle
tension on PICs. We hypothesised that estimates of PICs would decrease as the length of the
plantar flexors increases. A similar modulation when absolute and relative torque are kept con-
stant across ankle positions would suggest that changes in muscle length, rather than changes
in muscle tension, drive the modulation of PICs with ankle position. We further expected that
this decrease would be primarily attributable to the modulation of the pattern of inhibition rather

than neuromodulatory inputs.
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2. METHODS

Participants and ethical approval

Twenty-four males volunteered for the study, and nineteen (age 24.3 £+ 3.9 years, 1.82 = 5.6 m,
75.0 = 10.4 kg) were included in the final analyses after successful decomposition of motor
units (MUs), while the other five were excluded due to the lack of decomposed MUs (typically
between 0 and 2 per contraction). Participants were required to have had no lower limb injuries
in the preceding 6 months and were instructed to refrain from caffeine consumption or lower
limb training for 24 hours prior to the evaluation. The study protocol was approved by the local
ethics committee (CERNI, Nantes Université, IRB: IORG0011023) and written informed con-
sent was obtained prior to testing. Notably, we chose to recruit only males because of our diffi-
culty in decomposing MUs in females in pilot experiments. Subcutaneous fat is likely a con-

tributor to the lower MU yield in females (Jenz et al., 2023).
Experimental protocol

After the warm-up and MVT assessments, participants performed isometric submaximal con-
tractions at the three ankle positions described above, i.e. 20° of plantar flexion, 0°, and 20° of
dorsiflexion (Fig. 47). For clarity, these positions will be referred to as 20°, 0°, and -20°, re-
spectively. Additionally, the positions will be described based on the length of the agonist mus-
cle during contraction: the short muscle length position at 20°, the intermediate muscle length
position at 0°, and the long muscle length position at -20°. From the short to the long muscle
length position, the plantarflexion torque-generating capacity increases, which requires less
muscle activation to produce the same absolute torque (Hoffman et al., 2012). To account for
the relationship between maximal torque and joint angle (Fig. 47A), we compared similar rel-
ative torque across positions to match muscle activation and effort (Relative torque contrac-
tions). Furthermore, to distinguish between the effects of muscle length and tension on PICs,
participants also performed contractions at similar absolute torques across positions (Absolute
torque contractions). For the Relative torque contractions, participants performed trapezoidal
contractions at 20% of MVC and triangular contractions at 40% of MVC at each position. As
MVC torque increases with increasing muscle length (mean + sd; short: 114.6 + 22.4 N.m,
intermediate: 175.1 +32.5 N.m, long: 201.1 + 33.4 N.m), the torque of submaximal contractions
increases with increasing muscle length. For the Absolute torque contractions, the torque was

constant across muscle lengths. It was set to match the torque used at the short muscle length
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position during the Relative torque contractions (Fig. 47B). Given that contraction duration
affects the discharge rate through MU spike frequency attenuation, which can then affect our
estimates of PICs, all contractions had the same duration of 24 seconds (Powers & Heckman,
2015; Skarabot et al., 2023). The two intensities (20% and 40%) were selected to examine
whether the position-related modulation of PICs depends on drive intensity. For this compari-
son, the same rate of torque increase was used to limit the effect of spike-threshold accommo-
dation (Revill & Fuglevand, 2011), leading to different torque patterns across intensities
(Fig.47B).

After a familiarisation period, participants completed two contractions for each condition in a
randomised order. At least 1 min of rest separated each contraction to minimise fatigue. For
each muscle, each position and each condition, only the contraction yielding the highest number
of identified MUs was analysed. To compare MU activity across positions and contraction in-
tensities, we tracked MUs for each condition separately (Relative and Absolute torque).
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Figure 47. Contraction protocol. A, participants performed isometric submaximal plantarflexions at
three different ankle positions, corresponding to different plantar flexor lengths: 20° (short muscle
length position), 0° (intermediate muscle length position), and -20° (long muscle length position). The
intensity of the plantarflexions followed either the same absolute torque (in blue), or the same relative
torque (in red) across all positions (percentage of maximal voluntary contraction, MVC) across posi-
tions. B, the submaximal plantarflexions were performed as either trapezoidal or triangular contrac-
tions at 20% and 40% of the MVC at each position (in red) or at the absolute torque (in blue) corre-
sponding to 20% and 40% of the MVC in the short muscle length position. The mean absolute torques
were 23 N-m and 46 N-m, respectively.

Statistical analyses

To assess changes in MU discharge characteristics across joint positions, we applied a linear

mixed-effects model to each MU discharge metric (i.e., maximal discharge rate, recruitment
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threshold, AF, brace height, acceleration, and attenuation), incorporating data from individual
MUs. The models included position (short, intermediate, and long), contraction intensity (lower
and higher), and their interaction as fixed effects. For random effects, we added a random in-
tercept for each participant and a random slope to account for the variability in the position
effect between participants. Additionally, we included a random intercept for each MU [e.g.,
AF ~ position + intensity + position*intensity + (position | id_participant) + (1 | id_participant
:id_MU)]. Separate models were fitted for the GM and SOL muscles and conditions (Relative
or Absolute torque contractions). In cases where the model failed to converge (which was more
common for the SOL due to fewer successfully decomposed and tracked MUs), we simplified
the random structure by removing the random intercept for each MU. This adjustment preserved
the key random structure that accounts for the effect of position across participants. All analyses
were performed using R (v.4.4.0; R Core Team 2021, R Foundation for Statistical Computing,
Vienna, Austria), with the ImerTest package (Kuznetsova et al., 2017) to fit the models. For
each model, we checked that the assumptions of homoscedasticity, normality, and independence
of residuals were met through graphical evaluation. When significant effects were detected, we
applied Tukey post-hoc correction for pairwise comparisons. Additionally, we calculated esti-
mated marginal mean differences and standardised differences, along with 95% confidence in-

tervals, using the emmeans package. The alpha level for all statistical tests was set at 5%.
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3. RESULTS

Motor unit decomposition and tracking

The decomposition of EMG signals yielded 5734 MUs spike trains, of which 4000 were suc-
cessfully tracked across at least two contractions and included in the analyses. For the contrac-
tions performed at relative torque, 1880 MU spike trains were included in the analysis, with an
average of 22.3 = 11.2 tracked MUs per participant for the GM and 6.7 &+ 5.3 tracked MUs per
participant for the SOL. On average, MUs were tracked across 3.5 £ 1.4 contractions out of six
(3 positions x 2 intensities). For the contractions performed at absolute torque, 2120 MU spike
trains were included, with an average of 25.2 £ 9.9 tracked MUs per participant for the GM and
7.7 £ 5.9 tracked MUs per participant for the SOL. On average, MUs were tracked across 3.6
+ 1.4 contractions out of six. An example of the firing rates of tracked MUs is depicted in Figure

48.

10 %MVC

10s

Figure 48. Example of motor unit (MU) firing rates across positions and intensities. Four tracked
MUs of the gastrocnemius medialis (GM) from a representative participant are shown, with each MU
represented by a different colour. The figure displays firing rates across two positions (short position on
the left, long position on the right) and two intensity levels (peak at 40% MVC on top, plateau at 20%
MVC on the bottom). For clarity, firing rates are artificially spaced along the vertical axis.

Effect of muscle length on AF

For the Relative torque contractions, a significant position-by-intensity effect on AF was ob-

served for both the GM (p = 0.0041) and the SOL (p = 0.0088), with lower AF values observed
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as the muscles operated at longer lengths (Fig. 49). Specifically, for the GM, AF decreased from
the intermediate to the long muscle length position at both intensities, and from the short to the
long muscle length position at the higher intensity only (all p < 0.0367). For the SOL, AF de-
creased from the short to the long muscle length position at both intensities, from intermediate
to long at the lower intensity, and from the short to the intermediate position at the higher in-
tensity (all p < 0.0350). For the Absolute torque contractions, a significant position effect was
identified for the GM (p = 0.0009), with lower AF values at the long muscle length position
compared to the short muscle length position, regardless of intensity (all p < 0.0172). Although
the results for the SOL were not statistically significant, they followed a similar trend with lower
AF values at the longer muscle lengths (Fig. 49). Overall, the results from both protocols con-
sistently showed lower AF values at longer muscle lengths compared to shorter ones. Detailed

statistical results are available in the supplemental material (Annexe 1).

GM (relative) SOL (relative) GM (absolute) SOL (absolute)
Trap 20% MVC  Tria 40% MVC Trap 20% MVC  Tria 40% MVC Trap =23 N.m  Tria ~46 N.m Trap ~23 N.m  Tria ~46 N.m

AF (pps)

Figure 49. Estimates of persistent inward currents for motor units between positions. Estimates of
persistent inward currents (AF) were obtained from the gastrocnemius medialis (GM) and soleus (SOL)
muscles at three different muscle lengths: short (S), Intermediate (1), and long (L). AF values were com-
pared across positions at either the same relative torque or the same absolute torque, using lower-in-
tensity trapezoidal contractions (Trap) and higher-intensity triangular contractions (Tria). Coloured
dots represent participant averages, while black dots and bars show the estimated marginal means pre-
dicted by linear mixed-effects models. Horizontal black lines indicate significant differences between
muscle lengths (p < 0.05).
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Effect of muscle length on acceleration, brace height, and attenuation

For acceleration, a significant position-by-intensity interaction was observed for the GM in both
the Relative and Absolute torque contractions (both p <0.0001) (Fig. 50). However, significant
differences between positions were only observed at the higher intensity for the Absolute torque
contractions, with acceleration being higher at the short muscle length compared to the inter-
mediate and the long muscle length positions (all p < 0.0116). No significant position-by-inten-
sity or position effect was observed for the SOL. These results showed a less pronounced effect

of position on acceleration than on AF.

For brace height, a significant position-by-intensity interaction was observed for the GM in
both the Relative and Absolute torque contractions (both p < 0.0151) (Fig. 50), with higher
brace height values at longer muscle length. Specifically, during the Relative torque contrac-
tions, brace height was lower at short muscle length compared to intermediate muscle length
position at the lower intensity (p = 0.0474), and from the short to the long (p = 0.0003). It was
also lower at short and intermediate muscle lengths compared to the long muscle length position
(p = 0.0010) at the higher intensity. During the Absolute torque contractions, brace height was
only modulated at the highest intensity, with a greater value at intermediate muscle length com-
pared to the short muscle length position (p = 0.0239). For the SOL, while a significant position-
by-intensity interaction was observed for the Absolute torque contractions, no significant post
hoc differences were identified, and no clear trend was evident (Fig. 50). Overall, brace height,
which reflects the contribution of neuromodulatory inputs to MU discharge rates was higher at
longer muscle lengths in the GM, but remained unchanged in the SOL. This contrasts with the
observed reductions in AF and small-to-no reduction of acceleration at longer muscle lengths,
suggesting that changes in neuromodulatory inputs are unlikely to drive the observed muscle-

length modulation of AF.

For attenuation, a significant position-by-intensity interaction was observed for the GM in both
the Relative and Absolute torque contractions (both p < 0.0001) (Fig. 50). Specifically, attenu-
ation was lower at longer muscle lengths, but this effect was observed only at the higher inten-
sity. In the Relative torque contractions, differences were observed between all three positions
(all p <0.0174), whereas in the Absolute torque protocol, attenuation was lower at both inter-
mediate and long muscle lengths compared to short length (all p < 0.0007). For the SOL, no
significant position-by-intensity interaction was observed (p = 0.6401). Although a significant

position effect was identified for the Relative torque contractions (p = 0.0081), post-hoc tests
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did not reveal significant differences between positions. Overall, attenuation, which is posi-
tively associated with a push-pull pattern of inhibition, exhibited a similar behaviour to AF,

suggesting that inhibition may contribute to the muscle-length-dependent modulation of AF.

Acceleration, brace height, and attenuation have been shown to have a weak association with
the recruitment threshold of MUs (Beauchamp et al., 2023). Given the substantial variations in
recruitment threshold across positions, as illustrated in Fig. 51, we performed additional anal-
yses to assess whether recruitment threshold acted as a confounding factor for these metrics in
the GM, where most results supporting our interpretation originated. The same statistical anal-
yses were performed on a reduced dataset, excluding MUs with the greatest differences in re-
cruitment threshold across position until the mean variation in recruitment threshold between
short and long muscle positions reached zero, ultimately retaining approximately 25% of the
MUs. Detailed statistical results are available in the supplementary material (Annexe 1). Over-
all, this secondary analysis reinforces the limited influence of muscle position on acceleration
while confirming the observed increase in brace height and decrease in attenuation at longer

muscle lengths.
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Figure 50. Parameters from the geometric approach for motor units across positions. Brace height
(top row), acceleration (middle row) and attenuation (bottom row) were obtained from the gastrocnem-
ius medialis (GM) and soleus (SOL) motor units at three different muscle lengths: short (S), intermediate
(1), and long (L). These metrics were compared across positions at either the same relative torque or the
same absolute torque, using lower-intensity trapezoidal contractions (Trap) and higher-intensity trian-
gular contractions (Tria). Coloured dots represent participant averages, while black dots and bars show
the estimated marginal means predicted by linear mixed-effects models. Horizontal black lines indicate
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significant differences between muscle lengths (p < 0.05).
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Effect of muscle length on motor unit recruitment threshold and maximal discharge rate

When considering the recruitment threshold, a significant position-by-intensity interaction was
observed for both the GM and SOL for both Absolute and Relative Torque contractions (both p
<0.0001) (Fig. 51). A distinct pattern emerged for both muscles at the higher intensity: longer
lengths were associated with a lower recruitment threshold for GM MUs and a higher recruit-
ment threshold for SOL MUs. Specifically, for the GM during the Relative torque contractions,
differences were observed across all three positions (all p < 0.0184), while during the Absolute
torque protocol, differences were noted between the long muscle length position and the two
other positions (all p < 0.0001). For the SOL, differences were observed in both protocols be-
tween the short and other positions. This differential changes in recruitment threshold between
GM and SOL was less pronounced at lower intensity. For the GM, a decrease was also observed
from the long to the other positions in the Relative torque contractions, but only from interme-
diate to long muscle length position in the Absolute torque contractions, while a significant
increase was noted between the short and intermediate muscle length positions. For the SOL,
no significant differences were observed at lower intensity. Overall, these findings indicate that
the distribution of neural drive during the initiation of the contraction across GM and SOL MUs

varies with ankle angle.

For maximal discharge rate, a significant position-by-intensity interaction was observed for
both the GM and SOL in both Absolute and Relative torque contractions (all p < 0.0001) (Fig.
51). During the Absolute torque contractions, maximal discharge rates were lower at longer
muscle lengths compared to shorter ones. Specifically, for the GM at lower intensity, differences
were observed between all three positions (all p <0.0040). At higher intensity, a decrease was
observed from short to intermediate and long muscle length positions (all p <0.0001). For the
SOL, a decrease was observed from short to intermediate and long muscle length positions at
lower intensity (all p < 0.0142), but no significant differences were found at higher intensity.
The lower maximal discharge rates observed during the Absolute torque contractions at longer
muscle lengths are consistent with the expected increase in muscle force-generating capacity at
those lengths. In contrast, the results from the Relative torque contractions were less systematic.
For the GM, maximal discharge rates increased from short and intermediate to long muscle
length positions at lower intensity (all p < 0.0095), but decreased from short to intermediate
and long muscle length positions at higher intensity (all p < 0.0038). For SOL, maximal dis-
charge rate decreased from short to intermediate and long muscle length positions at higher

intensity (all p < 0.0025) but did not vary significantly at lower intensity.
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Figure 51. Recruitment threshold and maximal discharge rates for motor units tracked between po-

sitions. Recruitment threshold (RT, top row) and maximal discharge rates (maximal DR, bottom row)
were obtained from the gastrocnemius medialis (GM) and soleus (SOL) muscles at three different ankle

positions: short (S), intermediate (1), and long (L), corresponding to different lengths of the plantar

flexors. These parameters were compared across positions at either the same relative torque or the same

absolute torque, using lower-intensity trapezoidal contractions (Trap) and higher-intensity triangular
contractions (Tria). Coloured dots represent participant averages, while black dots and bars show the

estimated marginal means predicted by linear mixed-effects models. Horizontal black lines indicate sig-
nificant differences between muscle lengths (p < 0.05).
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4. DISCUSSION

In this study involving young males, we investigated the contribution of PICs to the firing pat-
terns of two plantar flexor muscles during submaximal contractions performed at different ankle
positions, and therefore, at different muscle lengths. The prolongation effect of PICs, assessed
through AF, was lower at longer muscle lengths. This was observed at both similar relative and
absolute torque levels, supporting the hypothesis that muscle length, rather than muscle tension,
primarily drives the modulation of PICs estimates. A more pronounced proportional pattern of
inhibition, assessed through the attenuation slope, was observed, suggesting that inhibitory in-
puts, rather than neuromodulatory inputs, play a key role in modulating PICs prolongation ef-
fect as joint position changes. Overall, the study provides evidence that PICs prolongation effect

is modulated by muscle length likely through inhibitory inputs.

PICs prolongation effect, not amplification, are lower at long compared to short muscle

length during voluntary isometric contraction

The prolongation and amplification effects of PICs were estimated across different ankle posi-
tions, using paired MU analysis (Gorassini et al., 2002) and a geometric approach (Beauchamp
et al., 2023), respectively. We found a reduced prolongation effect at longer muscle length,
which confirms previous recent work (Beauchamp et al., 2023). However, PICs amplification
of discharge rate did not differ between ankle positions. It is possible that the amplification and
prolongation effects of PICs are, at least in part, dissociable. One potential explanation for this
dissociation could involve time-varying inhibition. For example, it has been proposed that dur-
ing the ascending phase of a contraction, inhibition related to contraction intensity, likely orig-
inating from peripheral receptors (via interposed interneurons) and Renshaw cells, can contrib-
ute to the saturation of motoneuron firing (Revill & Fuglevand, 2017). Additionally, the possi-
bility of a dissociation between PICs amplification and prolongation effects might be attributed
to the different types of ion channels generating PICs. The two primary types of channels re-
sponsible for PICs are voltage-gated sodium channels and L-type voltage-gated calcium chan-
nels, which differ significantly in their properties. Sodium-related PICs are more readily deac-
tivated compared to calcium-related PICs (Heckman et al., 2009a). Therefore, a possible expla-
nation for differential modulations of PICs amplification and prolongation is that changes in

muscle length primarily affect calcium-mediated PICs.

Modulation of PICs by ankle angle reflects muscle length rather than muscle tension
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To determine the role of muscle length and muscle tension in the modulation of PIC estimates,
we compared AF at the same absolute torque across positions. Interestingly, when assessed at
the same ankle angle, AF values were similar between the Absolute and Relative torque con-
tractions, both showing lower values at longer lengths. The overall lack of differences between
the Relative and Absolute torque protocols suggests that muscle-force-related inhibition, par-
ticularly from Ib-afferents, is unlikely to be a major contributor to the observed differences in
AF across ankle angles. Conversely, the consistently lower AF values observed at more dorsi-

flexed ankle angles strongly suggests a muscle length-driven mechanism.

Our findings differ from similar work in decerebrate cats, which observed the opposite modu-
lation of PICs with muscle length (Hyngstrom et al., 2007). In that study, the influence of Ib
afferents was excluded because they do not respond to passive changes in muscle length, which
could have explained the opposite modulation. However, our results suggest that PICs modula-
tion is not driven by force production, making it unlikely that Ib afferents explain this discrep-
ancy. A more plausible explanation for these divergent observations is the strong influence of
descending systems, such as the corticospinal tract, on the Ia inhibitory system (Hyngstrom et
al., 2007), which was partially absent in the decerebrate cat model. This indirectly underlies the
potential role of descending systems in modulating PICs in response to changes in muscle
length. This interpretation is further supported by the modulation of estimates of PICs observed
in humans during involuntary contractions (i.e., using vibration—stimulation protocols) (Trajano

et al., 2014) that is similar to the modulation found in decerebrate cats.

Modulation of PICs by ankle angle may reflects inhibitory inputs rather than neuromod-

ulatory inputs

PICs activation depends on monoamine neuromodulators, such as serotonin and noradrenaline
(Heckman et al., 2009a). Therefore, one possible explanation for the lower PICs estimates at
longer muscle lengths is a reduced release of serotonin and/or noradrenaline onto motoneurons.
However, we observed that brace height, a metric that predicts changes in neuromodulation
(Beauchamp et al., 2023; Chardon et al., 2024), remained unchanged in the SOL and was even
higher at long muscle lengths in the GM. The fact that brace height exhibited no modulation or
the opposite pattern compared to AF suggests that neuromodulatory inputs are unlikely to ex-
plain the observed changes in AF across muscle lengths. A more likely explanation for the lower

AF at long muscle lengths is the influence of synaptic inhibition on motoneurons which may
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overcome the potentially higher neuromodulatory drive at longer lengths, thereby shaping the

modulation of PICs.

