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Abstract 
A motor unit, which is comprised of a motoneurone and the muscle fibres it innervates, forms 

the basic building block of motor control. Studying the behaviour of motor units affords 

insight into the properties of human motoneurones. Serotonin (5-HT) has strong modulatory 

effects on motoneurone excitability. 5-HT neurons form monosynaptic connections with 

motoneurones and converging lines of evidence indicate that 5-HT release onto 

motoneurones varies proportionally with the intensity of motor activity. Cellular preparations 

have indicated that the most significant modulatory effects that 5-HT has on motoneurones 

result from activation of somato-dendritic 5-HT2 receptors, which facilitate the generation of 

a type of electrical current that is resistant to inactivation known as a persistent inward 

current (PIC). However, a direct link between motor unit discharge, 5-HT2 receptor activity, 

and PIC activity, is yet to be demonstrated during voluntary muscle contractions in humans. 

Therefore, the purpose of this thesis is to investigate the competitive antagonism of 5-HT2 

receptors in human participants and quantify the impact this has on motor unit activity as 

measured by high-density surface electromyography (HDsEMG). 

Four studies comprise this thesis, each using cyproheptadine to antagonise 5-HT2 receptor 

activity, and the ankle dorsiflexors as a model to study the motoneuronal control of muscle. 

In Study 1, the reliability of two common procedures used to track motor units (blind source 

separation filters and two-dimensional waveform cross-correlation) were assessed under 

physiological conditions, as well as after cyproheptadine administration. The results from 

Study 1 indicated that tracking method selection may not impact the interpretation of motor 

unit data at lower contraction intensities. However, increased variability in motor unit 

characteristics with increasing contraction intensities warrant consideration when interpreting 

data from motor units tracked at higher contraction intensities. 
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In Study 2, motor unit activity was assessed during rapid isometric contractions to 30%, 50%, 

and 70% of each participant’s maximal voluntary contraction (MVC). 5-HT2 receptor 

antagonism was associated with a reduction in rate of torque development, and a concomitant 

reduction in motor unit discharge rate. These findings were consistent across contraction 

intensities. 

In Study 3, motor unit activity was assessed during ramped contractions with a steady state 

hold at 10%, 30%, 50% and 70% of each participant’s dorsiflexion MVC. 5-HT2 receptor 

antagonism was associated with a reduction in motor unit discharge rate, an increase in 

derecruitment threshold, and a reduction in the estimates of PIC amplitude. In line with Study 

2, these drug related changes to motor unit discharge characteristics were consistent across 

contraction intensities. 

 In Study 4, motor unit activity was assessed during a novel contraction protocol, that featured 

a hold contraction from rest with an additional (superimposed) ramp in the middle of the 

hold. The novel contraction protocol was a submaximal dorsiflexion which comprised two 

10-s plateaus at 10% MVC, separated by a 20-s superimposed triangular contraction which 

peaked at 30% MVC, and was designed to exemplify self-sustained firing behaviour. 5-HT2 

receptor antagonism caused a reduction in motor unit recruitment threshold, peak discharge 

rate, and self-sustained firing duration.  

This thesis provides novel human evidence that 5-HT2 receptor activity plays a key role in 

regulating motor activity. Specifically, 5-HT2 receptor antagonism consistently reduced motor 

unit discharge rate, irrespective of the contraction speed, intensity, and shape. Reductions in 

motor unit discharge rate aligned with reductions in estimates of PIC activity, as well as 

incidence and duration of self-sustained motor unit firing. Overall, these findings support the 
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notion that serotonergic neuromodulation is a key facilitator of motor unit discharge, whereby 

a PIC-based mechanism is involved in regulating the excitability of human motoneurones.  
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Chapter 2 is a literature review of neuromodulation and human motor unit behaviour. 

Chapter 3 investigates the reliability of tracking motor units via blind source separation 

filters and waveform cross-correlations under physiological and pharmacological conditions. 

Chapter 4 describes the effects of 5-HT2 receptor blockade on rate of torque development and 

motor unit discharge rate during rapid contractions. 

Chapter 5 examines the effects of 5-HT2 receptor blockade on motor unit firing and estimates 

of persistent inward currents during voluntary contractions of differing intensities. 

Chapter 6 explores the effects of 5-HT2 receptor blockade on self-sustained firing of human 

motor units. 

Chapter 7 is a general discussion providing a summary and synthesis of the experimental 

findings from this thesis.
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Chapter 1 Introduction 
 

1.1 Background 

Motor units are the basic building blocks of motor control, serving as the fundamental 

neuromechanical transducers for all motor commands (Heckman & Enoka, 2012). A motor 

unit is comprised of two components: a motoneurone, and the muscle fibres it innervates. 

When a motoneurone generates an action potential, this electrical signal is transmitted to the 

muscle fibres it innervates, causing them to contract. A one-to-one relation exists between 

motoneurone action potentials, and the action potentials detected in the innervated muscle 

fibres. Thus, recording the firing patterns of motor units via electromyography (EMG) can 

provide insights into motoneuronal activity, making motoneurones the only neurons in the 

central nervous system (CNS) whose firing patterns can be readily measured in humans.  

Whenever humans voluntarily contract a muscle, motor pathways originating in the brain 

transmit a ‘basic command signal’ to the spinal cord, where motoneurones in the spinal cord 

then convey this information to the muscle. The CNS has two main mechanisms by which it 

can increase the magnitude of muscle force produced: (1) the recruitment of additional motor 

units, and/or (2) increasing the rate at which recruited motor units discharge. Motor unit 

recruitment and discharge characteristics arise from motor commands which comprise 

excitatory, inhibitory, and modulatory inputs. The complex nature of motor commands means 

that it is unlikely that individual motor unit firing patterns would contain sufficient 

information to ‘unpack’ motor control strategies. Fortuitously, recent developments in the 

acquisition and analysis of high-density surface electromyography (HDsEMG) have unlocked 

the potential to examine how large populations of motor units regulate their recruitment and 

discharge during the performance of voluntary motor tasks. The concurrent identification of 
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the same motor units from intramuscular EMG signals (the current gold standard) and 

decomposition of HDsEMG has provided convincing evidence that HDsEMG decomposition 

can reliably identify motor units in a single testing session during isometric muscle 

contractions (Enoka, 2019; Holobar, Minetto, & Farina, 2014). This validation also confirms 

the utility of within session tracking using blind source separation filters, though technical 

challenges remain when tracking motor units across multiple recording sessions to examine 

the effect of an intervention. Thus, it is important for tracking methods to be reliable when 

motor unit activity is predicted to change with an intervention. Currently, little data exists for 

reliability of motor unit tracking in a pre-post design, which must be rectified to ensure the 

measurement of activity in the same units before and after an intervention. 

Motoneurones have been labelled the ‘final common path’ between the CNS (which plans, 

controls, and organises movement) and muscles (which produce behaviour). Though once 

thought to relay descending commands passively, motoneurones are now known to integrate 

synaptic activity and appropriately fine tune output, ultimately resulting in the production of 

muscle force. Motoneurones act like signal integrators due to their ability to generate an 

intrinsic source of persistent inward current (PIC) that is resistant to inactivation (Binder, 

Powers, & Heckman, 2020). Fast-activating voltage gated sodium channels and slow-

activating L-type voltage gated calcium channels are the primary sources of PICs, which are 

responsible for various nonlinearities detected in the firing patterns of motoneurones. For 

example, the fast-activating sodium PIC can amplify ionotropic inputs by as much as 3-5 –

fold, which manifests as an initial acceleration in motoneurone firing rate as the PIC activates 

(Harvey, Li, Li, & Bennett, 2006b; Kuo, Lee, Zhang, & Heckman, 2006). Additionally, the 

slow-activating calcium PIC demonstrates minimal inactivation, allowing for motoneurones 

to sustain discharge after the cessation of synaptic inputs responsible for initiating firing 

(Hounsgaard, Hultborn, Jespersen, & Kiehn, 1988). Another PIC-induced effect on 
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motoneurone firing is firing rate saturation, which is characterised by a decreased sensitivity 

to increases in excitatory input (Lee & Heckman, 2000; Powers, Elbasiouny, Rymer, & 

Heckman, 2012). Ultimately, PICs exert a profound influence on motoneurone behaviour, 

shifting these cells from mere linear transducers of synaptic currents to highly nonlinear 

actuators. 

The level of PIC activation is highly dependent on neuromodulatory drive from the 

monoaminergic system (Heckman, Mottram, Quinlan, Theiss, & Schuster, 2009). 

Neuromodulatory inputs differ from ionotropic inputs in the following way: ionotropic inputs 

induce depolarisation and hyperpolarisation in motoneurones, whereas neuromodulatory 

inputs govern the intrinsic excitability of the motoneurone via modulation of its response to 

ionotropic inputs. Monoamines are a class of neurotransmitter which modulate the intrinsic 

properties of neurons in the CNS, and include dopamine, noradrenaline (NA), and serotonin 

(or 5-hydroxytryptamine, 5-HT). Of the diverse range of neurotransmitters known to have 

neuromodulatory effects on motoneurones, 5-HT and NA are thought to have the most  potent 

effects on motoneurones (Heckman & Enoka, 2012). Although the effects of 5-HT and NA on 

motoneurones are similar, these neuromodulators are linked to different behaviours. The 

noradrenergic system is coupled to the state of arousal (Aston-Jones, Rajkowski, & Cohen, 

2000), whereby the NA releasing neurons in the locus coeruleus exhibit low activity during 

quiet rest, and discharge at high frequencies during stressful situations (Abercrombie & 

Jacobs, 1987; Rasmussen, Morilak, & Jacobs, 1986). In contrast, the discharge frequency of 

5-HT releasing neurons in the raphe nuclei, which descend the spinal cord and synapse with 

motoneurones, increases proportionally with motor output ���-�D�F�R�E�V�����0�D�U�W�Õ�“�Q-Cora, & Fornal, 

2002). The proportional relationship between activity in descending 5-HT tracts and motor 

activity can be leveraged to investigate the neuromodulatory effects of 5-HT in humans, as 

humans can voluntarily produce different types of contractions in very specific ways. For this 
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reason, this thesis will focus on the neuromodulatory effects of the monoamine 5-HT on 

human motoneurones. 