PICs also depend on the balance between inhibitory and excitatory inputs (i.e., the pattern of
inhibition), that we assessed in this study with the analysis of the attenuation slope of MU dis-
charge (Beauchamp et al., 2023; Chardon et al., 2024). An increase in the relative amount of
inhibition, compared to excitatory input, is typically associated with a reduction in PICs (Binder
et al., 2020; Heckman et al., 2009a). We observed a general decrease in the attenuation slope
when muscles were lengthened, suggesting a shift towards a more pronounced inhibitory input
relative to excitation (i.e., a more proportional or less push-pull pattern). This shift likely con-
tributed to the observed reduction in PICs estimates. Even though the underlying sources of the
relative increase in inhibition cannot be determined from our results, we suggest that reciprocal
inhibition (Hyngstrom et al., 2007) and recurrent inhibition (Bui et al., 2008) - which have been
shown to dampen PICs - may play a role. Alternatively, the relative increase in inhibition may
result from a reduced baseline level of inhibition at shorter muscle lengths (Beauchamp et al.,

2023).

The metrics derived from the geometric approach have been proposed to reflect the types of
inputs received by motoneurons (i.e., excitation, inhibition and neuromodulation). However,
experimental findings challenge the interpretation of these metrics. For example, although the
attenuation slope has been proposed as an indicator of inhibition, no difference was observed
between voluntary co-contraction and agonist-only contraction (Gomes et al., 2024), despite
these conditions are supposed to involve different patterns of inhibition. These limitations high-
light the need for future studies to confirm whether the observed modulation of PICs by ankle

angle reflects changes in inhibitory inputs, rather than neuromodulatory influences.
Role of inhibitory control of PICs according to muscle length

At longer muscle lengths in the triceps surae, less neural drive is needed to produce the same
force, which aligns with the decrease in maximal discharge rates of MUs observed at long mus-
cle length for the same absolute torque. Thus, the reduction in estimates of PICs with increasing
muscle length suggests that PICs may serve as an additional mechanism, probably mediated
through inhibition, to adjust motoneuron recruitment and firing rates based on the muscle's
force generating capacity. Overall, these findings support the idea that the flexibility of inhibi-
tory pathways extends to the flexible control of dendritic PICs. Since PICs are believed to act
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as gain controllers (Johnson & Heckman, 2014; Wei et al., 2014), the role of inhibitory systems
becomes even more critical in matching the demands of motor tasks. Consequently, any dys-
function in the inhibitory system could lead to severe motor dysfunctions, as PICs would remain
poorly controlled. Failure of motor control mechanisms, such as recurrent or reciprocal inhibi-
tion, could worsen a misdirected motor command by failing to properly adjust PICs and, there-
fore, the intrinsic excitability of motoneurons. This could be particularly relevant in conditions
where descending inputs are disrupted (e.g., spinal cord injury, stroke-induced hemiparesis),
leading to muscle-length-related deficits such as spasticity or involuntary antagonist muscle

contractions (Gracies, 2005b).
Methodological considerations

Some methodological issues need consideration. First, even though the decomposed MU pop-
ulation represents only a subset of the entire motor pool (Farina & Holobar, 2016), we tracked
MUs across positions, preventing bias in MUs sampling between conditions. Second, the esti-
mates of PICs magnitude were based on MUs recruited during low-intensity isometric contrac-
tions and cannot therefore be directly extrapolated to higher-threshold MUs or to dynamic con-

tractions. Finally, the results need to be confirmed in females.
Conclusion

This study provides strong evidence that the reduction in PICs-induced prolongation of MU
discharge rate in a lengthened triceps surae position is driven primarily by changes in muscle
length rather than changes in muscle tension and by inhibitory inputs, rather than by muscle
tension or metabotropic neuromodulation. This highlights inhibition as a potential mechanism
for adjusting motoneuron recruitment and gain based on the force-generating capacity of mus-
cles and the demands of motor tasks. As a result, a failure to properly regulate inhibitory mech-
anisms could be particularly harmful, potentially contributing to the muscle length-related im-

pairment observed in conditions such as stroke or spinal cord injury.
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NSTUDY 2: DISRUPTED INHIBITORY-EXCITATORY BALANCE
UNDERLIES SPINALMOTONEURON DYSFUNCTION IN INCOM-
PLETE SPINAL CORD INJURY

KEY POINTS

e Incomplete spinal cord injury disrupts voluntary movement, in part by impairing moto-
neuron rate coding, yet the synaptic mechanisms underlying this dysfunction remain
poorly understood in humans.

e By analysing large motoneunon populations from triceps surae muscles, we estimated
the relative contributions of excitatory, inhibitory, and neuromodulatory inputs to mo-
toneuron rate coding after chronic incomplete spinal cord injury.

e We provide evidence that individuals with spinal cord injury show no alteration in esti-
mated neuromodulatory inputs, but a disrupted inhibitory—excitatory balance shifted to-
wards greater inhibition.

e Experimental conditions designed to modulate inhibition altered motoneuron firing in
controls but not in individuals with incomplete spinal cord injury

e Together, these results indicate that increased inhibition during voluntary contraction
likely contributes to impaired rate coding and muscle weakness after spinal cord injury
in humans.

ABSTRACT

Incomplete spinal cord injury disrupts voluntary movement, in part through motoneuron dys-
function, yet the mechanisms underlying this dysfunction remain poorly understood. Using a
non-invasive approach to decode the spiking activity of large populations of spinal motoneu-
rons, we quantified the relative contributions of excitatory, inhibitory, and neuromodulatory
inputs to motoneuron rate coding after chronic incomplete spinal cord injury. Eighteen partici-
pants with incomplete spinal cord injury and 18 age- and sex-matched control participants per-
formed submaximal isometric plantar flexion tasks while high-density surface electromyogra-
phy was recorded from the soleus and gastrocnemius medialis muscles. Motoneuron firing be-
haviour was analysed to estimate the neuromodulatory drive and the inhibitory-excitatory bal-
ance. Participants with incomplete spinal cord injury exhibited lower rate coding than controls.
Estimates of neuromodulatory drive did not differ between groups, whereas individuals with
spinal cord injury showed a shift in the inhibitory-excitatory balance toward greater inhibition
compared with controls. Furthermore, increasing inhibitory input through muscle length
changes and antagonist tendon vibration modulated motoneuron firing in controls, but not in

individuals with incomplete spinal cord injury. Together, these findings suggest that impaired
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rate coding after incomplete spinal cord injury arises from an altered inhibitory-excitatory bal-
ance rather than reduced neuromodulatory drive. Taking advantage of methodological advances
to decode spinal motoneurons activity during voluntary contraction, this study identified exces-
sive inhibitory input to spinal motoneurons as a key neural mechanism contributing to muscle

weakness and impaired motor function in individuals with incomplete spinal cord injury.

1. INTRODUCTION

Incomplete spinal cord injury (SCI) leads to profound alterations in the neural control of move-
ment. Disruption of supraspinal inputs to spinal motoneurons and interneurons at and below the
level of the lesion results in muscle weakness and impaired motor function (McDonald & Sa-
dowsky, 2002). Although changes in motoneuron firing characteristics have been described
(Thomas et al., 2014), the underlying mechanisms remain poorly understood. In particular, little
is known about how SCI alters the relative contributions of excitatory, neuromodulatory, and

inhibitory synaptic inputs to motoneuron output.

Muscle force is regulated by modulating the number of active motoneurons (recruitment) and
the firing rate of already active motoneurons (rate coding). In individuals with incomplete SCI,
a reduction in rate coding has been reported in several muscles (Debenham et al., 2024; Kizyte
et al., 2025; Thomas et al., 2014; Wiegner et al., 1993). The mechanisms underlying these al-
terations remain unclear. Beyond the essential role of excitatory inputs, neuromodulatory inputs
contribute to motoneuron rate coding by increasing intrinsic motoneuron excitability through
the activation of persistent inward currents (PICs). These currents provide an additional intrin-
sic depolarising drive that amplifies and prolongs the effects of synaptic excitation in motoneu-
rons (Hultborn et al., 2003; Y. Li & Bennett, 2003; Schwindt & Crill, 1980). Although spinal
cord injury can disrupt descending monoaminergic drive, animal studies have demonstrated
compensatory mechanisms, such as constitutively active 5-HT> receptors, that preserve PICs
despite reduced monoaminergic drive (D’Amico et al., 2014; Murray et al., 2010). Whether

PICs are preserved in humans with incomplete SCI remains unknown.

Inhibitory inputs, notably those mediated by Ia interneurons and Renshaw cells, also play an
important role in shaping motoneuron output by interacting with both excitatory inputs and
PICs (Hyngstrom et al., 2007; Kuo et al., 2003; Powers & Heckman, 2017). Importantly, in-
creases in the net input to motoneurons can arise through distinct patterns of inhibition. One

such pattern is the push-pull pattern, in which a decrease in synaptic inhibition occurs in parallel
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with increased synaptic excitation, thereby supporting higher rate coding and amplifying the
effects of PICs (Johnson et al., 2012; Powers & Heckman, 2017, Skarabot et al., 2025). How-
ever, after SCI, inhibitory control is altered (Crone, 2003; Knikou & Mummidisetty, 2011), with
a notable increase in recurrent inhibition (Shefner et al., 1992). This change may disrupt the
normal push-pull interaction between excitation and inhibition and ultimately contribute to fir-

ing rate saturation, a phenomenon observed following SCI (Thomas et al., 2014).

Two experimental paradigms are particularly relevant for investigating inhibitory control of
motoneuron output. First, changes in muscle length modulate motoneuron excitability through
length-dependent inhibitory mechanisms, such as recurrent inhibition (Colard et al., 2025). Spe-
cifically, at longer muscle lengths, an increased inhibitory influence is associated with a reduced
PIC-mediated prolongation of motoneuron firing rate (Beauchamp et al., 2025; Goreau et al.,
2025; Valencic et al., 2026). Second, vibration applied to the tendons of the antagonist muscles
modulates motoneuron output and PIC prolongation effect, via enhanced la-mediated reciprocal
inhibition (Mesquita et al., 2022; Pearcey et al., 2022). Together, these experimental conditions
highlight the flexible and context-dependent regulation of motoneuron output and PIC effects
on firing, and therefore provide relevant frameworks for examining inhibitory control of moto-

neuron output in individuals with incomplete SCI.

In this human study, we aimed to determine how synaptic inputs shape motoneuron rate coding
in individuals with incomplete SCI. To this end, we identified large populations of motoneurons
(up to 36 per muscle per contraction) by decomposing high-density EMG signals collected dur-
ing submaximal isometric contractions. We first compared the contribution of inhibitory and
neuromodulatory inputs to motoneuron firing rates in plantar flexor muscles between individu-
als with chronic incomplete SCI and healthy controls, using a framework that links specific
motoneuron firing features, such as nonlinear firing acceleration and prolonged firing, to un-
derlying synaptic inputs (Beauchamp et al., 2023; Chardon et al., 2024). We then experimen-
tally manipulated inhibitory inputs through changes in muscle length and antagonist tendon
vibration to gain further insights into the role of inhibitory inputs in shaping motoneuron be-

haviour.

119



2. METHODS

Participants and ethical approval

Eighteen individuals with incomplete SCI (mean + SD: 55 + 19 years, 175+ 8 cm, 77 £ 15 kg, two
women, Table 3) and 18 control participants (50 = 20 years, 178 + 8 cm, 74 + 14 kg, two women)
participated in the study. All participants provided written informed consent, and the experi-
mental procedures were approved by the local ethics committee (CERNI, Nantes Université,
IRB: IORGO0011023). Participants with SCI had sustained their injury at least five months be-
fore enrollment and were classified using the International Standards for Neurological Classi-
fication of Spinal Cord Injury (ISNCSCI) as having a C2-L1 lesion. Based on the American
Spinal Cord Injury Impairment Scale (AIS), one participant was classified as AIS C, and the
remaining 17 as AIS D. Eleven participants had a non-traumatic aetiology. Twelve participants
with SCI were taking anti-spastic medication (baclofen and/or pregabalin and/or gabapentin),
and five were taking serotonergic medication (duloxetine or paroxetine or mirtazapine) at the
time of enrollment. Spasticity was assessed using the modified Tardieu scale. Participants with
incomplete SCI were required to have had no orthopedic or neurosurgical intervention within
the previous three months and no intramuscular injections of botulinum toxin in the plantar
flexors during the same period. Control participants were required to have had no lower limb
injuries in the previous six months. All participants were instructed not to consume caffeine the
day of the evaluation. For individuals with incomplete SCI, the tested leg was the one with the
lower maximal voluntary plantar flexion torque, unless this torque was below 15 N.m. In those
cases, the limb with greater capacity was selected. As a result, in the incomplete SCI group, 8
of 18 participants were tested on their dominant leg (defined as the leg used to kick a ball),

compared with 9 of 18 in the control group.

The maximal voluntary torque (MVT) of the plantar flexors in the incomplete SCI group was
42.9 + 33.4 N.m when the muscle was placed at a short length and 62.3 + 38.0 N.m at an
intermediate length (Fig. 52A). In the control group, MVTs were 104.1 + 33.7 N.m and 145.5

+49.6 N.m in the short and intermediate lengths, respectively.
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Table 3. Characteristics of individuals with incomplete spinal cord injury.

Identi-
Assess- SClins-  fied
ment on Years Ae tallation me Antispas-  Serotoner- Torque MTS MTS
Participant age sexe the AIS SCllevel post . . ticmedi- gicmedica- at0° knee straight
. tiology time-  dullary . .
domin- SCl cation tion (N.m) flexed knee
. frame syn-
nent side
drome
1 35 M yes D T3 0.5 NT A no GAB DUL 18 3 3
2 42 M no C (&) 7 NT C no BAC none 46 0 0
3 19 M yes D c7 4 T A BS BAC none 10 2 3
4 75 M no D T1 0.6 NT A no none none 96 2 1
5 57 M yes D T12 8 NT C no GAB none 56 2 2
6 72 F no D c3 6 NT SA no PGAB none 36 2 2
7 40 M no D c4 5 NT SA no PGAB none 74 3 3
8 81 M no D Cc3 5 NT C BS none none 16 2 2
9 61 M no D ca 11 T A BS BAC, PGAB DUL 44 2 2
10 73 M yes D c8 2 NT C no PGAB none 90 2 2
11 54 M yes D Cc3 4 NT C BS GAB DUL 162 2 2
12 64 M no D Cc8 20 NT A ventral none PAR 76 1 2
13 51 M yes D Cc2 34 T A BS BAC, GAB none 85 0 2
14 71 M no D C4 2.4 T A no none MIR 81 2 2
15 49 F yes D c7 29 T A BS PGAB none 46 1 2
16 54 M no D Cc6 1 NT C no none none 81 3 3
17 18 M yes D c7 0.5 T A BS GAB none 85 2 2
18 75 M no D L1 9 T A ventral none yes 11 0 0

AIS, American Spinal Injuty Association Impairment Scale; M, male; F, female, T, traumatic,
NT, non-traumatic; A, acute; C, chronic, SA, subacute; BS, Brown-Séquard; MTS, Modified
Tardieu Scale; GAB, gabapentin; BAC, baclofen; PGAB, pregabalin; DUL, duloxetine; PAR,
paroxetine; MIR, mirtazapine.

Experimental protocol

After the warm-up and MVT assessments, participants performed several isometric submaxi-
mal triangular contractions, each consisting of 12-second ascending and descending phases. To
compare motoneuron behaviour between groups while accounting for large differences in MVT,
participants performed a contraction at both a similar relative torque (40% of their MVT) and
a similar absolute torque (30 N.m), all performed in the neutral ankle position (0°). To assess
how motoneuron behaviour adapts to muscle length, participants also performed a contraction
at a shorter muscle length (20° of plantarflexion), at 40% of their MVT in this position (Fig
52B). For clarity, these positions are described based on the length of the plantar flexor muscles:
the short muscle length position at 20° of plantarflexion and the intermediate muscle length

position at 0°. These two joint positions have been shown to induce measurable differences in
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fascicle length of gastrocnemius medialis (GM) and soleus (SOL) (Colard et al., 2025; Kuzyk
et al., 2018).

To assess how reciprocal inhibition affects motoneuron behaviour, vibration was applied to the
tendons of the antagonist muscles during contractions in both positions (for the contractions at
40% of their MVT). High-frequency vibration (115 Hz; Vibrasens, Technoconcept, Saint-Mau-
rice, France) was applied to the distal tibialis anterior (TA) tendon during plantarflexion con-
tractions by manually pressing the vibrator to the tendon with a force of 15 = 2 N. Vibration
started 10 s before the onset of the triangular contraction and continued until after the torque

returned to baseline, ensuring that the entire contraction was covered.

After a familiarisation period for the first condition, participants completed one contraction per
condition in randomised order, resulting in a total of five submaximal contractions. At least one
minute of rest was provided between contractions to minimise fatigue and the warm-up effect

of PICs (Bennett et al., 1998).
Electromyography

To obtain information on muscle activation (Fig 52C), we reproduced a bipolar configuration
by averaging two groups of 25 channels located at the extremities of each grid and then com-
puting the difference between these averages, yielding a single value per grid. The values from
the two grids were subsequently averaged to obtain a single value per muscle. The EMG am-
plitude was analysed as a normalised root mean square over a 300 ms window, by normalising
RMS values to the RMS value of the same electrode during the maximal voluntary contraction

(EMGmax).
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A. Tested paradigms B. Triangular contractions to perform
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Figure 52. Experimental setup. A, participants performed isometric submaximal plantarflexions at two
ankle positions, corresponding to different plantar flexor lengths: 20° (short muscle length position) and
0° (intermediate muscle length position). Tendon vibrations was applied to the antagonist muscles (i.e.,
dorsiflexor muscles) during contractions to induce reciprocal inhibition. B, the submaximal plantarflex-
ions were performed to 40% of the maximal voluntary contraction torque (MVT) at each position. In
addition, a plantarflexion to 30 N.m was performed to compare groups on the same absolute torque. C,
mean (thick line) and standard differences (clear outline) of torque and normalised EMG amplitude of
gastrocnemius medialis (GM), soleus (SOL) and tibialis anterior (TA), in the control and the incomplete
spical cord injury (iSCI group), during the contraction up to 40% MVT in intermediate position.

Statistical analyses

To assess differences in motoneuron firing characteristics between groups during contractions
at 40% MVT and 30 N.m performed at an intermediate muscle length, we applied a linear
mixed-effects model to each motoneuron firing metric (i.e., recruitment threshold, firing rate at
recruitment, peak firing rate, firing rate modulation, AF, normalised AF, brace height, accelera-
tion, attenuation and MUAP amplitude). The models included the group (incomplete SCI, con-
trol), muscle (gastrocnemius medialis, soleus) and their interactions as fixed effects. The full

random-effects structure consisted of a random intercept for each participant and random slopes
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to account for between participants variability in the fixed effects [e.g., Imer(metric ~
group*muscle + (group*muscle|id_participant))]. For each model, the random-effects structure
was selected by minimising the bayesian information criterion across all plausible random-
slope structures. The random slope for the primary effect of interest (group) was always re-

tained, as it represents the key source of between-participant variability for the tested condition.

To test the effects of position and vibration, separate models were fitted including the effect of
interest (position: short, intermediate; or vibration: on, off), together with muscle (gastrocnem-
ius medialis, soleus), group (incomplete SCI, control), and their interactions as fixed effects.
The random-eftfects structure was selected using the same procedure; however, in these models
the retained random slope corresponded to the effect of interest (position or vibration), rather

than group.

To compare TA coactivation between groups, we compared TA EMG amplitude during the sim-
ilar relative torque contraction at the intermediate muscle length (shown in Fig. 52C) using a t-
test. We considered the EMG normalised to the maximal value obtained during the maximal

dorsiflexion contraction.

All analyses were performed in R (v.4.4.0; R Core Team 2021, R Foundation for Statistical
Computing, Vienna, Austria). Statistical significance was assessed using the ImerTest package
in R (Kuznetsova et al., 2017), which uses Satterthwaite’s type Il method to approximate de-
grees of freedom and generate p-values for mixed effects models. Model assumptions of homo-
scedasticity, normality, and independence of residuals were verified graphically. When signifi-
cant effects were detected, Sidak post-hoc corrections were applied. Estimated marginal mean
differences with 95% confidence intervals and standardised effect sizes (Cohen’s d) were cal-

culated using the emmeans package. The alpha level for all statistical tests was set at 0.05.
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3. RESULTS

Motoneuron yield and TA coactivation

In the incomplete SCI group, an average of 9.3 = 7.5 motoneurons for the GM and 10.3 £ 8.1
motoneurons for the SOL were identified per contraction and participant. In the control group,
an average of 13.5 = 7.8 motoneurons for the GM and 8.2 + 6.1 motoneurons for the SOL were
identified per contraction and participant. TA coactivation during triangular contractions did not
differ between groups when assessed using normalised EMG (control vs. incomplete SCI: 2.80

+4.07 vs. 3.13 £ 1.68 % of EMGmax, p = 0.7965).
Differences between groups at intermediate muscle length (0°)
Recruitment threshold, rate coding and motor unit action potential amplitude

An example of smoothed motoneuron firing rate from a single contraction in one control and

one incomplete SCI participant (#10) is shown in Figure 53.