5-HT neurons project from the raphe nuclei throughout the brain and spinal cord, innervating 

the soma and dendrites of motoneurones in the ventral horn of the spinal cord (Alvarez et al., 

1998; Pilowsky, De Castro, Llewellyn-Smith, Lipski, & Voss, 1990; Ridet, Tamir, & Privat, 

1994). Motoneurones express various membrane-bound 5-HT receptors (Perrier, 2013), and 

the activation of 5-HT neurons can lead to the release of 5-HT onto these receptors to exert 

postsynaptic modulatory effects. Of particular importance to this thesis, the facilitatory 

effects of 5-HT on motoneurone PICs are most likely to be mediated by 5-HT2 receptors on 

their soma and dendrites (D'Amico et al., 2013; Harvey, Li, Li, & Bennett, 2006a; Harvey et 

al., 2006b; Murray, Stephens, Ballou, Heckman, & Bennett, 2011; Perrier & Delgado-

Lezama, 2005; Perrier & Hounsgaard, 2003). A number of studies have been able to mimic 

the excitatory effects of 5-HT via pharmacological agonism of somato-dendritic 5-HT2 

receptors, and/or abolished excitatory effects with 5-HT2 receptor antagonism (Cotel, Exley, 

Cragg, & Perrier, 2013; Elliott & Wallis, 1992; Hsiao, Trueblood, Levine, & Chandler, 1997; 

Jackson & White, 1990). Moreover, there is evidence from animal models that both sodium 

PICs (Harvey et al., 2006a, 2006b) and calcium PICs (Murray et al., 2011; Perrier & 

Delgado-Lezama, 2005; Perrier & Hounsgaard, 2003) are facilitated by 5-HT2 receptor 

activation. Thus, the 5-HT2 receptor likely contributes to human motor unit behaviour during 

voluntary contractions. 

It has recently been demonstrated that enhancing the availability of 5-HT in the CNS 

increases the ability to voluntarily activate the upper limb during high-intensity elbow 

flexions in humans (Henderson, Taylor, Thorstensen, Tucker, & Kavanagh, 2022; Kavanagh, 

McFarland, & Taylor, 2019; Thorstensen, Taylor, Tucker, & Kavanagh, 2020). The observed 

enhancement in voluntary activation likely involves 5-HT2 receptor activity, as the 
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administration of a 5-HT2 antagonist caused a reduction in elbow flexion force by ~3% 

during maximal contractions (Thorstensen, Taylor, & Kavanagh, 2021). While these studies 

provide insight to how serotonergic neuromodulation contributes to voluntary muscle 

activation, it is still largely unknown how 5-HT2 activity influences the recruitment, and 

firing rate, of motor units responsible for activating the muscle. Moreover, it is unknown 

whether these observations are exclusive to maximal efforts, or also present during 

submaximal contractions at various intensities. The observed discharge rate for a given motor 

unit is dependent on the intensity at which the muscle contraction is being performed. 

Compared to lower intensity contractions, higher intensity contractions require faster motor 

unit discharge rates. However, the precise mechanisms by which motoneurones achieve these 

alterations in firing characteristics remains unclear, and the role of 5-HT neuromodulation is 

largely unknown. 

In addition to contraction intensity, the observed discharge rate for a given motor unit is also 

dependent on the contraction modality. Relative to slower ramped contractions, ballistic 

contractions (characterised by obtainment of force over the shortest possible time) necessitate 

a reduction in motor unit recruitment threshold, sharper initial increases in discharge rate, and 

higher instantaneous discharge rates (Desmedt & Godaux, 1977). Compared to peak 

discharge rates of 20-30 pulses per second during steady state efforts, motor units have been 

observed to fire as fast as 200 pulses per second during ballistic contractions (Del Vecchio, 

Negro, et al., 2019). Again, the precise mechanisms by which motoneurones modify their 

firing behaviours to achieve ballistic contractions is incomplete. One possible mechanism is 

the PIC produced by fast activation of voltage gated sodium channels which are found in 

dense concentrations at the axon initial segment. The activation of the sodium PIC, which are 

facilitated by 5-HT2 receptor activity, are presumed to be crucial in the initiation of action 

potentials (Duflocq, Chareyre, Giovannini, Couraud, & Davenne, 2011). Furthermore, in 



Introduction 

7 
 

vitro and in situ animal preparations have revealed that alterations in motoneurone discharge 

are rapid when serotonergic pathways become active (Noga et al., 2017; Perrier & Delgado-

Lezama, 2005; Veasey, Fornal, Metzler, & Jacobs, 1995). Therefore, the sharper increases in 

discharge and higher instantaneous discharge rates observed during ballistic contractions are 

likely under the influence of 5-HT neuromodulation. 

1.2 Statement of the problem 

The involvement of serotonin during different muscle contraction modalities in humans is 

poorly understood. Most of the evidence detailing the neuromodulatory effects of 5-HT on 

motoneuronal output has come from animal or in vitro experimentation. However, the 

extrapolation of findings from animal or invitro studies to human neurophysiology must be 

undertaken with caution. For example, a slice preparation can accurately reveal the activity of 

receptors on motoneurones, but not during a CNS driven contraction. In contrast, humans can 

voluntarily produce different types of contractions with varying rates of force generation and 

force magnitude. This allows for a detailed study of motor unit recruitment and discharge 

rate. To enhance our understanding of how serotonergic neuromodulation effects 

motoneuronal output in humans, it is imperative to complement the existing body of animal 

data with human neuropharmacological data. Given that motor unit characteristics are task 

dependent, voluntary contraction tasks of varying rates of force development and force 

magnitudes can be used to provide insight into the role of 5-HT in modulating motor unit 

activity. 

Animal and cellular preparations have indicated that the most significant modulatory effects 

that serotonin has on motoneurone gain likely result from its facilitation of dendritic PICs, 

which amplify ionotropic input and promote sustained motoneurone discharge (Heckman et 

al., 2009). However, a direct link between motor unit discharge, 5-HT2 receptor activity, and 

PIC activity, is yet to be demonstrated during voluntary muscle contractions in humans. 
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Moreover, converging lines of evidence suggest that excitatory synaptic input is needed to 

observe serotonergic effects in human spinal motoneurone excitability (Henderson, Taylor, 

Thorstensen, & Kavanagh, 2024; Thorstensen, Taylor, & Kavanagh, 2022), so it is possible 

that the effects of serotonergic neuromodulation, in particular PIC-induced self-sustained 

firing of motoneurones, will differ depending on the initial state of the motor system. 

Drugs that can antagonise 5-HT receptors on motoneurones represent valuable tools for 

studying serotonergic neuromodulation of motor pathways in humans, and can be combined 

with HDsEMG and motor unit decomposition techniques to better understand serotonergic 

mechanisms at the level of the motoneurone. Although some human studies that have utilised 

drugs to investigate serotonergic contributions to motor activity, no studies have examined 

how the recruitment and discharge characteristics of populations of motor units (as measured 

by HDsEMG) are influenced by serotonergic drugs. Moreover, there is yet to be human 

investigations which elucidate whether 5-HT receptor activity changes across the range of 

different contraction intensities, and therefore different sized motoneurones. To better 

understand the role of serotonergic neuromodulation in human motor pathways and 

complement animal data, human neuropharmacological evidence is required. By employing 

drugs known to have serotonergic effects as interventions in human movement studies, the 

role of 5-HT within human motor control may be investigated. Specifically, the antagonism 

of the likely motoneurone receptor candidate, the 5-HT2 receptor, can be implemented in 

healthy human participants and can provide insights into how specific 5-HT influence 

motoneurone function in humans. 

1.3 General purpose of the thesis 

To competitively antagonise 5-HT2 receptors in human participants and quantify the impact 

this has on motor unit activity as measured by HDsEMG. This paradigm affords the 

opportunity to examine drug effects, from which insights may be gained about the role of 5-
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HT during a variety of contraction modalities and intensities. Moreover, insights gained from 

studying motor unit properties can be used to make inferences about the intrinsic properties 

of human motoneurones. 

1.4 Specific aims and hypotheses 

Four studies comprise this thesis, each using the ankle dorsiflexors as a model to study the 

motoneuronal control of muscle. Specifically, HDsEMG signals were recorded from tibialis 

anterior during isometric dorsiflexions at varying intensities and speeds. The HDsEMG 

signals were decomposed into individual motor unit action potential waveforms and the 

spiking patterns of motor units were assessed.  

Study 1 

Aim 

The aim of Study 1 was to evaluate the effects of contraction intensity and 5-HT2 receptor 

antagonism on the reliability of two common motor unit tracking procedures: the blind source 

separation filter method and two-dimensional waveform cross-correlation. Motor units were 

matched within session (2.5 h) using the filter method, and between sessions (7 days) via the 

waveform method. The reliability of motor unit tracking was assessed at 10%, 30%, 50% and 

70% of dorsiflexion maximal voluntary contraction (MVC) from pre- to post-placebo. The 

study design also included a drug intervention, whereby 8 mg of cyproheptadine was used to 

competitively antagonise 5-HT2 receptor activity. 

Hypothesis 

It was hypothesised that both the blind source separation filter and waveform cross-

correlation methods would demonstrate similar reliability for tracking motor units under both 

placebo and cyproheptadine conditions. Secondary to this, it was hypothesised that motor unit 

tracking reliability would decrease with increasing contraction intensity.  
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Study 2 

Aim 

Using two rapid isometric contraction protocols, the aim of Study 2 was to determine the role 

that the 5-HT2 receptor plays in modulating motor units discharge rate during ballistic 

contractions. The first protocol examined unfatigued rapid dorsiflexions to 30%, 50% and 

70% of MVC. The second protocol examined the same submaximal rapid dorsiflexions after 

a fatigue inducing dorsiflexion, where subjects maintained an MVC until force declined to 

60% of their initial maximum effort. Both protocols were performed in two sessions: a 

placebo session, and a cyproheptadine session. 

Hypothesis 

Given that 5-HT effects in humans are most obvious during strong motor activity, it was 

hypothesised that motor unit discharge rate during unfatigued rapid dorsiflexions would only 

be reduced with 5-HT2 antagonism at 70% of MVC. Given that the fatigued rapid 

dorsiflexions were performed immediately after a sustained maximal effort, it was 

hypothesised that 5-HT2 antagonism would reduce motor unit discharge rate for all intensities 

in the second protocol. 

Study 3 

Aim 

Using ramped dorsiflexions to a steady state at various submaximal intensities, the aim of 

Study 3 was to determine if the contribution of 5-HT2 receptor activity to human motor unit 

behaviour is intensity dependent, and whether changes in motor unit discharge aligned with 

changes in estimates of PICs. Motor unit discharge and recruitment characteristics were 

assessed at 10%, 30%, 50% and 70% of MVC, and matched from pre- to post-placebo and 

pre- to post-cyproheptadine. The magnitude of PIC contribution to unit firing was estimated 

at 10% and 30% of MVC. 
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Hypothesis  

It was hypothesised that motor unit discharge rate immediately following recruitment, and 

during the steady-state contractions, would be reduced with 5-HT2 antagonism, and that these 

reductions would align with reductions in the estimates of PIC amplitude following 5-HT2 

antagonism. Based on findings from unfatigued dorsiflexions in Study 2, it was hypothesised 

that drug effects would be independent of the submaximal intensity being performed. 