There were no significant between-group differences in recruitment threshold (p = 0.2406 for
the 40% MVT contractions, and p = 0.2517 for the 30 N.m contractions), nor any interaction
between group and muscle (p = 0.5848 for the 40% MVT contractions, and p = 0.2428 for the
30 N.m contractions) (Fig. 53). For the 40% MVT contractions, there was a significant interac-
tion between group and muscle for both firing rate at recruitment (p = 0.0431) and peak firing
rate (p = 0.0091). Specifically, firing rate at recruitment was lower in the incomplete SCI group
than in the control group by 1.87 pps in the GM (95% CI: [1.01-2.72], d = 1.43, p = 0.0001)
and by 0.88 pps in the SOL (95% CI: [0.23—1.54], d = 0.68, p = 0.0096). Peak firing rate was
also lower in the incomplete SCI group by 4.52 pps in the GM (95% CI: [2.88-6.16], d = 3.27,
p <0.0001) and by 2.49 pps in the SOL (95% CI: [1.49-3.49], d = 1.8, p < 0.0001). There was
no significant interaction between group and muscle for firing rate modulation (p = 0.0674) but
there was a main effect of group, with lower modulation values in the incomplete SCI group (d
=1.43, p <0.0001). Overall, similar results were observed for the 30 N.m contractions, with all
firing-rate metrics lower in the incomplete SCI group compared to the control group. Specifi-
cally, there were significant main effects of group for firing rate at recruitment (d = 0.97, p =
0.0106), peak firing rate (d = 1.82, p = 0.0016), and firing rate modulation (d = 0.66, p = 0.
0147), with no interaction between group and muscle (all p > 0.4827).
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When considering the MUAP amplitude during the 30 N.m contractions, there was no signifi-

cant between-group differences (p = 0.7115), nor any interaction between group and muscle (p

=0.0792). For the 40% MVT contractions, there was a significant interaction between group

and muscle (p = 0.0424), with lower MUAP amplitude in the incomplete SCI group in the GM
by 8.2 mV (95% CI: [1.05-15.38], d = 0.74, p < 0.0259) but not in the SOL (p = 0.9584).
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Figure 53. Typical motoneuron firing rates in control (CTL) and incomplete SCI (iSCI) participants.
Plantarflexion torque (grey trace) and smoothed firing rates of 20 identified motoneurons (coloured

traces) are shown for a control participant (left) and an individual with incomplete SCI (#10, right).

Within each plot, smoothed firing rates are shown with darker colours (purple) for lower threshold
neurons and lighter colours (yellow) for higher threshold neurons.
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Figure 54. Motoneuron recruitment thresholds and rate coding. The incomplete SCI (iSCI) and control
(CTL) groups are compared at either the same relative torque (40% MVT) or the same absolute torque
(30 N.m). Recruitment threshold (RT), firing rate at recruitment (DR RT), firing rate modulation (FR
modulation), and peak firing rate (max DR), were obtained from the gastrocnemius medialis (GM, pur-
ple) and soleus (SOL, green). Coloured dots represent participant averages, while black dots and bars
indicate the estimated marginal means with 95% confidence intervals predicted by linear mixed-effects
models. Cohen's d is reported for significant differences.
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Estimates of synaptic inputs to motoneurons

Brace height did not differ between groups (p = 0.3311 for the 40% MVT contractions and p =
0.2399 for the 30 N'm contractions), nor was there any interaction between group and muscle
(p=0.5974 and p = 0.3818, respectively), suggesting no group differences in estimated neuro-
modulatory input (Fig. 54). Conversely, attenuation slope showed no significant interaction be-
tween group and muscle (p = 0.3982), but a significant main effect of group for the 40% MVT
contractions, with lower attenuation slopes in the incomplete SCI group (d =0.91, p <0.0001).
This finding indicates a less pronounced push-pull inhibitory pattern in the incomplete SCI
group compared with controls. There were no significant differences including the group factor
for the 30 N.m contractions (muscle-group interaction: p = 0.2728; group effect: p = 0.2275).
When considering acceleration, there was a significant interaction between group and muscle
for the 40% MVT contractions (p = 0.0111). Specifically, acceleration was lower in the incom-
plete SCI group by 1.19 pps.s! in the GM (95% CI: [0.82-1.55], d = 1.66, p < 0.0001) and by
0.69 pps.s! in the SOL (95% CI: [0.43-0.96], d = 0.97, p < 0.0001). Similar results were ob-
served for the 30 N.m contractions, with no muscle-group interaction (p = 0.9160) but a signif-
icant main effect of group, with lower acceleration in the incomplete SCI group (d = 0.58, p =
0.0023). Because attenuation slope differed between groups whereas brace height did not, the
reduced acceleration found here likely reflects greater inhibitory input rather than altered neu-

romodulation.

When considering AF, there was a significant main effect of group for both the 40% MVT
contractions (p = 0.0018) and the 30 N.m contractions (p = 0.0050), with no significant inter-
action between group and muscle (p = 0. 5350 for the 40% MVT contractions, and p = 0.7365
for the 30 N.m contractions). Specifically, AF was lower in the incomplete SCI group (40%
MVT contraction: d = 1.2, p = 0.0017; 30 N.m contraction: d = 0.96, p = 0.0048). When con-
sidering normalised AF, there was no significant group effect for the 40% MVT contractions (p
= (0.5504) nor significant interaction between group and muscle (p = 7940). However, for the
30 N.m contractions, a significant interaction between group and muscle was observed (p =
0.0151), with normalised AF being 28.8 percentage points lower in the GM of the incomplete
SCI group (95% CI: [14.1-43.6],d = 1.2, p=0.0011), while no group difference was found in
the SOL (p =0.8010).
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Figure 54. Estimates of synaptic inputs to motoneurons. The incomplete SCI (iSCI) and control (CTL)
groups are compared at either the same relative torque (40% MVT) or the same absolute torque (30
N.m). The acceleration slope, attenuation slope, brace height, AF, and normalised AF were obtained
from the gastrocnemius medialis (GM, purple) and soleus (SOL, green). Coloured dots represent par-
ticipant averages, while black dots and bars indicate the estimated marginal means with 95% confidence
intervals predicted by linear mixed-effects models. Cohen's d is reported for significant results.
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Modulation of motoneuron behaviour in response to change in muscle length and vibra-

tion

Modulation of motoneuron firing rates was compared between the incomplete SCI and control
groups for the 40% MVT contractions under two conditions: change in muscle length and the
application of vibration to the tendons of the antagonist muscles. For the muscle-length condi-
tion, we compared the short and intermediate positions. For the vibration condition, we com-
pared contractions with and without vibration at the short muscle length, as no modulation of

firing rate was observed at the intermediate position with vibration in either group.

An example of smoothed motoneuron firing rate from one control and one participant with
incomplete SCI (#10) at short muscle length, intermediate muscle length, and during tendon

vibration is shown in Figure 55.

Short Intermediate
muscle length muscle length

Vibration

Control
Firing Rate (pps)

iSCI
Firing Rate (pps)

AN %02
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Figure 55. Typical effects of muscle length and vibration on motoneuron firing rates in control (CTL)
and incomplete SCI (iSCI). Plantarflexion torques (grey trace) and smoothed firing rates of decom-
posed soleus motoneurons (coloured traces) for a control participant (upper panel) and an incomplete
SCI participant (#10, lower panel). Contractions were performed at short muscle length (left), interme-
diate muscle length (middle), and with the application of vibration to the tendons of the antagonist
muscles (right). For both participants, smoothed firing rates are shown with darker colours (purple) at
lower thresholds and lighter colours (vellow) at higher thresholds.
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Recruitment threshold and rate coding

For the following results, the effects of interest are those involving interactions between group
and condition (muscle length or vibration), including both group-condition interactions and

group-condition-muscle interactions.

For the muscle length condition, there were no significant interactions involving group for re-
cruitment threshold (all p > 0.0558) or firing rate at recruitment (all p>0.0611) (Fig. 56). When
considering peak firing rate, there was an interaction between group and muscle length (p =
0.0132), with no significant interaction between group, muscle length, and muscle (p =0.1500).
Specifically, the control group showed a higher peak firing rate at short compared to interme-
diate muscle length, regardless of the muscle (d = 0.73, p = 0.0001), whereas no difference
between muscle lengths was observed in the incomplete SCI group (p = 0.5150). When consid-
ering firing rate modulation, there was a significant interaction between group, muscle length
and muscle (p = 0.0144). In the control group, firing rate modulation was higher in the GM at
short compared with intermediate muscle length by 0.85 pps (95% CI: [0.35-1.34],d=0.59, p
=0.0017), whereas no difference was observed in the SOL (p = 0.7812). In the incomplete SCI
group, firing rate modulation did not differ across muscle lengths, regardless of the muscle (all

p > 0.3726).

For the vibration condition, there were no significant interactions involving the group factor for
recruitment threshold (all p > 0.1719). There was an interaction between group and vibration
for firing rate at recruitment (p = 0.0292) and for peak firing rate (p = 0.0029), with no signifi-
cant interaction between group, vibration, and muscle (all p > 0.5268). In controls, vibration
reduced firing rate at recruitment (d = 0.41, p = 0.0358) and peak firing rate (d = 0.56, p =
0.0021), whereas no significant effects were observed in the incomplete SCI group. There were

no significant interactions involving the group factor for rate modulation (all p > 0.2824).
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Figure 56. Effect of muscle length and vibration in motoneuron recruitment threshold and rate cod-
ing. The modulation of motoneuron rate coding and recruitment threshold between the incomplete SCI
(iSCI) and control (CTL) groups are compared in response to changes in muscle length at the same
relative torque (40% MVT), and the application of tendon vibration to antagonist muscles, at short
muscle length (20° of plantarflexion). Recruitment threshold (RT), firing rate at recruitment (DR RT),
firing rate modulation (FR modulation), and peak firing rate (peak FR), were obtained from the gas-
trocnemius medialis (GM, purple) and soleus (SOL, green). Coloured dots represent participant aver-
ages, while black dots and bars indicate the estimated marginal means with 95% confidence intervals
predicted by linear mixed-effects models. Cohen's d is reported for significant results (p < 0.05).
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Estimates of synaptic inputs to motoneurons

For the muscle length condition, there was a significant interaction between group, muscle
length, and muscle for brace height (p =0.0345), although post hoc tests revealing no significant
differences (all p > 0.1342). There was no interaction between group and muscle length, nor
between group, muscle length, and muscle for acceleration (p > 0.1820), or attenuation (p >
0.1693) (Fig. 57). When considering AF, there was an interaction between group, muscle and
muscle length (p = 0.0097). Specifically, there were no significant changes in the incomplete
SCI group (all p > 0.2965), whereas the control group showed higher AF at short muscle length
in the GM by 0.33 pps (95% CI: [0.019-0.64], d = 0.36, p = 0.0388) and lower AF at short
muscle length in the SOL by 0.51 pps (95% CI: [0.026—1.0], d = 0.56, p = 0.0400). By contrast,
when considering normalised AF, there was no significant interaction was found between group

and muscle length (p = 0.8854), nor between group, muscle length, and muscle (p = 0.0938).

For the vibration condition, there was no interaction between group and vibration, nor between
group, vibration, and muscle for brace height (all p > 0.0584), acceleration (all p > 0.1322), or
attenuation (all p > 0.2775). When considering AF, there was an interaction between group,
muscle and vibration (p = 0.0004). Specifically, there were no significant difference in the in-
complete SCI group (all p > 0.1881), whereas the control group showed higher AF without than
with vibration in the GM by 0.79 pps (95% CI: [0.062—-1.53], d = 0.86, p = 0.0005), with no
difference in the SOL (p = 0.8545). By contrast, when considering normalised AF, there was no
significant interaction was found between group and vibration (p = 0. 5309), nor between group,

vibration, and muscle (p = 0.6477).
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Figure 57. Effect of muscle length and vibration in estimates of synaptic inputs to motoneurons. The
modulation of motoneuron estimates of synaptic inputs to motoneurons between the incomplete SCI
(iSCI) and control (CTL) groups are compared in response to changes in muscle length at the same
relative torque (40% MVT), and the application of tendon vibration to antagonist muscles, at short
muscle length (20° of plantarflexion). The acceleration slope, attenuation slope, brace height, AF, and
normalised AF were obtained from the gastrocnemius medialis (GM, purple) and soleus (SOL, green).
Coloured dots represent participant averages, while black dots and bars indicate the estimated marginal
means with 95% confidence intervals predicted by linear mixed-effects models. Cohen's d is reported
for significant results (p < 0.05).
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Results from supplementary analyses

First, because plantarflexion torque-generating capacity increases from short to intermediate
muscle lengths, we included an additional contraction at an intermediate joint position (0°),
matched to 40% MVT obtained at the short muscle length (20°), as presented in the supple-
mental materials (Annexe 2). This condition yielded results consistent with those of the relative
torque-matched contractions (see supplemental material). Second, a subset of participants with
sufficient ankle range of motion (SCI: n = 9; control: n = 10) performed contractions at a long
muscle length (10° dorsiflexion). In the control group, this supplemental condition strengthened
the previously described muscle length—dependent effects, with the longer muscle length in-
ducing even greater changes than the intermediate length, compared with the short length. This
was accompanied by a significant reduction in AF in the SOL and a reduction in acceleration in
GM with increasing muscle length. Importantly, no significant modulation of rate coding or
synaptic input metrics was observed in the incomplete SCI group with this supplemental con-
dition. Finally, analyses restricted to the motoneurons successfully tracked across conditions

yielded converging results (see supplemental material).
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4. DISCUSSION

Based on non-invasive recordings of motoneurons innervating the GM and SOL mus-
cles, this study demonstrates lower rate coding during voluntary contraction in individuals with
incomplete SCI. Compared with control participants, these individuals exhibited lower firing
rates at recruitment, lower firing rate modulation, and lower peak firing rates. This lower rate
coding was associated with a shift in the inhibition-excitation balance toward greater inhibition,
with no evidence of altered neuromodulatory input. In contrast to healthy participants, the rate
coding of SCI individuals did not adapt to experimental conditions designed to modulate inhib-
itory input, including changes in muscle length and the application of vibration. Together, these
findings suggest that motor impairment during voluntary contraction after incomplete SCI is

associated with reduced rate coding caused by excessive inhibitory inputs.
Evidence of lower rate coding after incomplete SCI

We observed markedly reduced rate coding in individuals with incomplete SCI across
two lower limb muscles, as reflected by lower firing rates at recruitment, reduced firing rate
modulation, and lower peak firing rates. These deficits were consistently observed at both rel-
ative (40% MVT) and absolute (30 N.m) contraction levels, making it unlikely that they are
attributable to differences in maximal force-generating capacity between groups. Specifically,
contractions performed at the same absolute torque corresponded to an average relative torque
of ~20% MVT in the control group but ~48% MVT in the SCI group, indicating that individuals
with SCI exhibited reduced rate coding despite operating at substantially higher relative inten-
sities. Although these findings contrast with some previous reports showing no change in rate
coding after SCI in the triceps brachii (Wiegner et al., 1993), they are consistent with prior
observations of lower motoneuron firing rates in the first dorsal interosseous, biceps brachii,
and tibialis anterior muscles (Debenham et al., 2024; Kizyte et al., 2025; Thomas et al., 2014).
These discrepancies across studies suggest that the present findings may not generalise to all
muscles after SCI. However, despite substantial heterogeneity in aetiology, motor capacity, and
medication use, individuals with incomplete SCI showed consistent differences compared with

the control group, supporting the generalisability of our conclusion.
Inhibition-excitation balance contributes to the lower rate coding after incomplete SCI

To understand the mechanisms underlying the lower rate coding in individuals with SCI, we

applied a recently developed geometric analysis of motoneuron firing patterns (Beauchamp et
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al., 2023; Chardon et al., 2024) together with the classical paired motor units analysis (Gorassini
et al., 2002), to assess the contribution of synaptic inputs. As described in the Methods section,
these approaches enable the estimation of the level of neuromodulation (i.e., the level of PICs
in motoneurons) using brace height, as well as PIC effects to motoneuron firing. Specifically,
PICs lead to an initial amplification effect on firing, quantified by the acceleration slope, and a
prolongation effect, quantified by AF (see Methods). Importantly, brace height reflects neuro-
modulation because it is independent of the level of inhibition, unlike the two other metrics.
This distinction reflects the ability of inhibitory inputs to dampen the effects of neuromodula-
tion on firing. Our result that brace height did not differ between groups suggests preserved
neuromodulatory inputs in individuals with SCI. In contrast, both the acceleration slope and AF
were consistently lower in the incomplete SCI group, irrespective of contraction intensity or
muscle. Taken together, these findings suggest that PIC amplification and prolongation effects
on motoneuron firing are reduced following incomplete SCI, despite preserved neuromodula-
tory input. Importantly, comparisons of PIC effects across motoneuron populations with differ-
ent modulation of firing rate are inherently challenging, as AF depends on firing rate modulation
of control motoneurons, which was lower in the incomplete SCI group. To address this limita-
tion, AF values were normalised to the maximal AF values achievable relative to control unit
modulation (Skarabot et al., 2025). After normalisation, group differences were no longer sig-
nificantly different, except for the GM in the absolute comparison condition. A possible inter-
pretation is that although PIC effects are lower in absolute terms after incomplete SCI, their
relative contribution to motoneuron firing is preserved, supporting PICs as a continuing source
of depolarising current after incomplete SCI. Of note, the normalisation procedure applied to
AF likely makes it a more neuromodulation-specific indicator by removing the influence of

inhibition on firing, similar to brace height (Beauchamp et al., 2023; Oya et al., 2009).

The geometric analysis of motoneuron firing patterns also allows us to estimate the balance
between inhibitory and excitatory inputs (referred to as the pattern of inhibition) through the
attenuation slope (Beauchamp et al., 2023; Chardon et al., 2024). Attenuation slopes were lower
in the incomplete SCI group for both GM and SOL at 40% MVT, suggesting an altered inhibi-
tory pattern, characterised by a greater inhibitory influence. The pattern of inhibition can range
from a strong positive covariation between excitation and inhibition (proportional pattern) to a
strong negative covariation (push-pull pattern). The push-pull pattern has been proposed as a
mechanism by which the central nervous system increases the input-output gain of motoneurons

by raising background inhibition followed by disinhibition to increase force production
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(Johnson et al., 2012). This pattern is supported by spinal circuits, such as the organisation of
Ia afferents and Ia inhibitory interneurons (Johnson et al., 2012), and aligns with firing patterns
observed in healthy humans (Chardon et al., 2024). A push-pull pattern is required to attain high
firing rates during high-force contractions (Skarabot et al., 2025) and is more pronounced in
trained than in untrained individuals (Skarabot et al., 2026). The lower attenuation slope ob-
served in the incomplete SCI group is consistent with the behaviour predicted by simulations
assuming a more proportional inhibitory-excitatory pattern (Chardon et al., 2024). Accordingly,
a reduced capacity to regulate inhibition during increasing force production likely contributes
to altered motoneuron rate coding. Furthermore, the absence of firing rate modulation in re-
sponse to experimental manipulations of inhibitory input, achieved through changes in muscle
length or the application of vibration, suggests that individuals with incomplete SCI may al-
ready operate under elevated inhibition during voluntary contractions, consistent with a more
proportional inhibitory-excitatory pattern. One possible mechanism underlying this elevated
inhibition is impaired regulation of recurrent inhibition, resulting in increased inhibition con-
comitant with increasing excitation. In healthy individuals, descending control modulates the
activity of Renshaw cells during voluntary contraction. However, this control is often disrupted
after upper motor neuron lesions (Katz & Pierrot-Deseilligny, 1982), as a result of decreased
supraspinal inhibitory control (Jankowska, 1992). This interpretation is further supported by
previous evidence of enhanced recurrent inhibition following incomplete SCI (Shefner et al.,

1992).