Study 4 

Aim 

Using a novel contraction protocol featuring a hold contraction from rest with an additional 

(superimposed) ramp in the middle of the hold, the aim of Study 4 was to examine 5-HT 

effects on motor unit discharge when descending drive to the motor pool is changed. The 

novel contraction protocol was a submaximal dorsiflexion which comprised of two 10-s 

plateaus at 10% MVC, separated by a 20-s superimposed triangular contraction which peaked 

at 30% MVC, and was designed to exemplify self-sustained firing behaviour. Motor unit 

discharge, recruitment, and firing duration was assessed before and after the administration of 

cyproheptadine.  

Hypothesis 

It was hypothesised that 5-HT2 receptor antagonism would mitigate self-sustained firing 

arising from additional synaptic inputs, which would support a neuromodulation mechanism 

involving the 5-HT2 receptor. Secondary to this, it was also hypothesised that 5-HT2 receptor 

antagonism would again cause reductions to motor unit discharge rate. 
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Chapter 2 Literature r eview 
 

2.1 Motoneurone physiology 

Every voluntary human movement is the result of pools of motoneurones working 

synchronously to fire trains of action potentials at frequencies that cause innervated muscle 

fibres to contract with the appropriate force (Heckman & Enoka, 2012). To achieve this, 

motoneurones must integrate synaptic input from the forebrain, brainstem, spinal premotor 

neurons, and proprioceptive afferents (Figure 2.01). Inputs can be classified as excitatory, 

inhibitory, or modulatory, the culmination of which informs the motoneuronal output in the 

form of spike trains. Therefore, in order to understand the synaptic composition of motor 

commands, it is necessary to understand of how motoneurones integrate this multitude of 

inputs. 
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Figure 2.01 Voluntary force production at the motoneuronal level. Summary of inputs 
to �.- and ��-motoneurones for an agonist muscle. Figure sourced from Gandevia (2001). 

 

It is the ultimate purpose of a motoneurone to fire trains of action potentials in response to 

synaptic inputs to its soma and extensive dendritic tree. These many and varied inputs are 

actively integrated by the motoneurone to provide sustained depolarisation sufficient to 

initiate repetitive firing at a particular rate. Changes to firing rate and spike timing are 

influenced by changes in the morphology of the motoneurone action potential.  Irrespective 

of neurone type, action potentials are an all-or-nothing phenomenon that have common 

phases: threshold, depolarisation (rising), repolarisation (falling), fast after hyperpolarisation 

(fAHP), after depolarisation (ADP), and medium after hyperpolarisation (mAHP, see Figure 

2.02). 

  

Figure 2.02 Action potential morphology of the generic adult mammalian 
motoneurone. Each phase of the action potential is identified by arrows, along with the 
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conductance underlying the different phases of the action potential. Figure sourced from 
Nordstrom, Gorman, Laouris, Spielmann, and Stuart (2007). 

 

The voltage at which an action potential is generated is referred to as threshold, or voltage 

threshold. Once the motoneurone membrane potential reaches voltage threshold, there is 

activation of voltage-gated ion channels and rapid depolarisation of the membrane potential 

(Barrett & Crill, 1980). This constitutes the rising phase of the action potential spike (Figure 

2.02), which is heavily reliant on sodium channel availability. The specific voltage at which 

voltage threshold occurs is subject to change over time and with behaviour, meaning that it is 

state dependent. For example, in a cat preparation, voltage threshold is lower (i.e., more 

negative; hyperpolarised) during fictive locomotion when compared to a control threshold 

(Dai, Jones, Fedirchuk, McCrea, & Jordan, 2002; Krawitz, Fedirchuk, Dai, Jordan, & 

McCrea, 2001). Thus, it appears that modulation of voltage threshold is a mechanism by 

which the central nervous system (CNS) can regulate motoneuronal output. Importantly, the 

state dependency of motoneurone voltage threshold likely means that it is subject to 

neuromodulatory control (Krawitz et al., 2001). 

A motor pool is a population of motoneurones responsible for the innervation of a single 

muscle (Kanning, Kaplan, & Henderson, 2010). Within a given motor pool, there is diversity 

both in type and function of motoneurones. First and foremost is the �.-motoneurones, which 

innervate the extrafusal muscle fibres that ultimately produce force. These �.-motoneurones 

may be further sub-divided based on the type of muscle fibre that they innervate. Type I 

muscle fibres are characterised as slow twitch, type IIa as fast twitch fatigue-resistant, and 

type IIb and IIx are fast twitch fatigable. Although in most animals the IIb unit contains IIb 

myosin, in humans the IIb myosin gene does not exist. Consequently, human IIb motor units 

contain many (but not exclusively) IIx myosin. The electrophysiological properties of the �.-

motoneurones are thought to resemble the fibre types they innervate, and are termed slow (S), 
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fast fatigue resistant (FR), and fast fatigable (FF) motoneurones (Burke, Levine, Tsairis, & 

Zajac Iii, 1973). Additionally, approximately 30% of the motor pool are ��-motoneurones, 

which are responsible for innervating the contractile elements of muscles spindles (Granit, 

1975). Finally, there are ��-motoneurones which innervate both spindles and extrafusal fibres.  

Motoneurones primarily receive two different types of input that can be broadly classified as 

ionotropic inputs and neuromodulatory inputs. Ionotropic receptors are pores on the 

motoneurone membrane which open upon binding of a neurotransmitter. For example, 

binding of gamma-aminobutyric acid (GABA) classically induces an inhibitory postsynaptic 

potential, and binding of glutamate classically induces an excitatory postsynaptic potential 

(Hille, 1978). Although a simplification, when a neurotransmitter binds to a neuromodulatory 

receptor there is generally activation of G-proteins which are coupled to intracellular 

signalling pathways (Hille, 1978). Ionotropic inputs and neuromodulatory inputs may be 

functionally delineated as follows: ionotropic inputs induce depolarisation and 

hyperpolarisation in motoneurones, thereby facilitating distinct motor commands and 

reflexes. Conversely, neuromodulatory inputs govern the intrinsic excitability of the 

motoneurone via modulation of its response to ionotropic inputs. Therefore, a motoneurone’s 

responsiveness to a given ionotropic input is largely dependent on the level and type of 

neuromodulatory inputs present. The significant influence of neuromodulatory inputs on 

motoneuronal output (i.e., force) has been best illustrated via computer simulations which 

leverage data from animal preparations (Heckman, Hyngstrom, & Johnson, 2008; Heckman 

et al., 2009). For example, simulations built on motor unit data from the cat gastrocnemius 

medialis demonstrate that the maximal level of muscle activation may only be achieved in the 

presence of neuromodulatory drive to motoneurones (Figure 2.03). Specifically, the 

simulations demonstrate that for a given level of excitatory ionotropic input, neuromodulation 





Chapter 2 

18 
 

afferent feedback (e.g., mechanoreceptors, golgi tendon organ, and muscle spindles). These 

inputs are converted into muscle force, and as such motor units act as neuromechanical 

transducers. Action potentials recorded at the level of the muscle fibre are easily quantified, 

and tightly coupled to motoneurone action potentials (Binder, Heckman, & Powers, 2010). 

Thus, studying motor units offers a unique insight into the discharge characteristics of 

motoneurones. The CNS has two main mechanisms by which it can control the magnitude of 

muscle force produced: (1) the recruitment of additional or fewer motor units, or (2) varying 

the rate at which motor units discharge. Examining how motor unit recruitment and discharge 

characteristics arise from its various synaptic inputs can therefore provide an insight to motor 

control strategies.  

2.2.1 Motor unit recruitment 

Fundamentally, motor behaviour is a product of muscle force generation achieved via the 

recruitment of motor units and the modulation of firing rates of already recruited units 

(Adrian & Bronk, 1929). The recruitment of motor units follows a notable size pattern, 

whereby during tasks of steadily increasing force, motor units with smaller amplitude action 

potentials are recruited prior to units with large amplitude action potentials (Denny-Brown & 

Pennybacker, 1938). This phenomenon is colloquially termed ‘the size principle’; the 

function and mechanistic understanding of which was pioneered by Henneman and 

colleagues (Henneman & Mendell, 2011; Henneman & Olson, 1965; Henneman, Somjen, & 

Carpenter, 1965a, 1965b). In a series of cat-based experiments involving the stimulation of 

motor axons in the filaments of the ventral roots of the cord, it was established that motor unit 

action potential size was proportional to the speed, force, and fatigability of the motor unit. 

Functionally, these findings revealed that the size-based recruitment of motor units provided 

optimal activation in terms of energy efficiency, fatigue resistance and precision of 

movement. From a mechanistic perspective, Henneman’s work revealed that the size 
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principal rather simply follows the notion of Ohm’s Law. The intrinsic properties of 

motoneurones define recruitment order, such that small motor units have small motoneurones 

with high electrical resistance, causing them to be more responsive to a given level of 

synaptic current. As the soma of the motoneurone increases in size (i.e., larger motor units), 

the intrinsic resistance is lower, thus more synaptic current is required to initiate 

depolarisation. This conceptual discovery highlights an important evolutionary adaptation, 

which drastically streamlines the computational burden of selectively recruiting motor units 

appropriate to motor commands.  

2.2.2 Motor unit discharge 

The rate at which a given motor unit discharges is dependent on the motor task being 

performed. Isometric contractions during which a subject slowly increases and then 

subsequently decreases muscle force are often employed for the detection of motor unit 

recruitment threshold. This is quantified as the level of force at which a motor unit begins to 

discharge action potentials. The triangular contraction task is can also be used to quantify rate 

modulation in the detected motor units. The recruitment thresholds and instantaneous 

discharge rates of four motor units from a healthy adult human rectus femoris, as detected via 

intramuscular EMG during a submaximal isometric knee extension task to ~30% of MVC, 

are shown in Figure 2.04. Notably, earlier recruited units achieved a greater peak discharge 

rate compared to later recruited units (Person & Kudina, 1972), an observation which has 

been consistently replicated during submaximal efforts (De Luca & Erim, 1994; De Luca, 

LeFever, McCue, & Xenakis, 1982a, 1982b; Tanji & Kato, 1973; Westgaard & De Luca, 

2001). However, this relationship does not hold true when muscle force reaches near maximal 

levels (Erim, De Luca, Mineo, & Aoki, 1996; Oya, Riek, & Cresswell, 2009).  
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Figure 2.04 Rate modulation during a ramp increase and decrease in muscle force. 
The recruitment and derecruitment thresholds and rate modulation of four human rectus 
femoris motor units during an isometric knee extension task to 33% of MVC. pps, pulses 
per second; MVC, maximal voluntary contraction. Data from Person and Kudina (1972). 
Figure sourced from Heckman and Enoka (2012). 