Lack of motoneuron behaviour adaptation to experimental manipulation of inhibitory in-

puts

We examined the adaptation of motoneurons by experimentally manipulating inhibitory inputs,
through changes in muscle length via joint position and by applying vibration to the tendons of
the antagonist muscles during submaximal voluntary contractions. Specifically, increased mus-
cle length was used to notably elicit recurrent inhibition (Colard et al., 2025), whereas antago-
nist tendon vibration was used to generate reciprocal inhibition through Ia inhibitory interneu-
rons (Burke et al., 1976). As expected, the control group exhibited reduced firing rates at longer
muscle lengths and during tendon vibration, accompanied by a reduction in the PIC prolonga-
tion effect, especially in the GM. These results largely align with previous work on the effects
of muscle length (Beauchamp et al., 2025; Goreau et al., 2025; Valencic et al., 2026) and anta-
gonist tendon vibration (Mesquita et al., 2022; Pearcey et al., 2022) and are likely explained by
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the dampening effect of synaptic inhibition on motoneuron PICs (Bui et al., 2008; Kuo et al.,

2003)

In contrast to the control group, the incomplete SCI group showed no change in rate coding in
response to changes in muscle length or vibration. One possible explanation for this lack of
modulation is that the tested paradigms did not further increase the level of inhibitory inputs in
SCI participants, likely because inhibitory interneurons operate near their maximal activity even
at very low contraction intensities during voluntary contraction. This is consistent with the high
level of inhibition associated with the more proportional inhibitory—excitatory pattern, as de-
scribed above. Alternatively, the experimental paradigms employed may not have sufficiently
activated inhibitory interneurons to further enhance inhibitory inputs. Indeed, reciprocal inhi-
bition is replaced by facilitation after SCI (Crone, 2003; Knikou & Mummidisetty, 2011), and
the modulation of recurrent inhibition with muscle length is likely dependent on descending
control (Colard et al., 2025), which is altered after SCI (Katz & Pierrot-Deseilligny, 1982; Shet-
ner et al., 1992). Other potential mechanisms that could have limited an increase in inhibitory
inputs include the loss of monoaminergic inputs that regulate Ia inhibitory interneurons (Ham-
mar & Jankowska, 2003; Jankowska et al., 2000), as well as a downregulation of KCC2, which
increases inhibitory input strength and is reduced after SCI (Boulenguez et al., 2010). Regard-
less of the underlying mechanisms, these findings highlight the limited capacity of individuals

with SCI to adapt the motor command via inhibitory inputs.

Of note, our findings of increased inhibition during voluntary contraction stand in clear contrast
to the mechanisms underlying muscle spasms at rest after SCI, which are characterised by re-
duced synaptic inhibition and increased PICs (Gorassini, 2004; Mahrous et al., 2024). An im-
paired capacity to regulate inhibition according to task demands (e.g., maintaining muscle re-
laxation or increasing muscle contraction) may explain this discrepancy and is consistent with
our findings of a limited capacity in individuals with SCI to adapt the motor command via

inhibitory inputs.

Reduced rate coding is compensated by the recruitment of a greater number of motor

units after incomplete SCI

Despite exhibiting lower rate coding than control participants, individuals with incomplete SCI
were able to produce the same absolute torque (30 N.m). The lower firing rate observed in the

incomplete SCI group must therefore have been compensated by the recruitment of larger motor
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units and/or a greater number of motor units. Due to limitations of EMG decomposition in
reliably assessing recruitment, we cannot directly determine the compensatory strategies em-
ployed. Assuming similar spatial sampling of motor units and comparable volume conductor
effects across populations, we used MUAP amplitude as a proxy for motor unit size. We found
no between-group differences at 30 N.m, suggesting that individuals with incomplete SCI com-
pensated for their lower rate coding primarily through the recruitment of additional motor units,
which is further supported the observation of higher EMG amplitudes in the SCI group (Fig.
52C). This interpretation is consistent with studies showing that motoneurons are recruited up
to higher force levels in individuals with SCI than in controls (Thomas et al., 1997; Zijdewind
& Thomas, 2003). Importantly, this interpretation is based on indirect measures and unverifia-
ble assumptions; and further work is needed to confirm a greater reliance on recruitment in

individuals with incomplete SCI.
Implications for motor impairments related to incomplete SCI

Our results showing that individuals with incomplete SCI operate under elevated inhibitory
inputs during voluntary contraction may help explain paresis. Indeed, compensating for this
inhibition would require a disproportionate increase in excitatory input to further raise moto-
neuron output. Given that excitatory descending inputs are already compromised after SCI, this
compensatory capacity is likely limited. Consequently, excitatory drive may reach saturation at
relatively low force levels, thereby constraining maximal torque production through reduced

voluntary activation (H. E. Kim et al., 2015).

In addition, unlike the control group, the incomplete SCI group showed no change in rate coding
in response to changes in muscle length. This adaptive pattern in healthy individuals may rep-
resent a mechanism that adjusts neural drive to the diminished muscle force-generating capacity
at shorter lengths (Goreau et al., 2025). Conversely, the failure to adapt rate coding after incom-
plete SCI may lead to muscle length-dependent paresis. While this phenomenon has not been
directly quantified after SCI, it is consistent with the concept of spastic paresis syndrome, com-
mon to central nervous system disorders (Baude et al., 2019; J.-M. Gracies, 2005b), and ob-
served, for example, after stroke (Vinti et al., 2015). In line with this, incomplete SCI is asso-
ciated with reduced central activation (i.e., paresis), which is more pronounced during shorten-

ing contractions (H. E. Kim et al., 2015).
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Finally, compensation for reduced rate coding through the recruitment of a greater number of
motor units after incomplete SCI implies increased use of high-threshold motor units, including
fast fatigable units. This likely contributes to the increased fatigability observed after incom-

plete SCI (Thomas & Del Valle, 2001).
Conclusion

This study provides the first evidence in humans that voluntary motor deficits after incomplete
SCI may be associated with a disrupted balance between inhibitory and excitatory synaptic
inputs to motoneurons. During voluntary contractions, individuals with SCI show a limited ca-
pacity to modulate inhibitory inputs, resulting in reduced spinal motoneuron rate coding. These
findings support excessive inhibition as a key neural mechanism contributing to muscle weak-
ness and impaired motor function after incomplete SCI. Clarifying the mechanisms responsible
for this excessive inhibition represents a critical next step, as it constitutes a promising thera-

peutic target for restoring force-generating capacity after incomplete SCI.
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NSTUDY 3: REDUCED MOTONEURON RATE CODING AFTER
STROKE IS ASSOCIATED WITH INCREASED INHIBITORY IN-
PUTS DESPITE INCREASED NEUROMODULATORY INPUTS

KEY POINTS

e Stroke induces muscle weakness, in part by impairing motoneuron rate coding, yet the
synaptic mechanisms underlying this dysfunction remain poorly understood in humans.

e By analysing large motoneunon populations from triceps suraec muscles, we estimated
the relative contributions of excitatory, inhibitory, and neuromodulatory inputs to mo-
toneuron rate coding in chronic stroke.

e We provide evidence that individuals with chronic stroke show a disrupted inhibitory—
excitatory balance shifted towards greater inhibition but higher level of estimated neu-
romodulatory input.

e Experimental conditions designed to modulate inhibition altered motoneuron firing in
controls but not in individuals with chronic stroke.

e Together, these results indicate that increased inhibition during voluntary contraction
likely contributes to impaired rate coding and muscle weakness in chronic stroke despite
a potential upregulation of neuromodulatory inputs as a compensation attempt.

ABSTRACT

Stroke disrupts voluntary movement, in part through motoneuron dysfunction, yet the mecha-
nisms underlying this dysfunction remain poorly understood. Using a non-invasive approach to
decode the spiking activity of large populations of spinal motoneurons, we quantified the rela-
tive contributions of excitatory, inhibitory, and neuromodulatory inputs to motoneuron rate cod-
ing after chronic stroke. Eighteen participants with chronic stroke and 18 age- and sex-matched
control participants performed submaximal isometric plantar flexion tasks while high-density
surface electromyography was recorded from the soleus and gastrocnemius medialis muscles.
Motoneuron firing behaviour was analysed to estimate the inhibitory-excitatory balance and the
neuromodulatory level. Participants with chronic stroke exhibited lower rate coding compared
with controls. Estimates of synaptic inputs to motoneurons revealed a shift in the inhibition-
excitation balance toward greater inhibition and a higher level of neuromodulatory input in the
stroke group compared to the control group. Furthermore, increasing inhibitory input through
muscle length changes and antagonist tendon vibration modulated motoneuron firing in con-
trols, but not in individuals with chronic stroke. Together, these findings suggest that motor
impairment during voluntary contraction in chronic stroke is associated with reduced motoneu-

ron rate coding caused by excessive and poorly adaptable inhibitory inputs, despite increased
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neuromodulatory inputs that may correspond to a reorganisation limiting the reduction in rate

coding capacity.
1. INTRODUCTION

Stroke induces persistent deficits in voluntary movements, including muscle weakness and im-
paired force control (Xu et al., 2017). These deficits likely reflect not only damage to descend-
ing pathways but also disorganization of the neural commands at the spinal cord level. Because
motoneurons are the final level at which neural motor command is integrated into motor output
(Heckman & Enoka, 2012), understanding post-stroke motor impairment therefore requires ex-

amining how stroke reshapes the synaptic inputs integrated by the motoneuron pool.

In chronic stroke individuals, the normal behaviour of spinal motoneurons is disrupted. Moto-
neurons are recruited at lower levels of absolute force and possibly with a compressed recruit-
ment range (Gemperline et al., 1995; Hu et al., 2015). Once recruited, motoneuron discharge
often fails to scale with increasing force, resulting in lower firing rates, reduced rates of modu-
lation, and sometimes even negative rate modulation (Beauchamp et al., 2023; Chou et al.,
2013; Gemperline et al., 1995; Hu et al., 2015; Mottram et al., 2014). The mechanisms produc-
ing this altered motoneuron output remain unclear but likely involve changes in the structure of

synaptic inputs reaching the motoneuron pool.

Motoneuron rate coding depends on excitatory inputs, which provide the primary source of
depolarising current, but also on inhibitory and neuromodulatory inputs, which modify the in-
put—output relationship between excitation and firing rate. Inhibitory inputs can induce changes
in the motoneuron input—output relationship through distinct patterns of inhibition. One such
pattern is the push—pull organisation, in which a decrease in synaptic inhibition occurs in par-
allel with increased synaptic excitation, thereby supporting higher rate coding (Johnson et al.,
2012; Powers & Heckman, 2017; Skarabot et al., 2025). Neuromodulatory inputs, primarily
arising from monoaminergic projections from brainstem nuclei onto motoneurons, contribute
to motoneuron rate coding by increasing intrinsic motoneuron excitability through activation
of PICs. These currents amplify and prolong the effects of synaptic excitation in motoneurons

(Hultborn et al., 2003; Y. Li & Bennett, 2003; Schwindt & Crill, 1980).

Accordingly, mechanisms of altered rate coding could be underpinned by reorganisation of mo-
toneuron synaptic inputs. Regarding neuromodulatory inputs, upregulation of the reticulospinal

tract may increase the descending monoaminergic drive onto motoneurons, thus partially
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compensating for reduced motoneuron excitability. Regarding inhibitory inputs, reorganisation
of descending projections leads to an upregulation of the corticoreticulospinal tract (Jang &
Cho, 2022; Zaaimi et al., 2012), which may induce reduced excitatory drive (Baker, 2011),
along with upregulation of inhibitory inputs (Mazzocchio, 1997; Pompeiano, 1988). Supporting
these hypotheses, a more higher neuromodulatory level and a more proportional pattern of in-
hibition (i.e., concurrent increase of excitatory and inhibitory inputs) have been estimated in
the paretic biceps brachii compared to the contralateral side (Beauchamp et al., 2023). However,
the synaptic input organisation of motoneurons during voluntary contraction remains poorly
known, especially in lower limb muscles. It is also unknown whether inhibitory inputs remain
adaptable in chronic stroke, although such adaptations occur physiologically, notably during
changes in muscle length and antagonist vibration (Beauchamp et al., 2025; Goreau et al., 2025;

Mesquita et al., 2022; Pearcey et al., 2022; Valencic et al., 2026).

In this human study, we aimed to determine how synaptic inputs shape motoneuron rate coding
in individuals after stroke. To this end, we identified large populations of motoneurons by de-
composing high-density EMG signals collected during plantar flexor submaximal isometric
contractions. We compared the contribution of inhibitory and neuromodulatory inputs to plantar
flexor motoneuron firing in individuals with chronic stroke compared with healthy controls. We
used a framework that relates specific motoneuron discharge features to underlying synaptic
inputs (Beauchamp et al., 2023; Chardon et al., 2024). To further probe the role of inhibitory
inputs in shaping motoneuron firing, we manipulated muscle length and applied antagonist ten-
don vibration, two interventions known to modulate inhibitory input in healthy individuals
(Beauchamp et al., 2025; Goreau et al., 2025; Mesquita et al., 2022; Pearcey et al., 2022; Va-
lencic et al., 2026). Thus, beyond characterising motoneuron firing behaviour, this study pro-

vides insights into how the synaptic inputs to motoneurons are reorganised after stroke.

2. METHODS

Participants and ethical approval

Eighteen individuals with post stroke weakness in plantar flexion, corresponding to a MRC
score between 2/5 and 4/5 (mean + SD: 52 + 7 years, 171 £ 9 cm, 73 + 12 kg, three women,
Table 4) and 18 control participants (50 = 20 years, 178 £ 8 cm, 74 + 14 kg, two women)
participated in the study. All participants provided written informed consent, and the experi-

mental procedures were approved by the local ethics committee (CERNI, Nantes Université,
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IRB: IORG0011023). Participants with stroke had sustained their injury at least five months
before enrollment. Twelve participants had an ischaemic aetiology. Four participants with
stroke were taking anti-spastic medication (diazepam or dantrolene or alprazolam or gabapen-
tin), and five were taking serotonergic medication (sertraline or escitalopram) at the time of
enrollment. Spasticity was assessed using the modified Tardieu scale. Participants with stroke
were required to have had no orthopedic or neurosurgical intervention within the previous three
months and no intramuscular injections of botulinum toxin in the plantar flexors during the
same period. Control participants were required to have had no lower limb injuries in the pre-
vious six months. All participants were instructed not to consume caffeine the day of the eval-
uation. For individuals with stroke, the tested leg was the one with the lower maximal voluntary
plantar flexion torque. As a result, in the stroke group, 9 of 18 participants were tested on their

dominant leg (defined as the leg used to kick a ball), compared with 9 of 18 in the control group.

The maximal voluntary torque (MVT) of the plantar flexors in the stroke group was 43.4 +28.3
N.m when the muscle was placed at a short length and 67.8 +43.6 N.m at an intermediate length
(Fig. 58A). In the control group, MVTs were 104.1 + 33.7 N.m and 145.5 £ 49.6 N.m in the

short and intermediate lengths, respectively.
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Table 4. Characteristics of individuals with chronic stroke

Torque MTS MTS

Participant ~ age sex siis(ifnisl;t delay  Aectiology Lt(i)(;:: r?lnet(lﬁg :tsit(i)fl Si;(ggiiiang;iic at0° knee  straight
(N.m) flexed knee
1 61 M ND 25 I MCA none SER 29 2 2
2 41 M D 2 H ACA none none 34 2 2
3 49 M ND 1.5 H ACA none none 87 2 2
4 64 M D 2 H IC none none 21 2 2
5 65 F D 9 I MCA none none 49 2 2
6 36 M ND 0.75 H MCA none SER 107 2 3
7 73 M D 10 I MCA none none 39 1 1
8 53 M ND 0.4 I MCA none none 128 2 2
9 62 M ND 2 H ACA none none 169 0 2
10 32 M ND 3 I MCA DIA SER 94 4 4
11 61 M ND 14 H IC none SER 25 2 2
12 74 M D 14 I MCA none none 33 2 2
13 64 M D 2 I MCA none none 24 2 3
14 50 F D 0.5 I MCA DAN none 23 2 2
15 19 M D 9 I MCA none none 117 4 4
16 21 M ND 1 I MCA none none 83 3 3
17 57 F ND 2 I MCA ALP ESC 77 2 2
18 65 M D 1 I ACA GAB none 82 2 2

M, male; F, female, D, dominant; non dominant; MCA, middle cerebral artery; ACA, anterior
cerebral artery; IC, internal capsule; H, haemorrhagic; I, ischaemic; DIA, diazepam; DAN, dan-
trolen; ALP, alpazolam; GAB, gabapentin; SER, sertraline; ESC, escitalopram; MTS, Modified
Tardieu Scale.

Experimental protocol

After the warm-up and MVT assessments, participants performed several isometric submaxi-
mal triangular contractions, each consisting of 12-second ascending and descending phases. To
compare motoneuron behaviour between groups while accounting for large differences in MVT,
participants performed a contraction at both a similar relative torque (40% of their MVT) and

a similar absolute torque (30 N.m), all performed in the neutral ankle position (0°).

To assess how motoneuron behaviour adapts to muscle length, participants also performed a
contraction at a shorter muscle length (20° of plantarflexion), at 40% of their MVT in this po-
sition (Fig 58B). For clarity, these positions are described based on the length of the plantar
flexor muscles: the short muscle length position at 20° of plantarflexion and the intermediate
muscle length position at 0°. These two joint positions have been shown to induce measurable
differences in fascicle length of gastrocnemius medialis (GM) and soleus (SOL) (Colard et al.,
2025; Kuzyk et al., 2018). From the short to the intermediate position, plantarflexion torque-

generating capacity increases, requiring less muscle activation to produce the same absolute
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torque (Hoffman et al., 2012). To account for the relationship between maximal torque and joint
angle (Fig. 58A), we compared contractions at similar relative torque across positions to match
effort (Relative torque contractions). Furthermore, to separate the effects of muscle length and
muscle tension, participants also performed contractions at similar absolute torques across po-
sitions (Absolute torque contractions). For the Relative torque contractions, participants per-
formed contractions up to 40% MVT at each position. Because MVT increases with muscle
length, the torque of submaximal target contractions also increased with muscle length. For the
Absolute torque contractions, torque was constant across positions and was set to match the
torque used at the short muscle length during the Relative torque contractions (Fig. 58B). No-
tably, when participants were able to reach 10° dorsiflexion, they performed an additional con-

traction at this position using the same torque as at the short muscle length.

To assess how reciprocal inhibition affects motoneuron behaviour, vibration was applied to the
tendons of the antagonist muscles during contractions in both positions (for the contractions at
40% of their MVT). High-frequency vibration (115 Hz; Vibrasens, Technoconcept, Saint-Mau-
rice, France) was applied to the distal tibialis anterior (TA) tendon during plantarflexion con-
tractions by manually pressing the vibrator to the tendon with a force of 15 + 2 N. Vibration
started 10 s before the onset of the triangular contraction and continued until after the torque

returned to baseline, ensuring that the entire contraction was covered.

After a familiarisation period for the first condition, participants completed one contraction per
condition in randomised order, resulting in a total of five submaximal contractions. At least one
minute of rest was provided between contractions to minimise fatigue and the warm-up effect

of PICs (Bennett et al., 1998).
Electromyography

To obtain information on muscle activation (Fig 58C), we reproduced a bipolar configuration
by averaging two groups of 25 channels located at the extremities of each grid and then com-
puting the difference between these averages, yielding a single value per grid. The values from
the two grids were subsequently averaged to obtain a single value per muscle. The EMG am-
plitude was analysed as a normalised root mean square over a 300 ms window, by normalising
RMS values to the RMS value of the same electrode during the maximal voluntary contraction

(EMGmax).
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Statistical analyses

To assess differences in motoneuron firing characteristics between groups during contractions
at 40% MVT and 30 N.m performed at an intermediate muscle length, we applied a linear
mixed-effects model to each motoneuron firing metric (i.e., recruitment threshold, firing rate at
recruitment, peak firing rate, firing rate modulation, AF, normalised AF, brace height, accelera-
tion, attenuation and MUAP amplitude). The models included the group (stroke, control), mus-
cle (gastrocnemius medialis, soleus) and their interactions as fixed effects. The full random-
effects structure consisted of a random intercept for each participant and random slopes to ac-
count for between participants variability in the fixed effects [e.g., Imer(metric ~ group*muscle
+ (group*muscle|id_participant))]. For each model, the random-effects structure was selected
by minimising the bayesian information criterion across all plausible random-slope structures.
The random slope for the primary effect of interest (group) was always retained, as it represents

the key source of between-participant variability for the tested condition.

To test the effects of position and vibration, separate models were fitted including the effect of
interest (position: short, intermediate; or vibration: on, off), together with muscle (gastrocnem-
ius medialis, soleus), group (incomplete SCI, control), and their interactions as fixed effects.
The random-effects structure was selected using the same procedure; however, in these models
the retained random slope corresponded to the effect of interest (position or vibration), rather

than group.

To compare TA coactivation between groups, we compared TA EMG amplitude during the sim-
ilar relative torque contraction at the intermediate muscle length (shown in Fig. 58C) using a t-
test. We considered the EMG normalised to the maximal value obtained during the maximal

dorsiflexion contraction.