 

The combination of recruitment and rate modulation required for producing the ramp up 

phase of the contraction (i.e., increasing muscle force) differs from that which is required for 

the ramp down phase of the contraction (i.e., decrease in force, Figure 2.04). Interestingly, the 

difference in control strategy for force increase and decrease are not consistent within the 

four detected motor units. For example, the discharge rate just prior to derecruitment and the 

force at derecruitment of motor unit 1 (Figure 2.04, red trace) differed greatly from the 

discharge rate immediately following recruitment and the force at recruitment. In the case of 

motor unit 4 (Figure 2.04, yellow trace) there is a relatively consistent discharge rate at 

recruitment and derecruitment, and similar force values at recruitment and derecruitment. The 

phenomenon of a motor unit being derecruited at a lower threshold than it was initially 

recruited is not universal: some studies report derecruitment thresholds lower than 
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recruitment thresholds (Stéphane Baudry, Rudroff, Pierpoint, & Enoka, 2009; Denier Van Der 

Gon, ter Haar Romeny, & Van Zuylen, 1985; Garland, Enoka, Serrano, & Robinson, 1994; 

Romaiguere, Vedel, & Pagni, 1993; Suzuki, Hayami, Suzuki, Watanabe, & Hutton, 1990; 

Zijdewind & Thomas, 2003), while others do not (De Luca et al., 1982a; Farina et al., 2009; 

Freund, Budingen, & Dietz, 1975; Fuglevand, Dutoit, Johns, & Keen, 2006; Jesunathadas, 

Marmon, Gibb, & Enoka, 2010; Milner-Brown, Stein, & Yemm, 1973). A more consistent 

observation is that discharge rate just prior to derecruitment is typically lower than discharge 

rate immediately after recruitment (De Luca et al., 1982a; Denier Van Der Gon et al., 1985; 

Gorassini, Yang, Siu, & Bennett, 2002; Mottram, Suresh, Heckman, Gorassini, & Rymer, 

2009; Oya et al., 2009; Stephenson & Maluf, 2011), which has been attributed to the 

afterhyperpolarisation becoming prolonged after repeated action potentials (Wienecke, 

Zhang, & Hultborn, 2009) in combination with the activation of dendritic persistent inward 

currents (Powers, Nardelli, & Cope, 2008; Udina, D'Amico, Bergquist, & Gorassini, 

2010)(see section 2.3 Persistent inward currents). 

2.2.3 Motor unit discharge rate is task dependent 

During brief isometric contractions, motor unit discharge rates are dependent on contraction 

intensity. Compared to lower intensity contractions where force production is relatively low, 

higher intensity contractions require faster motor unit discharge rates to produce greater 

levels of muscle force. The minimum and maximum instantaneous discharge rates are also 

typically observed to be greater for high threshold motor units compared to low threshold 

units (Bigland & Lippold, 1954; Kanosue, Yoshida, Akazawa, & Fujii, 1979; Kosarov, 1976). 

During both submaximal and maximal contractions, motor unit discharge rate can vary across 

different muscles, different ages, and exposure to training interventions. Motoneurone loss 

that occurs with ageing means that the aged nervous system as fewer motor units, and larger 

motor unit innervation ratios (i.e., larger number of muscle fibres innervated by each 
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motoneurone) as motor units are remodelled via collateral reinnervation (Doherty & Brown, 

1997; Lexell, 1993). Maximal motor unit discharge rates also decline with age, which appears 

to play a role in the decline of muscle strength with age (Barry, Pascoe, Jesunathadas, & 

Enoka, 2007; Knight & Kamen, 2008; Orssatto, Borg, et al., 2022).  Conversely, motor unit 

discharge rates have been observed to increase compared to pre-intervention levels in both 

young (mean age 21 years) and older populations (mean age 77 years) when exposed to a 

strength training intervention (Kamen & Knight, 2004). The observed increase after a 6-week 

resistance training protocol was age specific, with maximal motor unit discharge rates 15% 

higher in young adults and 49% higher in older adults. 

In addition to contraction intensity, motor unit discharge rates are also dependent on the speed 

of contraction being performed. For example, during ballistic contractions (i.e., an explosive 

muscle contraction in which the target force is reached in the shortest time possible)  motor 

units exhibit a reduction in recruitment threshold, sharper initial increase in discharge rate, 

and higher instantaneous discharge rates relative to slower ramped contractions (Desmedt & 

Godaux, 1979). Given that motoneurone action potential spikes always precede the 

development of muscle force, contractions requiring an increased rate of force development 

require earlier activation of motor units. As such, peak motoneurone discharge rate has been 

observed to occur prior to maximum force generation (Del Vecchio, Negro, et al., 2019; 

Desmedt & Godaux, 1977, 1979; Van Cutsem, Feiereisen, Duchateau, & Hainaut, 1997). 

Furthermore, there appears to be an association between explosive force variables (e.g., 

impulse, rate of force development) and maximal discharge rate (Del Vecchio, Negro, et al., 

2019).  When healthy young individuals perform ballistic contractions, motor unit 

instantaneous discharge rates reach upwards of 200 pulses per second during the early portion 

(first 150 to 200ms) of the contraction, compared to 30 – 40 pulses per second during slower 

ramped contractions (Del Vecchio, Negro, et al., 2019). Similar to sustained contractions, the 
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discharge rates measured during ballistic contractions can adapt when exposed to various 

training interventions. For example, an 80% increase in rate of torque development during 

ballistic contractions can be observed in response to 12 weeks of training rapid dorsiflexion 

contractions (Van Cutsem, Duchateau, & Hainaut, 1998). This was associated with a 

concurrent increase in instantaneous discharge rate of tibialis anterior motor units during the 

ballistic contractions, which further illustrates the tight coupling between motor unit 

discharge characteristics and explosive force variables. Thus, factors that influence motor unit 

discharge characteristics, such as neuromodulatory inputs, may very well influence an 

individual’s ability to rapidly produce force. 

2.3 Persistent inward currents 

The ability of a motoneurone to continue discharging action potentials after the cessation of 

excitatory inputs, termed bistable behaviour, is largely dependent on the motoneurone 

generating an intrinsic source of persistent inward current (PIC) that is resistant to 

inactivation at depolarised membrane potentials (Powers & Binder, 2007). Bistabilty refers to 

the existence of two stable states of motoneuronal membrane potential: i) resting state, in 

which the membrane potential is typically more negative and less likely to fire an action 

potential, and ii) active state, in which the membrane potential is depolarised and prone to 

firing action potentials. In adult motoneurones, the primary sources of PICs are voltage gated 

sodium and L-type voltage gated calcium channels, which are diffusely expressed on the 

somato-dendritic surfaces of motoneurones. PICs are responsible for various nonlinear 

behaviours exhibited by motoneurones which are presented below. 

2.3.1 Firing rate acceleration 

In the presence of a sustained depolarising synaptic drive, the fast-activating sodium PICs 

facilitate the generation of repetitive firing (Harvey et al., 2006b; Kuo et al., 2006). 

Additionally, the combination of the fast-activating sodium PICs and slow-activating calcium 
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PICs create an inward current capable of amplifying the currents a motoneurone receives 

from its many synaptic inputs by three- to five-fold (Figure 2.03). This amplification of 

synaptic inputs produces an initial acceleration in firing rate as the PIC activates, and is 

thought to be critical for the generation of levels of depolarizing drive to the motoneurones to 

produce discharge rates appropriate for the motor task being performed (Binder, 2002). 

2.3.2 Self-sustained firing and hysteresis of firing 

The slow-activating calcium PIC demonstrates minimal inactivation, and as a result repetitive 

discharge is sustained in some motoneurones beyond the cessation of synaptic inputs 

responsible for initiating firing (Hounsgaard et al., 1988; Lee & Heckman, 1998b). Figure 

2.05 demonstrates this self-sustained firing phenomenon, in which the repetitive firing of a 

cat spinal motoneurone is produced by a brief depolarising current pulse. This same 

mechanism is also responsible for the onset-offset firing rate hysteresis observed in response 

to triangular ascending and descending inputs (Figure 2.06). Self-sustained motoneurone 

discharge which persists in the absence of the excitatory input which initiates firing can be 

abruptly curtailed upon the activation of an inhibitory input, demonstrated in Figure 2.05 by 

the termination of firing following a hyperpolarising current pulse.  
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Figure 2.05 Persistent inward current induced self-sustained firing. Production of 
repetitive firing in a cat spinal motoneurone by a brief depolarising injected current, and 
subsequent termination of firing by an equally brief hyperpolarising injected current. 
Figure sourced from Hounsgaard et al. (1988). 

 

2.3.3 Saturation of firing 

Another PIC-induced effect on motoneurone firing is firing rate saturation. This saturation is 

characterised by a decreased sensitivity to increases in excitatory input current, and typically 

occurs once the PIC is fully activated (Figure 2.06). The motoneurone firing rate saturates 

when the dendritic compartments are depolarised to near the excitatory synaptic reversal 

potential (Lee & Heckman, 2000; Powers et al., 2012). Finally, PIC amplitude has been 

observed to progressively increase with repeated activation (Svirskis & Hounsgaard, 1997). 

This increase in amplitude is also associated with increased firing rate hysteresis and earlier 

firing rate acceleration in response to repeated inputs and is referred to as facilitation. 

Ultimately, PICs exert a profound influence on motoneurone behaviour, shifting these CNS 

cells from mere linear transducers of synaptic or injected currents to highly nonlinear 

actuators. 

 



Chapter 2 

26 
 

Figure 2.06 Persistent inward current effects on cat and human motoneurone 
discharge. Comparison of the effects of persistent inward currents (PICs) on cat 
motoneurone discharge (top traces) and human motor unit discharge (bottom traces). For 
the cat motoneurone, motoneurone firing patterns are shown in response to a triangular 
injected current (black trace) in two contexts: one with low PIC activation (red trace) and 
one with strong PIC activation (green trace). For the human motor unit data, firing patterns 
(blue and orange traces) were acquired during volitional isometric dorsiflexions (torque 
illustrated in black). The arrows at onset and offset of firing for both the cat and human 
conditions indicate firing hysteresis. Data from Johnson, Thompson, Tysseling, Powers, 
and Heckman (2017). Figure sourced from Binder et al. (2020).  

 

2.3.4 Persistent inward currents in human motoneurones 

The electrophysiological recordings used during the measurement of PICs in animal models 

and in vitro preparations cannot be used to directly measure PICs in the intact human nervous 

system, owing to technical and ethical constraints. Rather, the role that PICs play in 

regulating motor output in humans may be inferred from the firing patterns of human motor 

units during experimental conditions where PICs are likely to be activated (Heckman & 



Literature review 

27 
 

Enoka, 2012; Hultborn, Zhang, & Meehan, 2013; Johnson et al., 2017). Animal and cellular 

preparations have revealed the nonlinear motoneurone firing patterns induced by PICs, which 

include amplification, saturation, and hysteresis. An example of this is illustrated for a cat 

motoneurone in response to an injected triangular current in Figure 2.06 (green trace). The 

equivalent of injected current in human experiments is delivering peripheral input to the 

motoneurone (e.g., tendon vibration) or descending drive (i.e., participants perform muscle 

contractions). The observable output, in the form of motor unit firing rates, display evidence 

of nonlinearities comparable to those seen in the cat motoneurone (Figure 2.06, blue and 

orange traces). PIC activation provides an additional intrinsic source of depolarising current, 

and thus induces a rapid (1 – 2 s) acceleration in motoneurone’s firing rate (Bennett, 

Hultborn, Fedirchuk, & Gorassini, 1998; Hounsgaard et al., 1988; Lee & Heckman, 1998b). 

Upon full activation of the PIC, the motoneurone is rendered insensitive to extra increases in 

excitatory input, which is observed as saturation or plateau in the motoneurones firing rate 

(Hultborn, Denton, Wienecke, & Nielsen, 2003; Lee & Heckman, 1998a, 2000). An obvious 

hysteresis is also evident when inspecting the firing rate profile, whereby derecruitment of the 

motoneurone (i.e., offset of firing) occurs at lower levels of synaptic input than was required 

for the initial recruitment of the motoneurone (i.e., onset of firing). Notably, when 

monoamine levels are low, the firing pattern produced in response to the same injected 

triangular current input in the cat preparation differs greatly (Figure 2.06, red trace). 

Specifically, there is an absence of acceleration, saturation, and onset-offset hysteresis, 

suggesting that a reduction in monoamine availability inhibits the activation of PICs 

(Bennett, Li, & Siu, 2001; Hounsgaard et al., 1988; Lee & Heckman, 1999; Meehan, 

Sukiasyan, Zhang, Nielsen, & Hultborn, 2010). Thus, monoaminergic drive plays a critical 

role in regulating a motoneurone’s ability to produce sustained, repetitive firing for the 

activation of muscle fibres and production of force. 
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2.4 Monoamines and serotonin 

Monoamines are a class of neurotransmitter which modulate the intrinsic properties of 

neurons in the CNS, commonly referred to as neuromodulators. Monoaminergic 

neurotransmitters include dopamine, noradrenaline (NA), and serotonin (or 5-

hydroxytryptamine, 5-HT). To date, 5-HT and NA are thought to have the most  potent effects 

on motoneurones, and have therefore been the most thoroughly investigated (Heckman & 

Enoka, 2012). Although the effects of 5-HT and NA on motoneurones are similar, these 

neuromodulators are linked to different behaviours. The noradrenergic system is coupled to 

the state of arousal (Aston-Jones et al., 2000), whereby the NA releasing neurons in the locus 

coeruleus exhibit low activity during quiet rest, and discharge at high frequencies during 

stressful situations (Abercrombie & Jacobs, 1987; Rasmussen et al., 1986). In contrast, the 

discharge frequency of 5-HT releasing neurons in the raphe nuclei, which descend the spinal 

cord and synapse with motoneurones, increases proportionally with motor output (Jacobs et 

al., 2002). The proportional relationship between activity in descending 5-HT tracts and 

motor activity can be leveraged to investigate the neuromodulatory effects of 5-HT in 

humans, as humans can voluntarily produce different types of contractions in very specific 

ways. For this reason, this thesis will focus on the neuromodulatory effects of the monoamine 

5-HT on human motoneurones. 

2.4.1 Anatomy and function of the serotonergic system 

5-HT pathways are implicated in the control of several physiological processes, such as 

appetite regulation (Blundell, 1984; Halford, Harrold, Lawton, & Blundell, 2005), sleep 

(Jouvet, 1999; Ursin, 2002), pain (Bardin, 2011), as well as mood and affect (Owens & 

Nemeroff, 1994). However, the overarching function to be discussed within this thesis is the 

role of 5-HT neurotransmission in the regulation of motor function via the modulation of 

motoneurones in the spinal cord (Perrier, 2013; Perrier & Cotel, 2015). The cell bodies of 
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neurons which produce 5-HT are located in the brainstem, and are anatomically defined as 

the raphe nuclei (Hornung, 2003; Jacobs & Azmitia, 1992). These nuclei consist of both a 

rostral and caudal group. The rostral group, subdivided into dorsal and median raphe, project 

to the forebrain. The caudal group, consisting of raphe magnus, obscurus, and pallidus, 

project to all levels of the spinal cord. Importantly for this thesis, the descending raphe 

obscurus and pallidus are responsible for extensive serotonergic innervation of the ventral 

horn of the spinal cord. The anatomy of the descending 5-HT system has been well described 

(Bowker, Westlund, Sullivan, & Coulter, 1982; Holstege & Kuypers, 1987), whereby 

synaptic boutons of 5-HT neurons form monosynaptic links to the soma and dendrites of 

motoneurones throughout the spinal cord (Alvarez et al., 1998; Pilowsky et al., 1990; Ridet et 

al., 1994). It is here where 5-HT is released into synapses where it exerts pre- and post-

synaptic effects upon binding to membrane bound receptors on the soma and dendrites of 

motoneurones. The termination of 5-HT effects at the synapse occurs with reuptake into pre-

synaptic terminals via monoamine transporters.  

In the context of motor control, a large portion of what is currently understood about the 

functional of role of the 5-HT system stems from in vivo studies in freely moving cats (Jacobs 

& Fornal, 1993, 1997; Jacobs et al., 2002), during which direct recordings have been made of 

the activity of raphe neurons during sleep, waking state and locomotion tasks. In such 

experiments, raphe neurons have demonstrated a slow rhythmic discharge during waking 

state, compared to suppression of activity during sleep (Jacobs & Fornal, 1991). Tonic 

activity observed in the waking state has also been observed to adjust in response to motor 

activity being performed. Figure 2.07 illustrates the firing rates recorded from neurons in the 

raphe obscurus and pallidus (i.e., neurons known to descend to the ventral horn of the spinal 

cord) in response to a treadmill locomotion task (Veasey et al., 1995). An increase in 
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treadmill speed, and thus an increase in the speed of locomotion, was associated with faster 

firing rates of raphe neurons. 

 

 

Figure 2.07 Activation of caudal raphe serotonergic neurons during treadmill induced 
locomotion. Firing rates of 5-HT neurons in freely moving cat preparation are presented as 
a function of treadmill speed. The black column represents firing rates when cats were 
stationary. Hatched columns present firing rates for three different treadmill speeds, 
presented as a percentage of stationary activity. Asterisks (*) denote that firing rates at each 
treadmill speed were significantly greater than stationary values. Figure sourced from 
Veasey et al. (1995). 

 

The data presented in Veasey et al. (1995) provides a compelling argument that increases in 

raphe-spinal activity tightly aligns with motor outflow, rather than autonomic activity. 

Importantly, this provides some indirect evidence of the delineation of NA from 5-HT and 

motor activity. Particularly when one considers that exercise-induced increases in heart rate 

and blood pressure remain elevated after cessation of locomotor activity, despite raphe-spinal 

activity returning to baseline. However, it remains unclear whether the behaviour of cat 
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raphe-spinal neurons is consistent with raphe-spinal activity in the human nervous system. 

For example, the alignment between raphe-spinal activity and motor outflow was observe for 

locomotive tasks, which are rhythmic and repetitive motor patterns largely driven by central 

pattern generators in the spinal cord. It is unknown whether the alignment between raphe-

spinal activity and motor outflow can be generalised to other voluntary, goal-directed motor 

behaviours which involve a more complex interplay of various neural pathways and brain 

regions. Nevertheless, human raphe-spinal neurons likely exhibit increased activity in 

response to strong muscle contractions, which would result in more 5-HT release to 

motoneurones (Wei et al., 2014). This concept warrants further investigation by undertaking 

experiments in humans that combine the use of serotonergic drugs and voluntary motor tasks 

of differing muscle contraction intensities. 

2.4.2 Serotonin receptors on motoneurones 

There are seven families of 5-HT receptors (Hoyer et al., 1994; Nichols & Nichols, 2008), 

which are expressed widely throughout the CNS inclusive of expression on spinal 

motoneurones (Perrier, Rasmussen, Christensen, & Petersen, 2013). Although a 

simplification, 5-HT receptors are generally metabotropic and associated with G-proteins 

which are coupled to intracellular signalling pathways. The consequence of intracellular 

signalling may be the opening of ion channels (i.e., excitation), while other ion channels may 

be closed (i.e., inhibition). Binding of 5-HT to a given 5-HT receptor can therefore exert 

excitatory or inhibitory postsynaptic effects at motoneurones by changing their intrinsic 

metabolism. 

Within the seven families of 5-HT receptor, there is considerable evidence indicating that the  

5-HT1 and 5-HT2 families are expressed on spinal motoneurones (Perrier et al., 2013). The 

effects of 5-HT binding to these families of receptor have been investigated in animal and 

cellular preparations.  5-HT1 receptor family are inhibitory receptors that are Gi/Go coupled 
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(Lanfumey & Hamon, 2004; Nichols & Nichols, 2008). Within the context of the 

motoneurone, 5-HT1A receptors are found in the axon initial segment. As the axon initial 

segment is the locus of action potential genesis, 5-HT1A receptors at this location serve to 

prevent the a motoneurone spike generation (Cotel et al., 2013; Perrier, Rasmussen, 

Jørgensen, & Berg, 2018). Interestingly, the raphe spinal pathway projects to the dendrites 

and soma of motoneurones, meaning that the axon initial segment does not receive direct 5-

HT innervation. Consequently, 5-HT1A receptors are thought to be activated under conditions 

of intense serotonergic drive, where excessive 5-HT ‘spills over’ to the axon initial segment 

and results in inhibition of motor output. Conversely, the 5-HT2 receptor family are excitatory 

receptors that are Gq coupled (Baxter, Kennett, Blackburn, & Blaney, 1995; Nichols & 

Nichols, 2008). 5-HT2 receptors (which include subtypes 5-HT2A, 5-HT2B, and 5-HT2C) are 

expressed on the soma and dendrites of motoneurones, meaning they are subject to direct 

exposure to 5-HT input via the raphe-spinal pathway (Perrier & Cotel, 2015). 