All analyses were performed in R (v.4.4.0; R Core Team 2021, R Foundation for Statistical
Computing, Vienna, Austria). Statistical significance was assessed using the ImerTest package
in R (Kuznetsova et al., 2017), which uses Satterthwaite’s type Il method to approximate de-
grees of freedom and generate p-values for mixed effects models. Model assumptions of homo-
scedasticity, normality, and independence of residuals were verified graphically. When signifi-
cant effects were detected, Sidak post-hoc corrections were applied. Estimated marginal mean
differences with 95% confidence intervals and standardised effect sizes (Cohen’s d) were cal-

culated using the emmeans package. The alpha level for all statistical tests was set at 0.05.
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A. Tested paradigms B. Triangular contractions to perform

Intermediate

muscle length @ Short (20°) @ Intermediate (0°) @ Long (-10°)
Short @ 40% MVT (intermediate)
muscle length 0° -10° @ Long muscle length @& t+ K== ======
@ z20°

Tendon vibration on

EEO?; tibialis anterior
e

40% MVT (short)
With or without vibration

Plantar flexion torque target

12 sec

C. Average ramp-shaped contractions performed by group

m—— EMGe,,
EMGq
EMGy,
m— Torque

Control

40% MVT
40% EMG(max)

12 sec

Figure 58. Experimental setup. A, participants performed isometric submaximal plantarflexions at
three ankle positions, corresponding to different plantar flexor lengths: 20° (short muscle length posi-
tion), 0° (intermediate muscle length position) and 10° of dorsiflexion (-10°, long muscle length posi-
tion). Tendon vibrations was applied to the antagonist muscles (i.e., dorsiflexor muscles) during con-
tractions to induce reciprocal inhibition, at the short position. B, the submaximal plantarflexions were
performed to 40% of the maximal voluntary contraction torque (MVT) at each position or at the same
absolute torque in each position, corresponding to 40% of the MVT in the short muscle length position.
In addition, a plantarflexion to 30 N.m was performed to compare groups on the same absolute torque.
C, mean (thick line) and standard deviations (clear outline) of torque and normalised EMG amplitude
of gastrocnemius medialis (GM), soleus (SOL) and tibialis anterior (TA), in the control and the stroke
groups, during the contraction up to 40% MVT in intermediate position.
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3. RESULTS

Motoneuron yield and TA coactivation

In the stroke group, an average of 6.4 £ 6.0 motoneurons for the GM and 7.3 + 5.7 motoneurons
for the SOL were identified per contraction and participant. In the control group, an average of
13.5 + 7.8 motoneurons for the GM and 8.2 + 6.1 motoneurons for the SOL were identified per
contraction and participant. TA coactivation during triangular contractions did not differ be-
tween groups when assessed using normalised EMG amplitude (control vs. stroke: 2.80 + 4.07

% vs. 3.42 + 1.68 % of EMGmax, p = 0.6336).
Differences between groups at intermediate muscle length (0°)
Recruitment threshold, rate coding and motor unit action potential amplitude

An example of a smoothed motoneuron firing rate from a single contraction in one control and
one stroke participant (#10) is shown in Figure 59. For the 40% MVT contractions, there was
no significant between-group difference in recruitment threshold (p = 0.8651), nor interaction
between group and muscle (p = 0.2023). There was a significant interaction between group and
muscle for both firing rate at recruitment (p = 0.0154) and peak firing rate (p = 0.0080). Spe-
cifically, in the GM, the stroke group exhibited lower firing rate at recruitment (-1.45 pps, 95%
CI: [0.31-2.60], d = 1.05, p = 0.0147) and lower peak firing rate (-3.93 pps, 95% CI: [1.91—
5.96], d =2.77, p = 0.0004) than the control group (Fig. 60). No significant group differences
were observed in firing rate at recruitment or peak firing rate in the SOL (all p > 0.1615). For
firing rate modulation, there was no significant interaction between group and muscle (p =
0.0828) but a main effect of group was observed, with lower firing rate modulation in the stroke
group (d = 1.20, p <0.0001). When considering the 30 N.m contractions, no significant group
differences were observed in motoneuron recruitment threshold or firing rate characteristics (all

p > 0.1325).

For the 40% MVT contractions, there was no significant interaction between group and muscle
(p = 0.0648), but a main effect of group was observed for MUAP amplitude, with lower values
in the stroke group (d = 0.68, p = 0.0041) than in the control group. When considering the 30
N.m contractions, no significant between-group differences were observed (p = 0.2782), nor

was there interaction between group and muscle (p = 0.2765).
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Figure 59. Typical motoneuron firing rates in control and stroke participants. Plantarflexion torque
(grey trace) and smoothed firing rates of 20 identified motoneurons (coloured traces) are shown for a
control participant (left) and an individual with stroke (#10, right). Within each plot, smoothed firing
rates are shown with darker colours (purple) for lower threshold neurons and lighter colours (yellow)
for higher threshold neurons.
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Figure 60. Motoneuron recruitment thresholds and rate coding. The stroke and control (CTL) groups
are compared at either the same relative torque (40% MVT) or the same absolute torque (30 N.m).
Recruitment threshold (RT), firing rate at recruitment (DR RT), firing rate modulation (FR modulation),
and peak firing rate (max DR), were obtained from the gastrocnemius medialis (GM, purple) and soleus
(SOL, green). Coloured dots represent participant averages, while black dots and bars indicate the es-
timated marginal means with 95% confidence intervals predicted by linear mixed-effects models. Co-
hen's d is reported for significant differences.

Estimates of synaptic inputs to motoneurons

For the 40% MVT contractions, there was no significant interaction between group and muscle
for any metric (all p > 0.2583). There were significant main effects of group, with lower values

in the stroke group compared to the control group for acceleration (d = 0.71, p = 0.0083) and

153



attenuation from both geometric (d = 0.99, p = 0.0007) and bilinear (d = 1.39, p = 0.0074)
approaches. For brace height, there was significant main effect of group, with higher values in
the stroke group compared to the control group (d = 0.68, p = 0.0054). Conversely, there were
no significant group differences for AF (all p > 0.2462) and normalised AF (all p > 0.2756). No
main effect or interaction was found for any of these metrics when considering the 30 N.m

contractions (all p > 0.0712).
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Figure 61. Estimates of synaptic inputs to motoneurons. The stroke and control (CTL) groups are
compared at either the same relative torque (40% MVT) or the same absolute torque (30 N.m). The
acceleration slope, attenuation slope calculated from the geometric and bilinear (att bilinear) ap-
proaches, brace height, AF, and normalised AF were obtained from the gastrocnemius medialis (GM,
purple) and soleus (SOL, green). Coloured dots represent participant averages, while black dots and
bars indicate the estimated marginal means with 95% confidence intervals predicted by linear mixed-
effects models. Cohen s d is reported for significant results.
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Modulation of motoneuron behaviour in response to change in muscle length and vibra-

tion
Recruitment threshold and rate coding

For the following results, the effects of interest are those involving interactions between group
and condition (muscle length or vibration), including both group-condition interactions and

group-condition-muscle interactions.

When considering the muscle length condition at similar relative torque between positions,
there was an interaction between group, muscle and muscle length for the recruitment threshold
(p=0.0377), with a recruitment threshold 3.9 %MVC (95% CI: [1.6-6.1],d = 0.43, p=0.0009)
higher in intermediate than at short muscle length for the SOL in the control group (Fig. 62).
There were no significant interactions involving group for firing rate at recruitment (all p >

0.4587), firing rate modulation (all p > 0.0840), or peak firing rate (p > 0.0517).

When considering the muscle length condition at similar absolute torque between positions,
there was an interaction between group, muscle and muscle length for the recruitment threshold
(p=0.0016), with a recruitment occuring 1.4 s earlier (95% CI: [0.3-2.4], d=0.48, p=0.7556)
at short compared with long muscle length for the GM in the control group; and 1.6 s later (95%
CI: [0.4-2.7], d = 0.55, p = 0.0057) at short compared with long muscle length for the SOL in
the control group. There were no significant interactions involving group for firing rate at re-
cruitment (all p > 0.2805). For firing rate modulation, there was a significant interaction be-
tween muscle length, group and muscle (p = 0.0420). Specifically, for the GM, there were
higher values at short than at intermediate (+1.01 pps; 95% CI: [0.22-1.81], d = 0.64, p =
0.0103) and long muscle length (+2.42 pps; 95% CI: [1.22-3.63], d = 1.52, p = 0.0001), and
higher values at intermediate than at long muscle length (+1.41 pps; 95% CI: [0.38-2.43], d =
0.88, p=0.0064), in the control group. There was also higher rate modulation at short compared
to intermediate muscle length in the stroke group (+1.22 pps; 95% CI: [0.05-2.38],d = 0.76, p
=0.0393). When considering peak firing rate, there was a significant interaction between mus-
cle length and group (p = 0.0091), with values higher at short than at intermediate (d = 1.04; p
=0.0001) and long muscle length (d = 1.66; p <0.0001), and higher at intermediate than at long
muscle length, in the control group (d = 0.62; p = 0.0043). Thus, rate coding substantially de-
creased at longer muscle length in the control group, whereas the stroke group displayed only

limited modulation.
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When considering the vibration, there were no significant interactions involving group for re-

cruitment threshold (all p > 0.6571), firing rate at recruitment (all p > 0.3868), firing rate mod-
ulation (all p > 0.5313), or peak firing rate (p > 0.2240).
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Figure 62. Effect of muscle length and vibration in motoneuron recruitment threshold and rate cod-

ing. The modulation of motoneuron rate coding and recruitment threshold between the stroke and con-

trol (CTL) groups are compared in response to changes in muscle length at the same relative torque

(40% MVT), and the application of tendon vibration to antagonist muscles, at short muscle length (20°
of plantarflexion). Recruitment threshold (RT), firing rate at recruitment (DR RT), firing rate modula-
tion (FR modulation), and peak firing rate (peak FR), were obtained from the gastrocnemius medialis

(GM, purple) and soleus (SOL, green). Coloured dots represent participant averages, while black dots
and bars indicate the estimated marginal means with 95% confidence intervals predicted by linear

mixed-effects models. Cohen's d is reported for significant results (p < 0.05).
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Estimates of synaptic inputs to motoneurons

When considering the muscle length condition at similar relative torque between positions,
there was no interaction between group and muscle length, nor between group, muscle length,
and muscle for acceleration (all p > 0.8192), attenuation (all p > 0.2066), brace height (all p >
0.3009), or normalised AF (all p > 0.3301) (Fig. 63). There was an interaction between group,
muscle length, and muscle for AF (p = 0.0415). Specifically, there were no significant changes
in the stroke group (all p > 0.8500), whereas the control group showed a higher AF at short
muscle length in the GM by 0.29 pps (95% CI: [0.023—-0.58], d = 0.26, p = 0.0483) and a lower
AF at short muscle length in the SOL by 0.42 pps (95% CI: [0.0141-0.8343],d = 0.37,p =
0.0428).

When considering the muscle length condition at similar absolute torque between positions,
there was an interaction between group, muscle length, and muscle for acceleration (p =
0.0225), with acceleration decreasing from short to long muscle length by 0.58 pps/s (95% CI:
[0.12-1.05], d = 0.80, p = 0.0106) for the GM in the control group, and decreasing from short
to intermediate muscle length by 0.90 pps/s (95% CI: [0.28-1.52], d = 1.25, p = 0.0019) for the
GM in the stroke group. There were no interactions between group and vibration, nor between
group, vibration, and muscle for attenuation (all p > 0.1403) or brace height (all p > 0.0709),
When considering AF, there was an interaction between group, muscle length, and muscle (p =
0.0275). While there was still no significant modulation with muscle length in the stroke group
(all p> 0.5069), the control group exhibited a consistent pattern of a decreasing AF with in-
creasing muscle length. Specifically, AF decreased in the GM from short to intermediate muscle
length by 0.38 pps (95% CI: [0.12-0.64], d = 0.36, p = 0.0014) and from short to long muscle
length by 0.64 pps (95% CI: [0.28-1.01], d =0.60, p = 0.0001). In the SOL, AF decreased from
short to long muscle length by 0.50 pps (95% CI: [0.06-0.94], d = 0.47, p = 0.0182) and from
intermediate to long by 0.85 pps (95% CI: [0.39-1.31],d =0.80, p <0.0001). A consistent result
emerging from the analyses of the different muscle length comparisons is thus that AF substan-
tially decreased at longer muscle length in the control group but not in the stroke group. There
was also a significant interaction between group and muscle length for normalised AF (p =

0.0072), with higher values at intermediate than at long muscle length (d = 0.89; p = 0.0164).

For the vibration condition, there was no interaction between group and vibration, nor between
group, vibration, and muscle for acceleration (all p > 0.5336), attenuation (all p > 0.1336), brace

height (all p > 0.1256), or normalised AF (all p > 0.3422). There was an interaction between
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group, vibration, and muscle for AF (p =0.0024). Specifically, there were no significant changes
in the stroke group (all p > 0.2789), whereas the control group showed higher AF at short muscle
length in the GM by 0.90 pps (95% CI: [0.44—-1.35], d = 0.89, p = 0.0010).
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Figure 63. Effect of muscle length and vibration in estimates of synaptic inputs to motoneurons. The
modulation of motoneuron estimates of synaptic inputs to motoneurons between the stroke and control
(CTL) groups are compared in response to changes in muscle length at the same relative torque (40%
MVT), and the application of tendon vibration to antagonist muscles, at short muscle length (20° of
plantarflexion). The acceleration slope, attenuation slope, brace height, AF, and normalised AF were
obtained from the gastrocnemius medialis (GM, purple) and soleus (SOL, green). Coloured dots repre-
sent participant averages, while black dots and bars indicate the estimated marginal means with 95%
confidence intervals predicted by linear mixed-effects models. Cohen'’s d is reported for significant re-
sults (p < 0.05).
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4. DISCUSSION

Based on non-invasive recordings of motoneurons innervating the GM and SOL muscles, this
study demonstrates lower rate coding during voluntary contraction in individuals with chronic
stroke. Estimates of synaptic inputs to motoneurons revealed a higher level of neuromodulatory
input and a shift in the inhibition-excitation balance toward greater inhibition in the stroke group
compared to the control group. Changing muscle length and applying vibration to the tendon
of the antagonist muscle, which modulates inhibitory inputs, induced adaptations in rate coding
and PIC-related prolongation of firing in healthy participants, but almost none in individuals
with chronic stroke. Together, these findings suggest that motor impairment during voluntary
contraction in chronic stroke is associated with reduced motoneuron rate coding caused by ex-

cessive and poorly adaptable inhibitory inputs, despite increased neuromodulatory inputs.
Motoneuron behaviour in chronic stroke

We observed reduced motoneuron rate coding in individuals with chronic stroke when contrac-
tions were matched for relative torque (40% MVC). This was evidenced by lower firing rate
modulation in GM and SOL, and by lower firing rate at recruitment and peak firing rate in GM
only, compared with control individuals. These results align with previous studies (Beauchamp,
Hassan, et al., 2023; Chou et al., 2013; Gemperline et al., 1995; Hu et al., 2015; X. Li et al.,
2015; Mottram et al., 2014), further supporting the notion of impaired rate coding after stroke
and extending it to the GM and SOL muscles.

However, these deficits were no longer observed when contractions were performed at the same
absolute torque level (30 N.m), as no between-group differences were found in this condition.
This indicates that, at least for relatively low absolute torque values, individuals with stroke can
achieve the same absolute torque without differences in motoneuron rate coding compared with
healthy individuals. Importantly, 30 N-m corresponded to ~20% MVT in the control group but
~44% MVT in the stroke group. Therefore, for a similar absolute torque output, individuals
with stroke operated at a much higher fraction of their maximal capacity. As illustrated in Figure
64, this supports the presence of an altered relationship between mean motoneuron firing rates
and relative contraction intensity after stroke (i.e., the rate coding), characterised by a flatter
slope. Such a profile would limit the capacity to further increase discharge rate as force demands
increase, contributing to impaired muscle activation (i.e., paresis) and reduced force-generating

capacity.
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At 30 N.m, MUAP amplitude, used as a proxy for motor unit size, did not differ between groups.
Conversely, MUAP amplitude was greater in the control group than in the stroke group during
the 40% MVT contractions. This result is consistent with a lower contribution of larger, higher-
threshold motor units in chronic stroke individuals at this relative contraction intensity. Together
with the reduced rate coding observed in the same condition, this suggests that chronic stroke
individuals may be limited in their capacity to engage larger motor units as force demands rise,
along with their limited ability to increase discharge rate. Importantly, this interpretation is
based on indirect measures and unverifiable assumptions of similar spatial sampling of motor
units and comparable volume conductor effects across populations, and further work is needed

to confirm the recruitment strategies in chronic stroke.
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Figure 64. Schematic representation of rate coding and associated synaptic input organisation, in
stroke and control individuals. Greater firing rates were observed in controls compared with stroke
individuals at 40 %MVT contractions, whereas similar firing rates were observed at 30 N.m. These
results can be interpreted within a common framework by considering a flatter slope of the relationship
between mean firing rate within the pool and contraction intensity after stroke. This altered relationship
occurred with estimates consistent with greater neuromodulatory input (blue) and a more proportional
pattern of inhibition, in which inhibition (red) increases with excitation (green) while decreasing in
controls. The dotted black lines represent the extrapolated relationship at untested contraction intensi-
ties, suggesting the lower maximal firing rate achievable after stroke.

An interesting finding was that rate coding decreased more substantially with increasing muscle
length in control individuals than in chronic stroke individuals. This suggests that, after stroke,
neural drive may be less effectively adjusted to the mechanical force-generating capacity of

muscles, which varies with muscle length (Hoffman et al., 2012). As a result, paresis may be
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aggravated at short muscle length, where the muscle is mechanically less advantaged and
greater neural compensation may be required. This hypothesis has previously been proposed
from the EMG amplitude (Gracies, 2005b; Vinti et al., 2015). The present results provide sup-
port for this hypothesis at the level of motoneuron output (i.e., neural drive), indicating that the
effect is not explained by the limitations of EMG amplitude when muscle length changes (e.g.,

change in volume conductor or spatial sampling).
Synaptic inputs to motoneurons in chronic stroke

The observations of altered motoneuron output after stroke raise the question of which synaptic
mechanisms underlie these changes. Earlier attempts to estimate the level of neuromodulation
during voluntary contractions were based on the paired-motor unit method and revealed, as in
the present study, that AF does not differ between stroke and control individuals (Mottram et
al., 2009). However, it has been suggested that AF does not solely represent the level of neuro-
modulation but also reflects the pattern of inhibition acting on motoneuron pool (Beauchamp
et al., 2023; Chardon et al., 2024). In this study, we therefore interpreted the synaptic inputs to
motoneurons using a framework that links specific firing features to the level of neuromodula-
tory input and the inhibitory pattern (i.e., covariation of inhibition with respect to excitation)

(Beauchamp et al., 2023; Chardon et al., 2024).

Using this framework, chronic stroke individuals exhibited discharge patterns consistent with a
shift in the synaptic inputs toward greater inhibition, together with a greater level of neuromod-
ulatory inputs (Figure 64). These results indicate that although stroke increases the level of
neuromodulation, the increased inhibition dominates the motor command and leads to reduced
rate coding as well as reduced PIC-mediated amplification (diminished acceleration slope) and

PIC-mediated prolongation (diminished AF) of motoneuron discharge.