Given that the activity of some 5-HT receptors induces excitatory effects on motoneurones, 

where activation of other 5-HT receptors at a different location can exert inhibitory effects, it 

remains difficult to predict the net postsynaptic effect that 5-HT will produce. This is 

particularly relevant in the context of the intact human nervous system, which is far more 

intricate and complex than the carefully controlled slice preparations in which the isolated 

motoneurone is commonly studied. However, from these reduced preparations it is clear that 

the overall effect of 5-HT on motoneurone output will be influenced by: a) the levels of 5-HT 

available in the synapse, and b) the location of the receptors which bind 5-HT. 

2.4.3 Serotonin effects on motoneurones 

5-HT is known to have potent effects on the intrinsic excitability of motoneurones. In the past 

10 years, several reviews have discussed the cellular mechanisms which underpin 5-HT’s 

modulation of intrinsic motoneurone properties, and the possible functional implications in 
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physiological and physiologically impaired conditions (Kavanagh & Taylor, 2022; Perrier & 

Cotel, 2015; Perrier et al., 2013; Thorstensen, Henderson, & Kavanagh, 2023). In summary, 

in vitro and in vivo animal studies have demonstrated that 5-HT can modulate the intrinsic 

excitability of motoneurones via facilitation of rectifying inward currents (Hsiao et al., 1997; 

Takahashi & Berger, 1990), facilitation of low voltage calcium currents (Berger & Takahashi, 

1990), and inhibition of potassium leak conductance (Elliott & Wallis, 1992; Perrier, 

Alaburda, & Hounsgaard, 2003). Activation of 5-HT receptors on motoneurones can also 

increase firing rate by modulating slow afterhyperpolarisation (sAHP) and medium 

afterhyperpolarisation (mAHP), where 5-HT reduces a potassium current responsible for 

sAHP by generating a calcium dependent plateau potential (Hounsgaard & Kiehn, 1989) and 

attenuates the mAHP via small-conductance calcium activated potassium channels (Grunnet, 

Jespersen, & Perrier, 2004). Nevertheless, it is thought that 5-HT most likely exerts is 

strongest effects on motoneuronal excitability by facilitating dendritic PICs (Heckman et al., 

2009) (see section 2.3 Persistent inward currents). The amplitude of PICs in motoneurones is 

thought to be tightly coupled with the level of brainstem neuromodulatory drive to the spinal 

cord (Heckman et al., 2009; Hultborn et al., 2003; Lee & Heckman, 2000), with 5-HT 

facilitation of PICs demonstrating profound enhancement of motoneurone excitability 

(Harvey et al., 2006a, 2006b; Murray et al., 2011; Perrier & Delgado-Lezama, 2005; Perrier 

& Hounsgaard, 2003). 

Of particular importance to this thesis, 5-HT’s facilitatory effects on motoneurone PICs are 

most likely to be mediated by 5-HT2 receptors on their soma and dendrites (D'Amico et al., 

2013; Harvey et al., 2006a, 2006b; Murray et al., 2011; Perrier & Delgado-Lezama, 2005; 

Perrier & Hounsgaard, 2003). A number of studies have been able to mimic the excitatory 

effects of 5-HT via pharmacological agonism of somato-dendritic 5-HT2 receptors, and/or 

abolished excitatory effects with 5-HT2 receptor antagonism (Cotel et al., 2013; Elliott & 
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Wallis, 1992; Hsiao et al., 1997; Jackson & White, 1990). Moreover, both sodium PICs 

(Harvey et al., 2006a, 2006b) and calcium PICs (Murray et al., 2011; Perrier & Delgado-

Lezama, 2005; Perrier & Hounsgaard, 2003) are facilitated by 5-HT2 receptor activation. The 

voltage sensitivity of PICs necessitates sustained ionotropic input for initial activation, and 

thus 5-HT2 receptor activation will not occur in the absence of excitatory input (Heckman et 

al., 2009; Henderson et al., 2024).Therefore, excitatory synaptic input in combination with 5-

HT availability and 5-HT2 receptor activity appear to be key mechanisms in modulating 

motoneuronal discharge. 

Human investigations implicating 5-HT2 receptor activity in mediating PICs in humans is 

scarce. Of the available data, it has recently been demonstrated that enhancing the availability 

of 5-HT in the CNS increases the ability to voluntarily activate biceps brachii during high-

intensity elbow flexions in humans (Henderson et al., 2022; Kavanagh et al., 2019; 

Thorstensen et al., 2020). Enhancement in voluntary activation is thought to involve 5-HT2 

receptor activity, as the administration of a 5-HT2 antagonist was associated with a reduction 

in elbow flexion torque production across four different investigations (Henderson et al., 

2024; Henderson et al., 2022; Thorstensen et al., 2021; Thorstensen et al., 2022). While these 

studies provide insight to how serotonergic neuromodulation contributes to voluntary muscle 

activation, no direct link can be made between 5-HT2 receptor activity and the mediation of 

PICs in humans. 

A human investigation in which the 5-HT2 receptor was pharmacologically antagonised has 

implicated 5-HT in the control of PICs in the intact human CNS (D'Amico et al., 2013). 

Estimates of PICs were calculated for four healthy non-injured participants before and after 

the administration of the 5-HT2 receptor antagonist chlorpromazine. Although this data was 

from a small cohort (and an unknown number of motor unit pairs) there was still a 

demonstrable reduction in estimates of PICs in the order of ~35% of pre-drug values. 
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However, in addition to 5-HT2 receptor antagonism, chlorpromazine is also known to 

antagonise NA receptors. Data from another human pharmacological investigation has 

previously implicated NA receptors in facilitating PICs (Udina et al., 2010), whereby 

estimates of PICs increased in healthy participants after the administration of an 

amphetamine (known to increase NA concentrations within the spinal cord). Thus, the 

implication from the chlorpromazine data is not isolated to 5-HT and the 5-HT2 receptor. 

Humans with spinal cord injury have been observed to express constitutive 5-HT2 receptor 

activity on motoneurones distal to the level of injury (D'Amico et al., 2013; Murray et al., 

2011). This observation was associated with the presence of muscle spasm, which was 

hypothesised to be linked to pathophysiological overactivity of PICs. After the administration 

of cyproheptadine, a 5-HT2 receptor antagonist, there was a reduction in muscle spasms 

which aligned with reductions in the estimates of PICs (D'Amico et al., 2013). Thus, there is 

converging lines of evidence that the 5-HT2 receptor is the likely motoneurone receptor 

candidate for excitatory postsynaptic potentials in humans. 

Cyproheptadine presents as an ideal candidate for human pharmacological investigation of 

serotonin receptor activity in humans. Pharmacology and medical literature frequently 

discuss cyproheptadine in the context of its potent antiserotonergic effects (Fung, Stewart, & 

Barbeau, 1990; Graudins, Stearman, & Chan, 1998; McDaniel, 2001; Stone, Wenger, Ludden, 

Stavorski, & Ross, 1961). For example, cyproheptadine is frequently used to reverse life 

threatening serotonin syndrome (e.g., block receptors that are inundated by 5-HT induced by 

selective serotonin reuptake inhibitor overdose), and it can be used to prevent anaphylactic 

shock by exerting strong actions via 5-HT2 receptors. It must be acknowledged that in 

addition to antagonism of the 5-HT2 receptor, cyproheptadine also has antihistaminergic and 

anticholinergic effects via the antagonism of the H and M receptors, respectively. 

Cyproheptadine is marketed as an antihistamine, where the drug is used to treat mild allergic 
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symptoms, headaches, and motion sickness. From a motor perspective, slice preparations of 

rat motoneurones have provided evidence that histamine may directly depolarises 

motoneurones (Wu et al., 2012) and can modify locomotor behaviour via spinal circuits 

(Coslovich et al., 2018). However, it is important to note that histaminergic and cholinergic 

effects on muscle activation in humans may be less functional than those identified in animal 

or cellular preparations of motoneurones. Although the effects of antihistamines have not 

been assessed in human motor unit investigations, a potent antihistaminergic and 

antimuscarinic drug (promethazine) generates almost no effects on corticospinal excitability 

or motoneurone excitability across a wide range of muscle contractions in humans (Dempsey 

& Kavanagh, 2021, 2023). Cyproheptadine has repeatedly been used for the antagonism of 

the serotonergic system (D'Amico et al., 2013; Murray et al., 2010; Murray et al., 2011; 

Thorstensen et al., 2021; Thorstensen et al., 2022; Wei et al., 2014). Although these studies 

could not separate antihistaminergic effects from antiserotonergic effects, almost every 

investigation highlighted the close alignment between their human findings and 

animal/cellular preparations that have used targeted 5-HT drugs. 

2.5 Assessment of human motor unit characteristics 

The recording and investigation of human motor units has been ongoing for over a century, 

and this work has been eloquently summarised in historical reviews by Duchateau and Enoka 

(2011), and Farina and Gandevia (2023). Briefly, human motor unit action potentials 

(MUAPs) were first recorded during voluntary contractions in the early 1900s (Wachholder, 

1928; Wiesendanger, 1997). Following on from this, the use of concentric needle electrodes 

for recording single motor units provided early descriptions of the relationship between 

recruitment, discharge rate, and force output (Adrian & Bronk, 1929; Bigland & Lippold, 

1954). Continued advancement in technology saw the development of fine wire electrodes, 

which saw an improvement in signal to noise ratio and thus a greater capacity to explore 
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foundational principles of motoneurone physiology in humans (Basmajian & Stecko, 1962). 

For example, the size principle, which was first established in cat preparations, could now be 

investigated during voluntary human contractions ���0�L�O�Q�H�U�(�%�U�R�Z�Q�����6�W�H�L�Q�����	���<�H�P�P����������������

Stein, French, Mannard, & Yemm, 1972). Given that humans can voluntarily contract muscle 

with varying magnitudes and rates of force production, the relationships between motor unit 

recruitment, discharge, and force output could be readily unpacked with further investigation 

(Desmedt & Godaux, 1977; Freund et al., 1975; Thomas, Ross, & Calancie, 1987).  

2.5.1 High-density surface electromyography and motor unit decomposition algorithms 

Motor commands are likely highly complex in nature. As such, the information garnered 

from firing patterns of individual motor units may be insufficient to provide significant 

insight into the structure of motor commands. Recent efforts have been directed towards 

enabling the detection and recording from large populations of human motor units, which is 

not possible with intramuscular fine wires. Grid electrodes, or array electrodes, allow 

multiple recording sites from which decomposition algorithms can detect individual motor 

units. Although it is possible to insert array electrodes intramuscularly using fine needles 

(Farina, Yoshida, Stieglitz, & Koch, 2008), this process is limited by its invasive nature. 

However, the simultaneous recording of populations of human motor units may also be 

achieved non-invasively via high-density surface EMG (HDsEMG). Acquisition of HDsEMG 

data involves the use of a flexible array, with tens of surface electrode contacts, placed on the 

skin over a muscle. Subsequently, the surface EMG is decomposed into the firing patterns of 

multiple individuals motor units via convolutive blind source separation methods. This signal 

processing procedure has been the subject of several reviews (Farina & Holobar, 2016; 

Farina, Negro, Muceli, & Enoka, 2016; Merletti, Holobar, & Farina, 2008), and is illustrated 

schematically in Figure 2.08. Furthermore, motor unit decomposition from surface EMG has 

also been systematically validated by both spike-to-spike comparisons with traditional fine 
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wire EMG approaches, as well as computer simulations (Del Vecchio & Farina, 2019; Enoka, 

2019; Farina, Holobar, Merletti, & Enoka, 2010). Thus, HDsEMG with its associated 

decomposition algorithms offer a robust, non-invasive method of quantifying activity from 

large populations of human motor units. 

 

Figure 2.08 Schematic illustrating decomposition of multi-channel surface EMG.  
(a) Surface EMG recorded from a muscle using a 64 electrode channel high-density array. 
(b) 500ms duration segment of bipolar EMG as detected by each column of the array. Note 
the propagation of action potentials along the columns. (c) Action potentials from three 
motor units extracted from the interference signal via convolution kernel compensation, as 
described by Holobar and Zazula (2007). (d) Estimated discharge patterns of the three 
extracted motor units.  Figure sourced from Merletti et al. (2008). 
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2.5.2 Considerations in motor unit decomposition from high-density surface 

electromyography 

The use of HDsEMG and associated decomposition algorithms as a means of assessing pools 

of human motor units has some well documented limitations, which must be considered in 

experimental design (Gallina et al., 2022). With adequate consideration, the limitations 

associated with the experimental use of HDsEMG can be managed. Moreover, hardware and 

software associated with the acquisition of HDsEMG signals and subsequent motor unit 

decomposition algorithms are perpetually advancing. Globally, the limitations associated with 

HDsEMG are largely due to anatomical constraints and the challenge of signal crosstalk and 

superimposition. Specifically, the output of surface EMG decomposition (i.e., the number of 

successfully identified motor units) is sensitive to the following factors: (a) the 

anthropometric characteristics of the subject from which the HDsEMG is being recorded, (b) 

the muscle being investigated, and (c) the intensity of contraction being performed. 

Subcutaneous adipose tissue applies a ‘physiological filter’ to the electrical signal as it travels 

between the muscle and the surface array electrode, meaning that the signal bandwidth is 

reduced, and there is less discriminative information between MUAP waveforms (Farina, 

Negro, Gazzoni, & Enoka, 2008). Consequently, there is a trend towards lower numbers of 

successfully identified motor units in subjects with a large amount of subcutaneous adipose 

tissue. 

Figure 2.09 illustrates the number of successfully identified motor units across a variety of 

muscles, contraction intensity, and sex for a relatively large dataset of decomposed signals 

collected by multiple distinguished laboratories (Del Vecchio, Holobar, et al., 2020). From 

this data, it is evident that some muscles will consistently yield higher numbers of motor units 

irrespective of the contraction intensity (e.g., tibialis anterior versus biceps brachii, Figure 

2.09). Generally, muscles that tend to have a higher motor unit yield are superficial and have 
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limited degrees of freedom about the joint on which the muscle imparts movement. 

Furthermore, it has been hypothesised that muscles with fibres that are not consistently 

parallel with each other may yield a greater number of units, owing to the larger 

discriminative information between motor unit action potential waveforms (MUAPs) of units 

belonging to muscles with varying anatomy (Del Vecchio, Holobar, et al., 2020).  

With increasing intensity of muscle contraction being performed, the number of motor units 

that can be identified from HDsEMG by decomposition typically decreases. For example, a 

30% reduction in the number of motor units decomposed from the tibialis anterior muscle 

was observed when contraction intensity was increased from 35% to 70% of maximal force 

production (Del Vecchio & Farina, 2019; Negro, Muceli, Castronovo, Holobar, & Farina, 

2016). The observation of fewer identified motor units at higher contraction levels (despite 

more motor units being recruited into the contraction) is likely due to increased 

superimposition of MUAPs (Gallina et al., 2022). Superimposition is the phenomenon where 

the electrical activity of multiple motor units overlaps or combines in the recorded EMG 

signal, making it more difficult to discrimiate between MUAPs. Moreover, the higher 

threshold motor units being recruited into the contraction have larger MUAPs, creating a 

greater amount of electrical noise which tends to ‘drown-out’ the smaller amplitude MUAPs 

of lower threhsold motor units. For this reason, the decomposition of  HDsEMG is less 

successful in identifying low threshold motor units during high intensity contractions, causing 

the sample of successfully decomposed motor units to shift with a bias towards higher 

threshold units as the task contraction intensity increases. 
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2.5.3 Motor unit tracking 

The capacity to identify the same motor unit before and after an intervention is an important 

technological step in affording comparisons of motor unit characteristics longitudinally 

across disease progression and interventions. The same motor units extracted from HDsEMG 

of the same muscle can be reliably identified in a single testing session during the 

performance of voluntary muscle contractions. This process has been validated with the two-

source method, so that the same motor unit is identified from intramuscular EMG signals (the 

current gold standard) as well as by blind source separation of a HDsEMG signal (Enoka, 

2019; Holobar et al., 2014). This validation is crucial, because it not only confirms the ability 

to track motor units within a session using blind source separation filters, but it also provides 

an opportunity to compare other methods to the blind source separation.  

A second popular method of motor unit tracking involves the cross-correlation of MUAP 

waveforms. HDsEMG recordings provide a high spatial resolution of MUAPs, and there is 

only a miniscule probability that two motor units would show the exact same MUAP in all 

channels of an array electrode (Farina, Negro, et al., 2008). Thus, motor units can be tracked 

over multiple sessions, provided that the array electrode is positioned in a similar location 

over the muscle in each session (Del Vecchio & Farina, 2019). This technique has been 

employed in experimental paradigms which have tracked motor units over a period of weeks 

and months ���'�H�O���9�H�F�F�K�L�R�����&�D�V�R�O�R�����H�W���D�O�������������������'�H�O���9�H�F�F�K�L�R���	���)�D�U�L�Q�D�����������������0�D�U�W�L�Q�H�]�(�9�D�O�G�H�V��

et al., 2017). However, validating the waveform cross-correlation technique with respect to 

the gold-standard method of intramuscular EMG is difficult, owing to its invasive nature and 

the logistical challenge of placing fine wire electrodes in precisely the same position for each 

testing session. 
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The repeated identification of a motor unit from HDsEMG signal is dependent on the unique 

representation of motor units by their MUAPs, where invariant patterns of surface action 

potentials are believed to be reflective of the discharge of the same motor unit over time 

(Farina, Negro, et al., 2008). However, interventions or diseases that modify muscle force 

will introduce variations in motor unit discharge behaviour, impacting the morphological, 

temporal, and frequency characteristics of the MUAPs. For example, it has recently been 

demonstrated that motor unit discharge will reduce by ~0.6 Hz with vibration induced 

reciprocal inhibition (Orssatto, Fernandes, & Trajano, 2022), reduce by ~0.3 Hz with 

stimulation induced reciprocal inhibition (Mesquita et al., 2022), increase ~3 Hz by after a 

four-week resistance training program (Del Vecchio, Casolo, et al., 2019), and increase by 

~0.5 Hz with repeated muscle stretching (Mazzo et al., 2021). Therefore, it is of critical 

importance that the reliability of motor unit tracking is determined when motor unit discharge 

properties (and by extension, the intrinsic properties of their motoneurones) are manipulated. 

2.6 High-density surface electromyography for the estimation of persistent 

inward current activity in humans 

Initially, self-sustained firing was investigated as a proxy for the detection of PICs in human 

motor unit firing patterns (Kiehn & Eken, 1997). However, the readily observable onset-

offset hysteresis in motoneurone firing has since been adopted as the most consistent 

hallmark for the estimation of PICs in humans. For motoneurone recordings in animals, 

onset-offset hysteresis is studied by ramp increases and decreases in injected current. In 

humans, voluntary increases and decreases of force production are used as a surrogate of 

injected current, and the subsequent motor unit firing patterns can be used to approximate 

PIC amplitude. As discussed previously, this paradigm was first used for the investigation of 

the orderly recruitment of motor units. During such investigations, and long before PICs in 

animals were fully appreciated, there are reported observations of non-linearities such as 
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onset-offset hysteresis (De Luca et al., 1982a), firing rate acceleration (De Luca & Contessa, 

2012), and firing rate saturation (Fuglevand, Lester, & Johns, 2015). Each of these 

observations are now used as evidence in support of PICs operating in human motoneurones. 

2.6.1 The paired motor unit method 

The investigation of PICs was furthered immensely by the work of Gorassini et al. (2002), 

who leveraged the phenomenon that a low threshold motor unit can indicate synaptic input to 

the motor pool (Bennett et al., 1998; Lee, Kuo, Jiang, & Heckman, 2003), and developed the 

now standard ‘paired motor unit analysis’ technique for quantifying firing rate hysteresis. 

Firing rate hysteresis is calculated as the difference in the firing rate of a lower-threshold 

motor unit at the onset and offset of firing of a higher-threshold motor unit (�ûF = FRecruitment – 

FDerecruitment), the magnitude of which is used to estimate PIC amplitude (Figure 2.10). The 

lower threshold unit is commonly referred to as the control unit, or the reporter unit, and the 

high threshold unit is referred to as the test unit. A �O�D�U�J�H���¨F reflects a large amount of onset-

offset hysteresis, meaning that firing is self-sustained well beyond the amount of input 

initially required to activate the unit, indicating �O�D�U�J�H���D�P�S�O�L�W�X�G�H���3�,�&�V�����7�K�H���H�I�I�L�F�D�F�\���R�I���W�K�H���¨F 

technique as a method of estimating PICs has been rigorously evaluated with validation in 

animal studies (Gorassini et al., 2002; Powers et al., 2008) and computer simulations (Powers 

& Heckman, 2015). Additionally, there has been extensive appraisal of factors that influence 

the accuracy of these estimations (Afsharipour et al., 2020; Hassan et al., 2020).  

 



Literature review 

45 
 

Figure 2.10 The paired motor unit method for estimating PICs. Motor unit firing 
patterns from two tibialis anterior motor units during a slow isometric dorsiflexion. The 
paired motor unit technique measures the difference between the firing rate of a low 
threshold motor unit (blue trace) at recruitment and derecruitment of a high threshold 
motor unit (orange trace). The lower threshold unit’s firing rate is used to approximate the 
synaptic drive to the motor pool. This technique quantifies firing rate hysteresis as an 
estimate of the magnitude of the PIC. Figure sourced from Khurram et al. (2022). 