Using the same approach, Beauchamp et al. (2023) compared the biceps brachii between the
non-paretic and paretic limbs, during both voluntary contractions and involuntary contractions
arising from multi-joint synergy recruitment (i.e., activation of the biceps brachii during shoul-
der abduction, referred to as “flexion synergy”). They reported a progressive increase in both
inhibition and neuromodulation estimates, from voluntary contractions in the non-paretic limb
to voluntary contractions in the paretic limb, and further to flexion synergy contractions in the
paretic limb. Taken with this previous work, our findings support a paradoxical organisation of

synaptic inputs to motoneurons after stroke, characterised by increased neuromodulatory input
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alongside enhanced inhibitory input. Notably, this altered input pattern appears to be amplified
during stroke-specific flexion synergy contractions, suggesting upregulation of alternative de-
scending pathways, such as the reticulospinal tract (Beauchamp et al., 2023). Interestingly, sim-
ilar analyses in individuals with spinal cord injury revealed lower rate coding without evidence
of increased neuromodulatory input (Goreau et al., 2026), highlighting that the paradoxical syn-
aptic pattern observed here may be, at least in part, specific to stroke. It should be noted, how-
ever, that the approach used in this study to infer synaptic inputs to motoneurons in chronic
stroke relies on the assumption that motoneuron properties do not alter the relationship between
the derived metrics and their physiological interpretation. To date, there is no evidence for a

specific change in biophysical motoneuron properties after stroke.
Manipulation of synaptic inputs to motoneurons

To further explore the role of inhibition after stroke, we attempted to modulate inhibitory inputs
to motoneurons by changing muscle length and applying vibration. In control participants, in-
creasing muscle length reduced rate coding, with lower firing rate modulation and peak firing
rate, and was also associated with a decrease in AF, consistent with previous findings (Beau-
champ et al., 2025; Goreau et al., 2025; Valenc¢ic€ et al., 2026). In contrast, chronic stroke indi-
viduals showed only limited modulation of firing rate with muscle length and no significant
modulation of AF. Similarly, antagonist tendon vibration modulated AF in control participants,
as previously found (Mesquita et al., 2022), but not in chronic stroke participants, while moto-
neuron firing rate metrics remained unchanged in both groups. Together, these findings indicate
that the synaptic inputs to motoneurons, especially inhibitory inputs, are less adaptable after
stroke. One possible explanation is that the tested paradigms did not further increase the level
of inhibitory inputs in stroke participants, likely because inhibitory interneurons operate near
their maximal activity even at very low contraction intensities during voluntary contraction.
This is consistent with the high level of inhibition associated with the more proportional inhib-
itory—excitatory pattern described above. Alternatively, the experimental paradigms employed
may not have sufficiently activated inhibitory interneurons to further enhance inhibitory inputs.
Indeed, vibration-induced reciprocal inhibition may be replaced by facilitation after stroke
(Crone, 2003), and recurrent inhibition, likely a main contributor to inhibitory inputs with
change of muscle length in control (Colard et al., 2025), is also altered after stroke (Burke et
al., 2013; Katz & Pierrot-Deseilligny, 1982). More generally, spinal inhibition on motoneurons
is highly dependent on descending inputs, which are altered after stroke (Jankowska, 1992).
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Regardless of the underlying mechanisms, these findings highlight the limited capacity of indi-

viduals with stroke to adapt the motor command via inhibitory inputs.

After stroke, reorganisation of descending motor pathways leads to upregulation of the cortico-
reticulospinal tract (Jang & Cho, 2022; Zaaimi et al., 2012). This reorganisation likely under-
pins several motor impairments, such as the flexion synergy (Ellis et al., 2009), and may help
to explain the reconfiguration of synaptic inputs to motoneuron observed in the present study.
In particular, reticulospinal pathways may increase monoaminergic drive to motoneurons (J.
Beauchamp et al., 2022; McPherson, Ellis, et al., 2018), while also upregulating inhibitory spi-
nal interneurons, including Renshaw cells (Mazzocchio, 1997; Pompeiano, 1988). This dual
influence may contribute to the paradoxical combination of increased neuromodulatory inputs

and increase inhibitory inputs suggested by our data.
Conclusion

This study demonstrates that chronic stroke is not merely associated with reduced motoneuron
output, but with a pathologically maladaptive and less adaptable synaptic command to the mo-
toneuron pool. Individuals with chronic stroke exhibit reduced rate coding together with firing
patterns indicative of stronger inhibitory inputs, despite evidence of increased neuromodulatory
inputs. This paradoxical and poorly adaptable input-output organisation may impair the scaling

of neural drive with force demands, contributing to paresis.
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N SUPPLEMENTARY ANALYSES

Supplementary analyses were conducted by integrating data from the three groups of individu-
als, namely post-stroke, post-SCI, and control participants, from studies 2 and 3. In addition to
the previously reported data, additional clinical assessments were incorporated, including MVT,
antagonist coactivation during maximal voluntary contraction, and spasticity measures. The
first aim of these supplementary analyses was to explore the relationships between motoneuron
behaviour metrics, their associations with estimates of paresis (M VT, activation), and their abil-
ity to discriminate between groups. The second aim was to examine the relationship between
muscle-level clinical measures (coactivation, spasticity, MVT) and estimates of motoneuron

synaptic inputs.

1. Method

Additional metrics

In addition to the metrics already presented, the supplementary analyses include the following

variables: activation, coactivation, spasticity EMG, and spasticity torque.

Activation, an indirect assesment of paresis, corresponds to the maximal EMG amplitude rec-
orded during maximal voluntary contraction, expressed in mV. In detail, from the high-density
EMG recording, a bipolar configuration was reconstructed by averaging two groups of 25 chan-
nels located at the extremities of each grid and computing the difference between these aver-
ages, yielding a single value per grid. The values from the two grids were subsequently aver-
aged to obtain a single value per muscle. The maximal EMG amplitude (activation) was defined
as the peak of the root mean square signal computed over a 300 ms window. Thus, one activa-

tion value was obtained for both GM and SOL.

Coactivation corresponds to the maximal value of GM and SOL during maximal dorsiflexion
voluntary contraction. Specifically, EMG was processed as described above, and the maximal
EMG values of GM and SOL during maximal dorsiflexion were normalised to their respective

maximal activation values obtained during maximal plantarflexion.

Spasticity was assessed in participants from the pathological groups only. Participants were
seated on an isokinetic dynamometer with the knee near full extension, as previously described.

Passive ankle movements were performed from 40° of plantarflexion to the maximal
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dorsiflexion range of motion. Movements were executed at 60°/s and 120°/s, with two trials per
velocity. Analyses were restricted to 90% of the range of motion to avoid end-range artefacts.
The area under the curve of GM and SOL EMG and plantarflexion torque was computed. The
AUC values from the two trials at each velocity were averaged. Spasticity was quantified as the
ratio of values at 120°/s relative to 60°/s, yielding spasticity EMG (%) for each muscle and a
single spasticity torque (%). This approach isolates the velocity-dependent component of the
stretch response, which is crucial for characterising spasticity (Bar-On et al., 2013; Chen et al.,
2020; Turpin et al., 2017). Furthermore, the comparison between 60°/s and 120°/s corresponds

to velocities sensitive to spasticity (Kim et al., 2005).
Analyses

Principal Component Analysis (PCA) was used as an exploratory technique to reduce dimen-
sionality and identify latent structures within the data, while summarising relationships between
variables. Missing data were first standardised and imputed using a PCA-based approach im-
plemented in the missMDA package, which preserves the covariance structure of the dataset.
All variables were standardised prior to analysis to account for differences in measurement units
and variance magnitude. PCA was then performed using the FactoMineR package on the im-
puted datasets. Contributions of each variable to the principal components were quantified to
identify those driving the main axes of variation. For interpretation, variables pointing in the
same direction are positively correlated, variables pointing in opposite directions are negatively

correlated, and orthogonal variables are considered independent.

Furthermore, PCA at the individual level was performed, with individuals projected into the
principal component space and coloured according to group membership. Group separation in
this space indicates discrimination between groups, whereas overlap reflects weak differentia-

tion.

Specifically, both types of PCA were conducted (i) on essential motoneuron-related metrics,
together with activation, coactivation, and MVT, including all the three groups; and (ii) on key
estimates of synaptic inputs (brace height and attenuation), together with clinical metrics (MVT,

activation, coactivation, spasticity EMG, spasticity torque), in SCI and stroke individuals.
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2. Relationships between variables and group structure

PCA of variables revealed a first principal component accounting for 45% of the variance. Most
variables contributed to this component, except coactivation, normalised AF, and notably brace
height, which alone accounted for more than 35% of the second component (Fig. 65 A & C).
The first component seems to primarily reflect the capacity to activate muscles, and it was
highly discriminant between control and pathological groups (Fig. 65B). In contrast, the second
component, largely driven by brace height, provided strong discrimination between SCI and
stroke groups, which were not clearly separated along the first component. Overall, this finding
is consistent with Studies 2 and 3, highlighting relatively preserved rate coding in stroke com-

pared with SCI, and a marked increase in brace height in stroke participants.

A. PCA of variables B. PCA of individuals
L I : Groups
N : E] control
brace_héjgth =
0.5 ! AF  FR RT % 4 M | stroke
\ e 2 " ' .
A contrib . " ‘
waog S O b
00 2 _................l...3 ______ . :t‘:.\_ ..........................
o "' activation >’ o s, | e 3
25 e
“attenuation '
05 = :
] i
10 ; 4 0 4
| i ! 1 Dim1 (45%)
1.0 0 0.0 05 1.0
Dim1 (45%)
C. Contribution of variables
Diml Dim2

Contributions (%)
Contributions (%)

15 -
10 -
) I
i HE_ . ll----_
2 & o & A & C b 3 © e & N . & < A . & o . -
& «F o F & of o & L & oF & £ oF S £ & 5 -3 & O & &
g F & F S 4 & & F FF T F S FF LS 5

E A A A @ N & § & F & 5

Figure 65. Relationships between variables and group structure. Principal component analyses (PCA)
were conducted at both the variable level (A) and the individual level (one point per muscle per individ-
ual) (B). Variable contributions to the first (Diml) and second (Dim2) principal components are shown
in (C). AF _norm, normalised AF; FR_RT, firing rate at recruitment; FR_DRT, firing rate at derecruit-
ment; peak FR, peak firing rate; FR_modulation, firing rate modulation; MVT, maximal voluntary con-
traction torque.
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3. Relationships between clinical measures and estimates of synaptic inputs

PCA of variables revealed two principal components explaining similar proportions of variance
(28.8% and 25.6%). The distribution of variables indicates that the first dimension is primarily
driven by clinical measures, with MVT showing the strongest contribution, whereas the second
dimension reflects the structure of synaptic input, characterised by a negative correlation be-
tween brace height and attenuation (Fig. 66). This separation suggests that estimates of synaptic
input are largely independent of clinical measures, indicating the absence of a simple linear
relationship between neuromodulatory input, inhibitory patterns, and clinical features. The neg-
ative correlation between brace height and attenuation further suggests that high neuromodula-
tory input is globally associated with a more proportional inhibitory pattern. These adaptations
suggest concurrent increases in neuromodulation and inhibition, which appear more pro-

nounced in stroke individuals.
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Figure 66. Relationships between clinical measures and estimates of synaptic inputs. Principal com-
ponent analyses (PCA) were conducted at both the variable level (A) and the individual level (one point
per muscle per individual) (B).
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OVERALL DISCUSSION

The overarching aim of this thesis was to better characterise the organisation of synaptic inputs
after stroke and SCI, and to determine how these inputs adapt to changes in joint position and
vibration in both healthy and pathological conditions. All studies followed a common experi-
mental framework, in which participants performed isometric plantarflexion tasks while high-
density EMG signals were recorded and decomposed into individual motoneuron firing pat-

terns. The organisation of synaptic inputs was then inferred from firing pattern signatures.

Overall, this work demonstrates that: (i) in healthy individuals, PIC-mediated prolongation de-
creases with increasing muscle length, likely due to increase in inhibitory inputs; and (ii) both
SCI and stroke are associated with reduced motoneuron rate coding, underpinned by increased
inhibitory inputs. After stroke, this increased inhibition was accompanied by an upregulation of
neuromodulatory inputs. These findings will be discussed in light of the methods used to esti-
mate motoneuron synaptic inputs. We will also consider how these results integrate within the
broader field, highlighting current limitations and future challenges. Finally, potential clinical

implications will be presented.

N ESTIMATING SYNAPTIC INPUTS VIAMOTONEURON FIRING
PATTERNS

1. EMG decomposition

The experimental work conducted in this thesis was performed in humans, which substantially
constrains the approaches available to investigate central nervous system function. In practice,
only indirect measurements can be obtained due to ethical limitations. This stands in contrast
to the expanding experimental possibilities in animal models. For instance, optogenetics ena-
bles the selective activation of specific neuronal populations during in vivo experiments,
thereby greatly enhancing mechanistic understanding (e.g., Levine et al., 2014). Obtaining
meaningful neuroscience insights from human data is therefore inherently challenging. One
valuable avenue lies in accessing motoneuron activity. Due to the one-to-one relationship be-
tween motoneurons and muscle fibre action potentials, information about neural activity can be
inferred from muscle recordings. Motoneuron recording has a long history (Farina et al., 2016),

and recent decades have seen major advances driven by improvements in decomposition
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algorithms (Farina & Holobar, 2016; Negro, 2016) and EMG hardware. It is now possible to

record a substantial portion of the motoneuron pool (Avrillon et al., 2024).

In the present work (Studies 2 and 3), we obtained on average the following number of motor
units for the GM: 13.5 £ 7.8 (control), 9.3 £ 7.5 (SCI), and 6.4 £ 6.0 (stroke). For the SOL, the
corresponding values were 8.2 £ 6.1, 10.3 = 8.1, and 7.3 = 5.7. These results demonstrate that
high-density surface EMG decomposition is feasible in populations with central nervous system
injuries, which was rarely achieved at the outset of this thesis (2022). Moreover, the number of
identified motoneurons did not differ markedly between control and pathological groups. How-
ever, the number of decomposed motor units remains far below the total population, which
consists of hundreds of units in plantar flexor muscles (Heckman & Enoka, 2012). In addition,
variability in the number of identified units is high, although this is not specific to pathological
conditions. Surface EMG decomposition is physiologically limited by the attenuation of signal
amplitude with depth, which restricts detection primarily to superficial motor units. This limi-
tation could be addressed using intramuscular EMG recordings. Another limitation is that de-
composition is biased toward larger, higher-threshold motor units. Consequently, it is difficult
to track the same units across a wide range of contraction intensities. This constraint led us to
limit contraction intensity to 40% MVT, or slightly higher in participants with low MVT during
the 30 N.m task. Alternatively, multiple contractions at different intensities could be combined
to reconstruct the full range of rate coding (Avrillon et al., 2024), which would be particularly
valuable for characterising paresis. The reasons underlying inter-individual variability in de-
composition performance remain an active area of research. Factors such as volume conductor
properties (e.g., subcutaneous fat thickness) likely play a role (Oliveira et al., 2022). In practice,
especially in clinical environments, additional factors such as electrical interference (e.g., from

nearby MRI systems...) can also affect signal quality.

In addition, decomposition requires manual editing, which introduces a degree of subjectivity.
Although this process has been shown to be highly reliable across operators (Hug et al., 2021)
during plateau contractions, this reliability does not necessarily extend to the initial and final
discharge phases, which may be less reliably edited yet are critical for subsequent analyses. Of
note, a common concern in EMG recordings is crosstalk, where signals originate from muscles
other than the target muscle. This is unlikely with high-density EMG decomposition, as signal
attenuation through tissue limits detection to relatively superficial and localised motor units.
Overall, future improvements could focus on enhancing automation in signal editing, refining

decomposition algorithms (Grison et al., 2025), and advancing recording technologies (Caillet
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et al., 2023). Nevertheless, the present work leverages state-of-the-art methods and provides a
larger sample of motoneurons than previous studies investigating motoneuron behaviour fol-

lowing SCI and stroke in lower limb muscles.
2. Synaptic input signatures in the firing patterns

Since the work of Powers & Heckman (2017), it has become clear that different types of syn-
aptic inputs exert distinct and specific effects on motoneuron firing rate profiles. Prior to this
thesis, estimation of synaptic inputs was largely limited to the paired motor unit approach. More
recently, studies by Beauchamp et al., (2023) and Chardon et al. (2024) introduced new quan-
titative features of firing behaviour (i.e., the geometric approach) and demonstrated associations
between these features and the underlying structure of synaptic inputs. In combination with
EMG decomposition, these advances enable non-invasive estimation of synaptic input organi-
sation. This approach was applied in the present thesis, providing deeper insight into synaptic

organisation following SCI and stroke. However, several limitations must be acknowledged.

The primary limitation is that this approach relies on statistical associations between firing fea-
tures and synaptic inputs, which are not perfect. The variance in synaptic inputs explained by
these features is incomplete, limiting the certainty with which specific features can be attributed
to specific input types. To overcome this limit, one promising direction is the application of
reverse-engineering approaches to human experimental data, with the goal of reconstructing the
time-varying conductances of synaptic inputs underlying observed firing patterns (Chardon et
al., 2024). However, this approach faces substantial challenges. First, the computational burden
is considerable due to the vast solution space of possible input combinations. To give an idea
of the scale, Chardon et al. (2024) required a supercomputer to perform their simulations; equiv-
alent computations on a standard computer (16 cores) would take approximately 15 years. Fu-
ture progress may reduce this burden by constraining the solution space to physiologically plau-
sible inputs and by improving access to supercomputers. Being less optimistic, we can highlight
that current models already impose strong assumptions, such as fixed neuromodulatory input
levels for the entire duration of contractions and fixed relationships between excitatory and

inhibitory inputs.

A second fundamental limitation is the absence of ground truth in humans. The exact levels of
excitatory, inhibitory, and neuromodulatory inputs to motoneurons are unknown, making it im-

possible to directly validate inferred input structures. Nevertheless, this framework remains
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valuable for hypothesis-driven research and for strengthening the interpretation of experimental
findings. A distinctive aspect of this thesis was the application of these methods in individuals
with stroke and SCI. An initial concern was whether participants would be able to perform the
required torque tasks. In practice, most patients were able to perform the tasks with capacities
comparable to controls, although additional trials were often needed, and fatigue sometimes

prevented completion of the full protocol. Overall, this aspect of the study was successful.

Applying these methods in pathological populations also raises the question of whether the
relationships between firing features and synaptic inputs remain valid. The motoneuron pool
model used to support these inferences is based on data from decerebrate cats, with adaptations
to approximate human firing behaviour (Beauchamp et al., 2023; Chardon et al., 2024; Powers
& Heckman, 2017). It is therefore not a model specifically derived from healthy human moto-
neurons. What matters for our work is the assumption that motoneurons in stroke and SCI re-
ceive similar types of synaptic inputs (in terms of levels of common inputs) and retain similar
intrinsic properties, which are essential parameters of the model used for validation (Beau-
champ et al., 2023; Chardon et al., 2024; Powers & Heckman, 2017). While this cannot cur-
rently be verified directly, several observations support this assumption. For example, as in
healthy individuals, firing rates remain highly correlated, suggesting a similar structure of com-
mon inputs. Moreover, stroke and SCI do not typically directly affect motoneurons (except at
the lesion site in SCI), making major alterations in intrinsic properties unlikely, although this

remains to be further explored.

We began this section by highlighting the discrepancy between investigation possibilities in
animal models and humans. It is therefore important to emphasise that several of our findings
are not consistent with previous animal-based studies. For example, our results on PIC modu-
lation with joint position contrast with those reported in decerebrate cat models (Hyngstrom et
al., 2007), and the increased inhibition observed after SCI differs from findings obtained during
spasms at the cellular level (Mahrous et al., 2024). Rather than opposing these approaches, these
differences likely reflect distinct experimental conditions and research questions, making them

ultimately complementary.

172



N MODULATION OF SYNAPTIC INPUTS WITH MUSCLE
LENGTH IN HEALTHY INDIVIDUALS

Estimating synaptic inputs from motoneuron firing rates has attracted sustained interest in re-
cent years. One key finding of this growing body of research is that it provides evidence that
monoaminergic neuromodulation is an effective mechanism in humans. Specifically, the use of
serotonin receptor antagonists leads to a decrease in AF, thereby supporting a crucial role of 5-
HT in regulating motor activity through PICs (Goodlich et al., 2023, 2024). In addition, whole-
body relaxation has been shown to reduce AF in human motoneurons (Mesquita et al., 2022),
whereas remote handgrip contractions increase AF in lower-limb muscles (Orssatto et al.,
2022). Because these effects globally modulate AF, they likely involve changes in monoamin-
ergic input to motoneurons. Another substantial body of evidence highlights that sensory-me-
diated inputs also influence motoneuron firing behaviour by altering PIC-mediated effects on
motoneuron behaviour. For instance, vibration of the antagonist tendon or its electrical stimu-

lation decreases AF (Orssatto et al., 2022; Pearcey et al., 2022).

In this context, Study 1 aimed to determine whether PIC modulation contributes to adapting
activation to mechanical demands, and through which synaptic inputs. We found that PIC-me-
diated prolongation (AF) decreases with increasing muscle length, suggesting that it may serve
as a mechanism to adapt activation to mechanical force-generating capacity. This result was
similar in Studies 2 and 3, which included older participants (50 + 20 years compared to 24.3 +

3.9 years in Study 1), indicating a consistent effect across ages.

As AF depends on both neuromodulatory and inhibitory inputs, it does not provide a direct
estimate of either. However, it reflects the specific firing-prolongation pattern, which itself in-
forms motoneuron output and has direct implications for force production. The functional con-
sequences of firing prolongation remain debated. For example, force plateaus following a de-
crease in force, reflecting sustained activation of higher-threshold motoneurons via PICs, are
associated with increased force variability, suggesting that this “involuntary” sustained activa-
tion may be difficult for the central nervous system to compensate, thereby impairing motor
performance (Beauchamp et al., 2025). Conversely, PIC-induced nonlinearities may compen-
sate for intrinsic muscle nonlinearities, forming an integral component of the motoneuron—mus-
cle predictive controller (Chardon et al., 2026). More generally, it remains unclear whether
these nonlinearities are merely consequences of neuromodulatory gain adaptation or whether

they carry functional value per se. It is noteworthy that reverse-engineering simulations in

173



Chardon et al. (2024) revealed the necessity of non-linear excitatory inputs at high levels of
neuromodulation, implying additional complexity for the central nervous system in controlling

motor output.

During the thesis, two additional studies tested the effect of muscle length (Beauchamp et al.,
2025; Valencic et al., 2026) and reported similar findings, strengthening confidence in this re-
sult. A specific contribution of our study was to test joint position effects at both the same ab-
solute and relative torque levels across positions. Because results were consistent across condi-
tions, this modulation appears independent of contraction intensity, suggesting that Ib-related
inhibition is unlikely to be the primary mechanism. This result is particularly important because
it rules out one of the main confounding factors explaining discrepancies between human and
decerebrate cat findings regarding PIC modulation (Hyngstrom et al., 2007). It therefore points
toward the decerebrate state, associated with altered descending control of inhibitory interneu-
rons, as the main source of discrepancy. This also raised the question of how such modulation
behaves in stroke and SCI, where descending control is impaired, which we addressed in Stud-

ies 2 and 3 and discussed in the next section.

Longer muscle length led to decreased AF, accompanied by a slight increase in brace height and
areduction in attenuation slope, clearly indicating a role for inhibitory inputs in this modulation.
This raises the question of which inhibitory pathways are involved. As recurrent inhibition in-
creases at longer muscle lengths in humans (Colard et al., 2025), and no other postsynaptic
inhibitory mechanism seems to fully account for this modulation pattern, we proposed that re-
current inhibition may be a primary contributor to the modulation of PIC-mediated prolongation
with muscle length. More generally, recurrent inhibition appears to be a key regulator of PICs.
Both computational and animal studies indicate that Renshaw cells exert their inhibitory influ-
ence on highly effective regions of the motoneuron to regulate PIC contributions to motoneu-

rons discharge (Bui et al., 2008; Hultborn et al., 2003).

In line with this, our master’s research project, published during the first year of this thesis, also
invoked recurrent inhibition to explain our findings. This study primarily compared AF across
resistance-trained, endurance-trained, and inactive individuals, revealing no significant differ-
ences (Goreau et al., 2024). The second aim was to map AF values across lower-limb muscles.
We assessed five muscles, and correlation analyses showed that not all muscles were correlated,
whereas agonist muscles exhibited stronger correlations, which we attributed to a shared local

inhibitory input, namely recurrent inhibition. This raises the question: could recurrent inhibition
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underlie the variability of AF across muscles? While the classical functional explanation sug-
gests that higher AF would be advantageous in proximal, posture-oriented muscles, this does
not align with experimental observations. Conversely, the apparent increase in AF with muscle
distality is consistent with the reported decrease in recurrent inhibition along the proximal-—
distal axis (Dernoncourt et al., 2026.; Edgley et al., 2021). The extent to which recurrent inhi-

bition shapes the contribution of PICs to motoneuron firing, however, remains to be determined.

N CHANGES OF SYNAPTIC INPUTS AFTER SCI AND STROKE

Most of the knowledge regarding post-synaptic inhibitory inputs to motoneurons after stroke
and SCI comes from the H-conditioned paradigm. The main findings are that, after both stroke
and SCI, reciprocal Ia inhibition decreases (Crone, 2003), and recurrent inhibition increases
(Katz & Pierrot-Deseilligny, 1982; Shefner et al., 1992). Overall, the H-reflex at rest is in-
creased, and the phenotype is generally interpreted as a disinhibited state, although presynaptic
and other pathways may also contribute to this global state. Thus, evidence tends to support
reduced inhibition overall, with the exception of recurrent inhibition, which does not consist-
ently show differences (Burke et al., 2013). One drawback of the H-reflex is that it attempts to
isolate specific mechanisms while assessing them in a non-functional state. One attempt to
overcome this limitation was the study by Gorassini at al. (2004), which recorded motor units
and applied paired motor unit analysis during spasms in SCI, revealing substantial AF values.
On one hand, this study clearly supports a contribution of PICs to spasms. On the other hand,
the opposite result would have been unexpected, as PICs are voltage-gated channels and are
expected to activate once motoneurons are depolarised. Thus, while PICs may sustain pro-
longed spasms, this does not necessarily demonstrate that they constitute the primary driving
mechanism. However, these findings in humans are generally corroborated by animal models.
For example, recent studies point toward increased PICs and reduced inhibition as mechanisms

underlying spasms (Mahrous et al., 2024).

As argued earlier, one fundamental difference between these approaches and the one used here
is that synaptic inputs are assessed during actual voluntary contractions, thereby limiting ex-
trapolation across states. While signs of overactivity after stroke and SCI affect quality of life,
the main clinical feature remains impaired voluntary movement, which represents a key target
for improvement. This state-dependence of evaluation is critical in interpreting our results,

which differ markedly from those obtained at rest or during involuntary contractions. Indeed,
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our results indicate increased inhibition with respect to excitation after both stroke and SCI,
whereas changes in neuromodulation were observed only after stroke, with evidence suggesting
an upregulation. To further support this approach, it should be noted that H-reflex stimulation
imposes non-physiological recruitment patterns (e.g., high synchronisation). In addition, sev-
eral studies demonstrate state-dependent differences in spinal control. For example, H-reflex
excitability is higher at rest after SCI compared to controls but increases to a much lesser extent

during voluntary contraction (Chen & Perez, 2022; Vastano & Perez, 2020).

It is interesting to note that, despite similar impairments in rate coding, our approach distin-
guishes different synaptic input organisations in stroke and SCI (Figure 67). This supports the
interpretation that these estimates are not driven by reduced firing rate capacity. The differences
between populations suggest distinct underlying mechanisms in terms of the pathways mediat-
ing synaptic input organisation. A common mechanism in both SCI and stroke may be altered
descending control of spinal inhibition (Jankowska, 1992). Further details remain speculative,
but recurrent inhibition may play a central role in the altered inhibitory pattern. The negative
feedback provided by recurrent inhibition offers a parsimonious explanation for the propor-
tional inhibition pattern. As excitatory input increases, motoneuron firing rates increase and, in
the absence of proper regulation of Renshaw cells, lead to increased inhibitory input, resulting
in a concurrent rise in excitatory and inhibitory inputs. An important line of evidence suggests
that upregulation of the corticoreticulospinal tract is a key feature after stroke (Jang & Cho,
2022; McPherson, Chen, et al., 2018; Zaaimi et al., 2012). This may explain both the increased
neuromodulatory input, as the reticulospinal tract conveys monoaminergic projections to mo-
toneurons, and the proportional inhibition pattern, as it also regulates spinal inhibitory interneu-
rons and reduces motoneuron EPSP amplitude compared to the corticospinal tract (Baker,

2011).

Regarding SCI, the absence of increased neuromodulatory or PIC levels in our results contrasts
with findings from animal models of spasms (Li & Bennett, 2003; Mahrous et al., 2024). Be-
yond the difference in assessment state (involuntary vs voluntary contractions), this discrepancy
may also arise from differences in lesion type. In animal models, lesions are typically complete,
which may induce distinct adaptations, such as increased activation of constitutively active 5-
HT?2 receptors that maintain PICs despite reduced monoaminergic input (D’ Amico et al., 2014;
Murray et al., 2010). More generally, lesion size and location likely contribute to variability in
motor outcomes. A particularly relevant feature in stroke is the preservation of ipsilesional cor-

ticofugal pathways, which predicts recovery (Miyai et al., 1997; Pantano et al., 1995) and may
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constrain motor commands to alternative pathways, notably the reticulospinal tract (Baines et
al., 2026). This may contribute to the altered synaptic input organisation observed in this thesis.
Finally, another factor that may contribute to variability is that participants were taking medi-
cations, including serotonergic and antispastic drugs. However, the sample size and heteroge-

neity of treatments did not allow us to assess this factor.

N CHANGES OF FIRING BEHAVIOUR AFTER SCI AND STROKE

1. Firing rate

Previous studies have aimed to characterise rate coding after SCI (Thomas et al. (2014); for
review) and stroke (Beauchamp et al., 2023; Chou et al., 2013; Gemperline et al., 1995; Hu et
al., 2015; X. Li et al., 2015; Mottram et al., 2014). In general, these studies consistently report
lower firing rates in these pathological populations, consistent with our results. Some muscles
may be different in this regard, as clear differences were not always observed, for instance in
the triceps brachii (Wiegner et al., 1993). However, contradictory findings require further in-
vestigation using improved methods before exploring potential muscle-specific adaptive mech-

anisms.

An interesting finding is that, within a given muscle after SCI, some motor units exhibit in-
creased firing rates, suggesting intra-muscle variability, which may be related to axonal sprout-
ing (Thomas et al., 2014). In addition to using approaches that allow recording a greater number
of motoneurons and including lower-limb muscles, Studies 2 and 3 were designed to compare
populations at the same absolute force level. This approach notably allowed us to determine
whether different populations rely on distinct motoneuron outputs to produce the same force,
which is relevant as many daily-life activities require absolute rather than relative force (e.g.,
pressing a car pedal). However, the main reason we used the same absolute force comparison
is that it allowed us to address the potential dependence of synaptic input structure on the ab-

solute force produced.

Interestingly, SCI individuals exhibited lower rate coding than controls at the same absolute
force, suggesting an adaptive strategy to generate force. Estimating motor unit size revealed no
differences between groups, indicating that reduced rate coding may be compensated by re-
cruiting more motor units. The fact that this occurs after SCI but not after stroke is consistent

with the lower rate coding capacity observed in SCI. Contractions at 30 N.m also expand the
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range of relative contraction intensities tested. A key perspective would be to assess rate coding
across the full range up to maximal voluntary contraction. Our results across intensities provide
a first approximation of the full range of rate coding across populations and summarise several
findings. Accordingly, Figure 67 schematically represents rate coding, highlighting a progres-
sive decrease from control (neutral length) to control (long length), stroke, and SCI. This de-
crease is associated with increased inhibition, partly offset by higher neuromodulation in stroke,

which may limit its impact (Fig. 67).
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Figure 67. Schematic representation of rate coding and associated synaptic input organisation in
control (at intermediate and long muscle lengths), stroke, and SCI individuals. At 40% MVT, the order
from lowest to highest firing rates was: SCI, stroke, control at long muscle length, and control at inter-
mediate muscle length. At 30 N-m, similar firing rates were observed between stroke and control, with
lower firing rates in SCI. These results can be interpreted within a common framework by considering
the slope of the relationship between mean firing rate within the motoneuron pool and contraction in-
tensity. The dotted black lines represent the extrapolated relationships at untested contraction intensi-
ties. These relationships are associated with specific organisations of synaptic input. From control at
intermediate muscle length to SCI, the decrease in rate coding is accompanied by increasing inhibition
(red) relative to excitation (green). Rate coding appears more preserved after stroke than after SCI,
likely due to an upregulation of the neuromodulatory level (sky blue).

The modulation of firing behaviour with joint position was observed in controls but not in
pathological individuals. As discussed in the literature review, force production capacity is al-

tered in a muscle-length-dependent manner. This results from antagonist co-contraction,
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exacerbated by antagonist stretch (Vinti et al., 2013), which limits joint torque, as well as
changes in muscle properties (Gracies, 2005a). These features notably lead to the striking im-
pairment of individuals producing a torque opposite to the one aimed at the level of an articu-
lation. Another proposed mechanism is muscle-length-dependent paresis, with greater impair-
ment at short muscle lengths, potentially increasing difficulty due to co-contraction and antag-
onist stretch. However, this hypothesis has not been adequately tested. Previous attempts (Vinti
et al., 2015) relied on EMG amplitude, which is limited when comparing activation across mus-

cle lengths.

Thus, Studies 2 and 3 provide the first evidence supporting this hypothesis at the motoneuron
output level (i.e., neural drive). Interestingly, results were consistent across stroke and SCI,
suggesting a more general feature of central nervous system injuries. Notably, PIC-mediated
firing prolongation failed to increase at short muscle lengths in pathological individuals, sug-
gesting that impaired PIC regulation to mechanical demands may contribute to paresis. As these
results are based on submaximal contractions, they should be confirmed using interpolated

twitch technique across muscle lengths.

What has been suggested as a particular feature of rate coding in stroke is negative rate modu-
lation, defined as a decrease in firing rate following the initial increase despite continued in-
creases in torque or EMG amplitude (Beauchamp et al., 2023; Mottram et al., 2009). Because
this pattern can challenge the geometric approach, we implemented a bilinear fit separating the
initial increase and subsequent saturation in Study 3. This did not alter the results, largely be-
cause negative rate modulation was not highly prevalent in our sample. Regarding negative rate
modulation, Figure 68 illustrates several features. First, negative rate modulation occurs in all
populations, although it appears more frequent in stroke, consistent with increased neuromod-
ulation combined with altered inhibition. Second, EMG amplitude during contraction suggests
that negative rate modulation is unlikely to result solely from altered muscle coordination, alt-
hough some variability may contribute. In this regard, one could argue that providing EMG
feedback would better preserve linearity between force and neural drive, but this would restrict
analysis to a single muscle and make the task more difficult. Finally, negative rate modulation
can also varies across and within muscles, and the determinants of this variability remain largely

unknown.
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Figure 68. Negative rate modulation occurs in all populations. For each population, a participant
displaying negative rate modulation is shown. The top panel shows EMG amplitude for the gastrocnem-
ius medialis (GM), soleus (SOL), and tibialis anterior (TA). The middle and lower panels show the
corresponding firing rates for the GM (purple) and SOL (green), respectively. Red arrows indicate the

occurrence of negative rate modulation.

2. Recruitment threshold

Besides rate coding, force is determined by the recruitment of additional motor units. In stroke,
it is often argued that motor unit recruitment thresholds are reduced and the range of recruitment
thresholds is compressed. These claims originate from studies assessing absolute recruitment
torque, which report lower mean recruitment torque and reduced recruitment of the highest-
threshold motor units (Gemperline et al., 1995). However, when analysis is based on absolute

recruitment torque, a reduction in maximal torque, due to factors other than recruitment
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threshold, can be sufficient to produce these results. This is likely the case, for example, because
of reduced rate coding or muscle atrophy. Regarding SCI, it is often argued that motor unit
recruitment plays a greater role in force production, because units are recruited up to higher
relative forces than normal (Thomas et al., 2014). But here again, reduced rate coding alone
may explain this observation. Indeed, if there is no capacity to increase force through firing
rate, then the gap between the highest recruited motor units and maximal voluntary torque is
reduced. Our attempt in this thesis to gain more insight regarding recruitment thresholds was to
estimate motor unit size through their MUAP amplitude. As higher-threshold motor units are
larger, MUAP amplitude provides an indirect estimate. Control individuals displayed higher
MUAP amplitudes at 40% MVT than SCI, and even more so compared to stroke. This means
that, to produce 40% MVT, SCI and stroke individuals do not recruit their highest-threshold
motor units despite lower firing rates, suggesting that they may have a limited ability to recruit
these units. Overall, knowledge regarding changes in recruitment strategies remains limited. In
our opinion, the two key questions are whether the synaptic input required to recruit the same
motor unit is altered, and whether the remaining synaptic input is sufficient to recruit the full

motor unit pool. However, new approaches are required to address these questions in humans.

N CLINICAL IMPLICATION

A result we did not discuss so far is that control and post-stroke or post-SCI individuals dis-
played very similar synaptic input organisation at the same absolute torque (the 30 N-m con-
traction). In other words, healthy individuals exhibit adaptations in synaptic input organisation
with increasing contraction intensity. In particular, and consistent with other studies (Skarabot
et al., 2025), they shift toward a more pronounced push—pull pattern as intensity increases. It is
thus possible that this adaptive capacity is lost after SCI and stroke. The notion of repertoire,
for example used to describe the loss of independence in flexor synergy patterns after stroke,
could be extended to a reduced repertoire of synaptic input organisation and might be a fruitful

way of approaching these impairments.

This notion is consistent with the paradoxical coexistence of overactivity at rest and paresis
during voluntary contraction. Indeed, without the ability to adapt synaptic inputs, the motor
system may be constrained to a fixed operating state, one that permits some facilitation of motor
output but is associated with excessive involuntary activity. This loss of flexibility is supported

by studies showing hyperexcitability at rest but hypoactivity during voluntary contraction
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(Chen & Perez, 2022; Vastano & Perez, 2020). The general pattern of progressive reorganisa-
tion from paresis to overactivity over time post-injury suggests that the central nervous system
adopts the best fixed state while balancing multiple constraints: favoring stability over dexterity
through increased co-contraction (Nielsen et al., 2020), favoring abnormal synergies over com-
plete paresis (Ellis et al., 2009), and possibly favoring a proportional inhibition pattern, which

enhances precision at the expense of strength.

Identifying the neural circuits underlying these abnormalities is critical to guide treatment strat-
egies. These changes could be constrained by anatomical limitations, for example if the reticu-
lospinal tract represents the primary remaining pathway for voluntary activation, with limited
capacity for selective control and strong neuromodulatory drive. In such cases, attempts to re-
store synaptic inputs purely through plasticity may have limited effectiveness. Rehabilitation
practitioners should therefore consider anatomical constraints when designing interventions and
managing expectations, as patients may already operate near the optimal solution allowed by
their remaining neural pathways. Whether these changes are driven by structural constraints or
reorganisation, the reduced repertoire of synaptic input organisation highlights the limitations
of therapies targeting a presupposed pathological fixed levels of excitation, inhibition, or neu-
romodulation. Indeed, any static level may be maladaptive depending on task demands. Thus,
while pharmacological treatments are effective for specific signs (e.g., Baclofen for spasms),

they remain limited in addressing the fundamental loss of adaptability.

In contrast, more appropriate therapeutic strategies would aim to restore dynamic sensorimotor
integration, enabling flexible adaptation to varying task demands and environments (Nielsen et
al., 2020). However, such approaches are constrained by the limits of neural plasticity. When
these limits are reached, compensatory strategies become necessary. One promising avenue is
to leverage residual motoneuron activity, decoded via EMG decomposition, to control external
devices such as exoskeletons (Grison et al., 2025). However, the results of this thesis comple-
ment the well-supported view that movement is not limited to muscle contraction but also in-
volves interaction with the environment and adaptation to nonlinear muscle—tendon properties,

which notably require integration of sensory inputs, with their associated associated challenges.
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N PERSPECTIVES

In this thesis, the approach used to estimate motoneuron synaptic inputs was to calculate spe-
cific features in the motoneuron firing pattern that are known to be linearly associated with
synaptic input parameters. For example, a reduced attenuation slope is indicative of a positive
relation between excitatory and inhibitory conductances (i.e., a proportional inhibitory pattern).
Thus, by observing a reduction in attenuation slope after SCI and stroke, we could infer that
these injuries lead to a more proportional pattern of inhibition than in control individuals. On
one hand, this inference procedure is simple and justified because of the linear relationship
between the extracted features and specific input characteristics. On the other hand, it is limited
to comparisons of relative differences across populations. For example, we can state that SCI
and stroke individuals likely exhibit a more proportional pattern of inhibition than control indi-
viduals, but we cannot estimate the precise value nor quantify the uncertainty of this inference.

How can these limitations be overcome?

A first solution is to mimic the reverse engineering approach described previously (Chardon et
al., 2024) by iteratively adjusting a noisy excitatory conductance to align the cumulative spike
trains of simulated motoneurons with those from experimental data. As only some iterations
produce firing patterns similar to the observed ones (in terms of quantified features), the space
of synaptic inputs that lead to these results defines the set of possible underlying synaptic input
organisations. In addition, this approach can reveal input configurations that fail to reproduce
the observed data, making them unlikely candidates. This approach was used to assess the effect
of contraction intensity and revealed that only a shift towards a strong push—pull inhibitory
pattern is consistent with the increase in firing rates observed at high intensity (Skarabot et al.,

2025).

A theoretically more robust approach would be to directly use experimental data to predict syn-
aptic inputs. In this regard, the fitted regressions used in Chardon et al. (2024) could be used to
predict synaptic inputs (e.g., the level of neuromodulation). However, such a frequentist ap-
proach treats synaptic parameters as fixed but unknown values and provides a single best esti-
mate, with uncertainty expressed only in terms of variability of the observed features (such as
prediction intervals). This is inappropriate because different synaptic input organisations can
lead to the same firing output, making the exact inputs indistinguishable from the observed

firing. This issue, where an exact solution may not exist or may not be unique, is commonly
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referred to as an inverse or ill-posed problem and arises in many domains (O’Sullivan, 1986).
One way to capture the correct uncertainty structure is a Bayesian approach, which treats syn-
aptic input parameters as random variables and explicitly models uncertainty about them, cap-
turing the fact that multiple synaptic configurations may explain the same firing behaviour.
More specifically, a promising approach to address this inverse problem is simulation-based
inference (Cranmer et al., 2020). The general principle is to run the model with many different
synaptic inputs to motoneurons, generate the corresponding simulated firing patterns, and use
these simulations to learn the probabilistic relationship between inputs and outputs. In this way,
a neural network can approximate the distribution of synaptic inputs most compatible with the
observed data, thereby enabling inference directly from experimental observations. Such an
approach has been used recently in human motoneurons, enabling non-invasive estimation of

recurrent inhibition during voluntary contraction (Dernoncourt et al., 2026).

One recurring theme emerging from the results of this thesis is the role of recurrent inhibition
in shaping motoneuron synaptic inputs, raising the following questions: Is recurrent inhibition
the primary contributor to the modulation of PIC-mediated prolongation with muscle length?
Does it underlie the variability of PIC-mediated prolongation across muscles? Does altered re-
current inhibition explain changes in inhibitory patterns in central nervous system injuries? To
address these questions, it would be theoretically possible to combine the highly biophysically
realistic motoneuron model described in this thesis (Powers & Heckman, 2017), which inte-
grates PIC conductances, with recurrent spinal pathways as implemented in Dernoncourt et al.,
(2026). From this model, these hypotheses could be tested using simulation-based inference,
where a trained neural network would learn the contribution of recurrent inhibition to the syn-
aptic inputs and then be applied to experimental data. Such an approach would allow inference
of both the types of inputs (excitatory, inhibitory, neuromodulatory) and the specific pathways

that mediate them.

Our work also has clinical implications. As revealed by the supplementary analyses, the same
clinical sign (paresis, quantified through firing rate) may arise from different motoneuron syn-
aptic input organisations that do not correlate with impairments, such as antagonist coactivation
or spasticity. As a consequence, if a therapeutic intervention aims to address the specific moto-
neuron input deficits underlying abnormal motoneuron behaviour, it is necessary to assess syn-
aptic input organisation, which cannot be inferred from clinical signs alone. In addition, the
differences between our results obtained during voluntary contraction and those reported during

rest or involuntary contraction suggest that synaptic inputs should be assessed under
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functionally relevant conditions. The fundamental adaptability of synaptic input commands also
requires caution when using pharmacological treatments that may alter synaptic inputs in a rel-
atively fixed manner. In this regard, further studies are required to assess the effects of pharma-
cological treatments on synaptic inputs depending on both dose and motor task. It is possible
that current treatments effective for involuntary signs (e.g., Baclofen for spasms) may be detri-
mental with respect to paresis, and that this has not been detected due to insufficient assessment
of voluntary motor impairments. We can even question whether early use of GABAergic med-
ication may aggravate the reduced adaptability of inhibitory inputs observed at the chronic

stage.

Our finding of muscle-length-dependent alterations in rate coding (and thus in paresis) should
be complemented by evaluating their functional consequences. In particular, determining
whether these alterations result in functional weakness and persist during dynamic tasks such
as walking would help establish their functional relevance. Finally, the current best assessment
of paresis is the interpolated twitch technique (Allen et al., 1995; Klein et al., 2010b). This
method provides an estimate of voluntary activation but is uncomfortable or even painful. Con-
versely, developing non-invasive methods to determine motoneuron behaviour at high contrac-
tion intensities in a clinical setting would allow a direct and painless characterisation, leading

to better evaluation of interventions and improved therapeutic strategies.

N CONCLUSION

The global objective of this thesis was to better define the organisation of synaptic inputs to
motoneurons during voluntary contraction after stroke and SCI, and to determine how these
inputs adapt to changes in inhibitory input in both health and disease. Our results revealed a
shift in the inhibitory—excitatory balance towards greater inhibition after both SCI and stroke,
compared with controls. However, estimates of neuromodulatory input were higher after stroke
than in controls, whereas no difference was observed between SCI and control individuals. Our
results also showed that firing rates and PIC-induced prolongation of motoneuron firing were
reduced at longer muscle lengths and during antagonist tendon vibration in healthy individuals,
but not in SCI and stroke individuals. In healthy individuals, these results were associated with
increased inhibitory input and may represent an adaptation to variations in the muscle’s force-
generating capacity with changes in muscle length. Conversely, in chronic stroke and SCI, this

may reflect muscle-length paresis and, more broadly, a reduced capacity to adapt inhibitory
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input to mechanical constraints. These changes in synaptic input after stroke and SCI were as-
sociated with reduced rate-coding capacity, suggesting a reduced maximal capacity to increase

motoneuron firing rates after stroke and SCI, ultimately contributing to muscle weakness.
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ANNEXES

supplemental material for Study 1

1. Annexe 1
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Detailed statistical results for all parameters (i.e., AF, acceleration, brace height, attenuation, recruit-
ment threshold and maxcimal discharge rate), for the Relative and Absolute contractions and the GM
and SOL muscles. P-values for F tests of main effects (i.e., position and intensity) and interaction (i.e.,
position*interaction) were computed with type Il analysis of variance with Satterthwaite's method.
Contrasts between the positions are inform with estimates and standardized effect sizes, with 95% con-
fidence intervals and p-values. Pps : pulse per second ; MVC : maximal voluntary contraction.

2. Annexe 2 : supplemental material for Study 2

2.A. Comparing muscle lengths at similar absolute contraction torque

Supplementary methods

In the core manuscript, to assess how motoneuron behavior adapts to muscle length, participants
performed contractions at an intermediate muscle length (ankle at 0°) and at a short muscle
length (20° plantarflexion). These triangular contractions reached 40% of the MVT at the re-
spective joint position. However, because plantarflexion torque-generating capacity increases
from short to intermediate muscle lengths, an additional contraction was performed at the in-
termediate position (0°), with torque matched to 40% MVT obtained at the short muscle length
(20°). In addition, participants who were able to perform a contraction at 10° of dorsiflexion
completed this condition at a torque matched to 40% MVT obtained at the short muscle length.
This allowed comparison across a wider range of muscle lengths by including a long muscle

length condition.

@ Short (20°) @ Intermediate (0°) @ Long (0°)

40% MVT (short) 40% MVT (short) 40% MVT (short)

Plantar flexion torque target

12 sec

Supplementary Figure 1. Experimental setup. Participants performed isometric submaximal plantar-
flexions at three ankle positions, corresponding to different plantar flexor lengths: 20° of plantar flex-
ion(short muscle length position), 0° (intermediate muscle length position), and 10° of dorsiflexion. The
intensity of the plantarflexions followed either the same absolute torque, which correspond to 40% of
the maximal voluntary contraction (MVT) in the short muscle length position.
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Supplementary results
Recruitment threshold and rate coding

For the following results, the effects of interest are those involving interactions between group
and muscle length (short, intermediate or long), including both group-muscle length interac-

tions and group-muscle length-muscle interactions.

Participants did not perform maximal voluntary contractions at the long muscle length position,
precluding determination of recruitment thresholds expressed as a percentage of MVT. Accord-
ingly, in this condition, recruitment threshold was defined as the delay between contraction
onset and the first firing. There was a significant interaction between group, muscle length, and
muscle for recruitment threshold (p > 0.0001). Specifically, the control group showed a higher
recruitment threshold in the GM at short compared with long muscle length by 1.9 s (95% CI:
[0.9-3.0], d =0.67, p =0.0002). The incomplete SCI group showed higher recruitment thresh-
old in the SOL at short than at long muscle length by 1.2 s (95% CI: [0.1-2.3],d =0.41,p =
0.03406).

When considering firing rate at recruitment, there was a significant interaction between group
and muscle length (p = 0.0030), with no significant interaction between group, muscle length,
and muscle (p = 0.9905). Specifically, the control group showed a higher firing rate at recruit-
ment at short compared with intermediate (d = 0.72, p < 0.0001) and long muscle length (d =
0.90, p=0.0001), regardless of the muscle. Conversely, no difference between muscle lengths

was observed in the incomplete SCI group (all p > 0.1612).

When considering firing rate modulation, there was a significant interaction between group and
muscle length (p = 0.0144), with no significant interaction between group, muscle length, and
muscle (p = 0.0691). Specifically, the control group showed a higher firing rate modulation at
short compared to intermediate (d = 0.51, p = 0.0019) and long muscle length (d = 0.92, p <
0.0001), as well as a higher firing rate modulation at intermediate compared to long muscle
length (d = 0.41, p = 0.0203), regardless of the muscle. Conversely, no difference between
muscle lengths was observed in the incomplete SCI group (all p > 0.1534).

When considering peak firing rate, there was a significant interaction between group, muscle
length, and muscle (p = 0.0439). Specifically, the control group showed a higher peak firing
rate in the GM at short than at intermediate by 2.2 pps (95% CI: [1.3-3.0],d = 1.5, p <0.0001)
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and long muscle length by 2.8 pps (95% CI: [1.7-3.9], d = 2.0, p < 0.0001); and a higher peak
firing rate in the SOL at short than at intermediate by 1.0 pps (95% CI: [0.3-1.7],d=0.7,p =
0.0036) and long muscle length by 1.9 pps (95% CI: [1.1-2.7],d = 1.3, p <0.0001), as well as
at intermediate than at long muscle length by 0.9 pps (95% CI: [0.2—1.5], d = 0.6, p = 0.0118).
Conversely, no difference between muscle lengths was observed in the incomplete SCI group

(all p>0.1500).
Estimates of synaptic inputs to motoneurons

There was a significant interaction between group and muscle length for acceleration (p =
0.0354), with no significant interaction between group, muscle length, and muscle (p =0.2607).
Specifically, the control group showed a higher acceleration at short compared with intermedi-
ate (d = 0.46, p = 0.0028) and long muscle length (d = 0.51, p = 0.0186), regardless of the
muscle. Conversely, no difference between muscle lengths was observed in the incomplete SCI
group (all p > 0.9727). There were no significant interactions involving the group factor for

attenuation (all p > 0.2343) and brace height (all p > 0.1023).

When considering AF, there was a significant interaction between group and muscle length (p
= 0.0203), with no significant interaction between group, muscle length, and muscle (p =
0.0765). Specifically, the control group showed a higher AF at short compared with long muscle
length (d = 0.65, p = 0.0167), regardless of the muscle. Conversely, no difference between
muscle lengths was observed in the incomplete SCI group (all p > 0.8960).

When considering normalized AF, there was a significant interaction between group, muscle
length, and muscle (p < 0.0001). Specifically, the control group showed a higher normalized
AF in the intermediate compared with the short (by 19%; 95% CI: [3-35], d =0.79, p <0.0001)
and long (by 29% ; 95% CI: [11-47], d = 1.18, p < 0.0001) muscle lengths; and the incomplete
SCI group showed a higher normalized AF in the short compared with the intermediate length
(by 10% ; 95% CI: [0-19], d = 0.40, p < 0.04006).
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Supplementary Figure 2. Motoneuron recruitment thresholds, rate coding and estimates of synaptic
inputs to motoneurons with changes of muscle lengths, at same absolute torque level. The incomplete
SCI (iSCI) and control (CTL) groups are compared at either the same absolute torque (40% MVT of the
short muscle length position). Recruitment threshold (RT), firing rate at recruitment (DR RT), firing rate
modulation (FR modulation), and peak firing rate (max DR), acceleration slope, attenuation slope,
brace height, AF, and normalized AF were obtained from the gastrocnemius medialis (GM, purple) and
soleus (SOL, green). Colored dots represent participant averages, while black dots and bars indicate
the estimated marginal means with 95% confidence intervals predicted by linear mixed-effects models.
Cohen's d is reported for significant differences.
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2.B. Comparing the effects of muscle length and vibration in tracked motoneurons

Supplementary methods 2

In the core manuscript, to assess how motoneuron behavior changed with changes in muscle
length and the application of vibration, the entire set of decomposed motoneurons was used.
This approach allows maximization of the number of motoneurons and participants included in
the analysis. However, it may lead to comparisons between different motoneurons across con-
ditions. Thus, we complemented our approach by tracking motoneurons across conditions (i.e.,

changes in ankle angle and application of vibration).

To achieve this, the motor unit filters identified at the short muscle length were applied to the
extended and whitened EMG signals of the intermediate muscle length condition (Francic &
Holobar, 2021). The resulting spike trains were compared with those initially obtained. A motor
unit was considered tracked if at least 30% of the discharge times were shared. Only the motor
units tracked across the two muscle lengths were included in the analyses. The same procedure

was performed between contractions with and without vibration.

The statistical models used for these comparisons were adapted by adding a random intercept
for each motoneuron [e.g., Imer(metric ~ positiongroupmuscle + (positiongroupmuscle|id_par-

ticipant) + (1]id_participant:id MU)].
Supplementary results 2
Recruitment threshold and rate coding

For the following results, the effects of interest are those involving interactions between group
and condition (muscle length or vibration), including both group-condition interactions and

group-condition-muscle interactions.

For the muscle length condition, there was a significant interaction between group, muscle
length and muscle for recruitment threshold (p = 0.0037). Specifically, the control group
showed a higher recruitment threshold in the GM at the intermediate than at the short muscle
length by 5.5% MVT (95% CI: [1.8-9.1], d = 1.0, p = 0.0037), with no other significant differ-
ences (Fig. 3). When considering firing rate at recruitment, there were no significant interac-
tions involving the group factor (all p > 0.1372). Conversely, there was an interaction between

group, muscle length and muscle for firing rate modulation (p = 0.0206) and peak firing rate (p
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= 0.0381). Specifically, the control group showed higher firing rate modulation by 0.86 pps
(95% CI: [0.34-1.38], d = 0.80, p = 0.0019) and higher peak firing rate by 1.39 pps (95% CI:
[0.79-1.98], d = 1.6, p < 0.0001) in the GM at short compared with the intermediate muscle
length, while there was no difference in the SOL or in either muscle in the incomplete SCI

group (all p > 0.0730).

For the vibration condition, there were no significant interactions involving the group factor for
recruitment threshold (all p > 0.1722). There was an interaction between group and vibration
for firing rate at recruitment (p = 0.0212) and for peak firing rate (p = 0.0007), with no signifi-
cant interaction between group, vibration, and muscle (all p > 0.2815). Specifically, the control
group showed a lower firing rate at recruitment (d = 0.75, p = 0.0071) and a lower peak firing
rate (d = 1.1, p = 0.0003) in the presence of vibration; whereas the incomplete SCI group
showed no significant changes with vibration. There were no significant interactions involving

the group factor for rate modulation (all p > 0.1304).
Estimates of synaptic inputs to motoneurons

For the muscle length condition, there was no interaction between group and muscle length, nor
between group, muscle length, and muscle for acceleration (p > 0.4480), attenuation (p >
0.0756), or brace height (p > 0.0684) (Fig. 4). When considering AF, there was an interaction
between group, muscle and muscle length (p = 0.0096). Specifically, there were no significant
changes in the incomplete SCI group (all p > 0.0783), whereas the control group showed higher
AF at short muscle length in the GM by 0.43 pps (95% CI: [0.18-0.68], d = 0.62, p = 0.0017)
and lower AF at short muscle length in the SOL by 0.65 pps (95% CI: [0.17-1.12], d = 0.94, p
= 0.0076). By contrast, when considering normalized AF, there was no significant interaction
between group and muscle length (p = 0.1004), nor between group, muscle length, and muscle

(p = 0.6264).

For the vibration condition, there was no interaction between group and vibration, nor between
group, muscle length, and muscle for brace height (all p>0.0791), acceleration (all p > 0.0635),
or attenuation (all p > 0.0855). When considering AF, there was a significant interaction be-
tween group and vibration (p = 0095) with no significant interaction between group, vibration,
and muscle (all p > 0.0856). Specifically, there were no significant difference in the incomplete
SCI group (p = 0.5155), whereas the control group showed higher AF without than with vibra-

tion, regardless of the muscle (d = 0.74, p = 0.0060). By contrast, when considering normalized
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AF, there was no significant interaction was found between group and vibration (p = 0. 7497),

nor between group, vibration, and muscle (p = 0.2307).
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Supplementary Figure 3. Effect of muscle length and vibration in motoneuron recruitment threshold
and rate coding, with tracked motoneurons across conditions. The modulation of motoneuron rate
coding and recruitment threshold between the incomplete SCI (iSCI) and control (CTL) groups are com-
pared in response to changes in muscle length at the same relative torque (40% MVT), and the applica-
tion of tendon vibration to antagonist muscles, at short muscle length (20° of plantarflexion). Recruit-
ment threshold (RT), firing rate at recruitment (DR RT), firing rate modulation (FR modulation), and
peak firing rate (peak FR), were obtained from the gastrocnemius medialis (GM, purple) and soleus
(SOL, green). Colored dots represent participant averages, while black dots and bars indicate the esti-
mated marginal means with 95% confidence intervals predicted by linear mixed-effects models. Cohen's
d is reported for significant results (p < 0.05).
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Supplementary Figure 4. Effect of muscle length and vibration in estimates of synaptic inputs to
motoneurons, with tracked motoneurons across conditions. The modulation of motoneuron estimates
of synaptic inputs to motoneurons between the incomplete SCI (iSCI) and control (CTL) groups are
compared in response to changes in muscle length at the same relative torque (40% MVT), and the
application of tendon vibration to antagonist muscles, at short muscle length (20° of plantarflexion).
The acceleration slope, attenuation slope, brace height, AF, and normalized AF were obtained from the
gastrocnemius medialis (GM, purple) and soleus (SOL, green). Colored dots represent participant av-
erages, while black dots and bars indicate the estimated marginal means with 95% confidence intervals
predicted by linear mixed-effects models. Cohen's d is reported for significant results (p < 0.05).
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Estimation non invasive des entrées synaptiques des motoneurones a spinaux chez
'homme : effets de la position articulaire et des Iésions du systéme nerveux central

Mots clés : unité motrice, parésie, inhibition, courants entrants persistants, neuromodulation

Résumé : Malgré la complexité des réseaux de
neurones qui élaborent le mouvement volontaire,
la contraction musculaire repose in fine sur un
seul type de neurone, le motoneurone a.
L’ensemble des influences qui s’exercent sur ce
dernier peut étre regroupé en trois grands types
d’entrées synaptiques : excitatrices, inhibitrices
et neuromodulatrices. Ces différentes entrées
laissent des signatures caractéristiques dans
I'activité des motoneurones a. En s’appuyant sur
cette propriété, il est possible d’estimer les
entrées synaptiques conduisant a l'activité des
motoneurones a, qui peut elle-méme étre
recueillie par décomposition des sighaux
d’électromyographie de surface. Sur cette base,
les travaux de cette these visent a estimer les
entrées synaptigues des motoneurones a lors de
changements de position articulaire, ainsi
gu’aprés un accident vasculaire cérébral (AVC)
ou une lésion de la moelle épiniére (LME).

Ces travaux ont mis en évidence une
augmentation des entrées inhibitrices apres un
AVC ou une LME, suggérant qu'elles
contribuent a la diminution de la capacité a
augmenter l'activité des motoneurones a. De
plus, alors que les participants sains semblent
adapter leurs entrées synaptiques a la position
articulaire, notamment via une régulation des
entrées inhibitrices, une telle adaptation n’est
pas observée aprés un AVC ou une LME. Ces
résultats indiguent que les entrées inhibitrices
sont a la fois excessives et peu adaptables dans
ces deux pathologies. Enfin, une augmentation
des entrées neuromodulatrices n'a été
observée qu’aprées un AVC, suggérant une
organisation distincte des entrées synaptiques
contribuant a la faiblesse musculaire, et
appelant potentiellement a des stratégies
thérapeutiques différenciées.

Non-invasive estimation of synaptic inputs to human spinal a-motoneurons:
effects of joint position and central nervous system injury

Keywords: motor unit, paresis, inhibition, persistant inward currents, neuromodulation

Abstract: Despite the complexity of the neural
networks underlying voluntary movement,
muscle contraction ultimately relies on a single
type of neuron, the a-motoneuron. All the
influences acting on it can be grouped into three
main types of synaptic inputs: excitatory,
inhibitory and neuromodulatory. These different
inputs leave characteristic signatures in the
activity of a-motoneurons. Based on this
property, it is possible to estimate the synaptic
inputs driving the activity of a-motoneurons,
which can itself be obtained through
decomposition of surface electromyography
signals. On this basis, the work of this thesis aims
to estimate the synaptic inputs of a-motoneurons
during changes in joint position, as well as after
stroke or spinal cord injury (SCI).

This work has highlighted an increase in
inhibitory inputs after stroke or SCI, suggesting
that they contribute to the reduced ability to
increase a-motoneuron activity. Furthermore,
whereas healthy participants appear to adapt
their synaptic inputs to joint position, notably via
regulation of inhibitory inputs, such adaptation is
not observed after stroke or SCI. These results
indicate that inhibitory inputs are both excessive
and poorly adaptable in these two pathologies.
Finally, an increase in neuromodulatory inputs
was observed only after stroke, suggesting a
distinct organisation of synaptic inputs
contributing to muscle weakness, and
potentially calling for differentiated therapeutic
strategies.