 

Concurrent motor unit and intracellular recordings of rat motoneurones have demonstrated 

�W�K�D�W���¨F is reflective of features of PICs (Bennett, Li, Harvey, & Gorassini, 2001; Bennett, Li, 

& Siu, 2001). This is supported by human motor unit data as well as realistic motoneurone 

simulations, which suggest that �F�K�D�Q�J�H�V���L�Q���¨F primarily resemble changes in PIC amplitude; 

particularly within ranges commonly observed in human motor units (3-6 Hz) (Powers & 

Heckman, 2015; Vandenberk & Kalmar, 2014). Pharmacological manipulation of 

neurotransmitter activity further supports the utility of �¨F as an estimate of persistent inward 

current activity. Amphetamines, which are likely to increase levels of NA, increase �F̈ 

(Udina et al., 2010), and antagonism of 5-�+�7���U�H�F�H�S�W�R�U�V���U�H�G�X�F�H���¨F (D'Amico et al., 2013). 

Thus, changes in �¨F reflect changes in the amplitude of PICs, which in turn also provide an 
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indirect marker of monoaminergic drive from the brainstem. It must be acknowledged that 

�W�K�H���¨F technique can only provide insight into PIC activity above the recruitment threshold, 

and therefore cannot shed light on sub-threshold PIC activity. 

Paired motor unit analysis for the estimation of PICs and neuromodulatory drive has been 

extensively employed in human investigations over the past two decades. This technique has 

also been used across a range of muscles in the upper limb (Hassan et al., 2021; Hassan et al., 

2020; Mottram et al., 2009; Wilson, Thompson, Miller, & Heckman, 2015), trunk 

(Stephenson & Maluf, 2010), and lower limb (Foley & Kalmar, 2019; Kim, Wilson, 

Thompson, & Heckman, 2020; Orssatto, Borg, et al., 2021; Oya et al., 2009). Initial 

investigations of the influence of PICs on human motor unit firing were conducted using fine 

wire intramuscular EMG, meaning that only a small number of motor units (~1-5) could be 

sampled during low force contractions. More recent investigations have leveraged the paired 

motor unit technique in combination with HDsEMG and associated decomposition 

algorithms, affording the concomitant estimation of PIC influence on the firing patterns of 

large populations of motor units from upper and lower limb muscles (Afsharipour et al., 

2020; Hassan et al., 2021; Orssatto, Fernandes, et al., 2022; Taylor, Kmiec, & Thompson, 

2020). With the increases in number of units that can be concurrently recorded, there are also 

�D���Q�X�P�E�H�U���R�I���F�U�L�W�H�U�L�D���W�K�D�W���D�U�H���R�I�W�H�Q���D�S�S�O�L�H�G���I�R�U���W�K�H���L�Q�F�O�X�V�L�R�Q���R�I���¨F �Y�D�O�X�H�V�����6�S�H�F�L�I�L�F�D�O�O�\�����¨F 

values are typically only included when: i) the test unit was recruited at least 1 s after the 

reporter unit to ensure full activation of the PIC (Bennett, Li, & Siu, 2001; Hassan et al., 

2020), ii) the test-reporter unit pair exhibited rate-rate correlations of r2 > 0.7 to ensure they 

received common synaptic input (Gorassini, Knash, Harvey, Bennett, & Yang, 2004; 

Stephenson & Maluf, 2011; Udina et al., 2010), and iii) the reporter unit modulated its 

discharge rate by at least 0.5 pulses per second while the test unit was active (Stephenson & 

Maluf, 2011). In practice, this means one test unit can have a �¨F calculated with multiple 
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reporter units. In such a case, a ‘unit-wise’ �¨F value is calculated as the average of the � F̈s 

measured from each lower threshold reporter unit. Overall, the paired motor unit technique 

�I�R�U���W�K�H���F�D�O�F�X�O�D�W�L�R�Q���R�I���¨F provides a valid and non-invasive way to estimate the amplitude of 

PICs in large populations of human motor units. 
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2.7 Summary 

�x Motoneurones are the final common pathway between the CNS that plans movement, 

and the muscles which produce motor activity; 

�x Motor unit activity provides a window into which the behaviour of motoneurones can 

be studied – and thus central commands of movement; 

�x Motor unit activity is modulated to suit the task – however, the mechanisms by which 

this modulation occurs is not fully understood; 

�x Motoneurones play an active role in the integration of synaptic input from multiple 

sources to produce a tailored output of spike trains to the muscle fibres; 

�x One of the mechanisms by which this active processing of synaptic input occurs are 

voltage sensitive ion channels found on the dendrites of motoneurones, which can 

produce a PIC; 

�x PICs are subject to particularly strong neuromodulatory control by systems that 

descend from brainstem nuclei and release the monoamines 5-HT and NA; 

�x The raphe spinal pathway has monosynaptic projections to spinal motoneurones, onto 

which 5-HT is released; 

�x 5-HT release is coupled with motor activity and can modulate motoneurone behaviour 

via several mechanisms; the most notable of which is PICs; 

�x Advances in technology have afforded the non-invasive assessment of population of 

motor units, and therefore large portions of the motoneurone pool for a given muscle; 

�x Motor unit firing patterns provide a means of quantifying cellular mechanisms that 

underpin the neural control of movement under physiological and physiologically 

impaired conditions; 
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Chapter 3 Motor unit tracking using blind 
source separation filters and waveform 
cross-correlations: reliability under 
physiological and pharmacological 
conditions 
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3.1 Introduction 

Recent developments in the analysis of high-density surface electromyograms (HDsEMG) 

have unlocked the potential to reveal how large populations of motor units regulate their 

recruitment and discharge during the performance of goal-directed tasks (Del Vecchio, Casolo, 

et al., 2019; Del Vecchio, Holobar, et al., 2020; Del Vecchio, Negro, et al., 2019; Martinez-

�9�D�O�G�H�V���� �/�D�L�Q�H���� �)�D�O�O�D���� �0�D�\�H�U���� �	�� �)�D�U�L�Q�D���� ������������ �0�D�U�W�L�Q�H�]�(�9�D�O�G�H�V�� �H�W�� �D�O������ ����������. However, a 

technical challenge exists for longitudinal studies where experiment designs often require 

multiple recording sessions to examine the effect of an intervention. Without appropriate motor 

unit tracking it is conceivable that different motor units will be assessed pre- and post-

intervention. This presents a barrier for revealing how interventions influence the muscle 

activation and could hinder, rather than advance, our understanding of how the nervous system 

controls movement. Although precise mapping of muscle activation patterns has the potential 

to allow the study of interventions across a wide range of motor activities and neuromuscular 

disorders, the reliability of tracking motor units across time remains largely unknown. 

There is now convincing evidence that the same motor units extracted from HDsEMG of the 

same muscle can be reliably identified in a single testing session when muscle contractions of 

different intensity are performed. This has been validated with the two-source method, so that 

the same motor unit is identified from intramuscular EMG signals (the current gold standard) 

as well as by blind source separation of the HDsEMG (Enoka, 2019; Holobar et al., 2014). This 

validation is beneficial because it not only confirms the utility of within session tracking using 

blind source separation filters, but it also lays a platform to compare other methods to the blind 

source separation. A second popular method of motor unit tracking involves waveform 

correlation, where it is suggested that the high correlation in two-dimensional waveform across 

different experimental days is due to the tracking of the same motor unit ���0�D�U�W�L�Q�H�]�(�9�D�O�G�H�V���H�W��

al., 2017). This has been demonstrated over a period of weeks and months (Del Vecchio, 



Chapter 3 

52 
 

�&�D�V�R�O�R���� �H�W�� �D�O������ ������������ �'�H�O�� �9�H�F�F�K�L�R�� �	�� �)�D�U�L�Q�D���� ������������ �0�D�U�W�L�Q�H�]�(�9�D�O�G�H�V�� �H�W�� �D�O������ ����������. However, 

validating this technique with respect to the gold-standard method of intramuscular EMG is 

difficult, owing to its invasive nature and the logistical challenge of placing fine wire electrodes 

in precisely the same position for each testing session. 

The identification of single motor-unit activity in surface EMG recordings is reliant on the 

unique representation of motor units by their surface action potentials, where invariant patterns 

of surface action potentials is believed to reflect the discharge of the same motor unit over time 

(Farina, Negro, et al., 2008). However, interventions that alter muscle force, almost by 

definition, are designed to introduce variations in motor unit discharge properties, and often 

impact the morphological, temporal, and frequency characteristics of the motor unit action 

potential waveforms (MUAPs). For example, motor unit discharge is known to increase by 

~0.5 Hz with repeated muscle stretching (Mazzo et al., 2021), reduce by ~0.3 Hz with 

stimulation induced reciprocal inhibition (Mesquita et al., 2022), reduce by ~0.6 Hz with 

vibration induced reciprocal inhibition (Orssatto, Fernandes, et al., 2022), and a four-week 

resistance training program is known to increase motor unit discharge by ~3 Hz (Del Vecchio, 

Casolo, et al., 2019). Thus, it is important for any tracking method to be reliable when motor 

unit activity is predicted to change with an intervention. We have recently used 

pharmacological interventions to induce serotonergic receptor blockade, where antagonism of 

5-HT2 receptors in the motor pathway reduces the discharge of tibialis anterior motor units by 

>1 Hz during both rapid (Goodlich, Horan, & Kavanagh, 2022) and steady state (Goodlich, 

Del Vecchio, Horan, & Kavanagh, 2023) isometric contractions. The observed suppression in 

discharge during steady state muscle activation was found to align with a decrease in estimates 

of persistent inward current activity, indicative of a reduction in intrinsic motoneurone 

excitability. We use this knowledge of 5-HT2 antagonism in the current study to evoke a 

pharmacological-based reduction in motor unit firing frequency, so that the reliability of motor 
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unit tracking can be determined when intrinsic mechanisms of motoneurone excitability are 

manipulated.  

The purpose of this study was to evaluate the reliability of two common tracking procedures: 

the blind source separation filter method and the two-dimensional waveform correlation 

method. HDsEMG signals were recorded from the tibialis anterior during the performance of 

isometric dorsiflexions to four different submaximal intensities. The HDsEMG signal was 

decomposed via convolution kernel compensation (Holobar & Zazula, 2007) before each 

tracking method was applied to the same data set. The design of this study also included a 

pharmacological intervention with known effects on motor unit discharge characteristics so 

that the effect of exogenous manipulation of motoneurone excitability on tracking performance 

could be investigated. Given that there is unlikely to be large changes in motor units discharge 

characteristics between the tracked data sets (for both the physiological condition and the 

pharmacological intervention), we hypothesised that both techniques would demonstrate 

similar tracking reliability. The effect of 5-HT2 receptor blockade on motor unit discharge, 

motor unit recruitment, and motor unit decruitment, for the contraction protocol employed in 

this study has been previously reported (Goodlich, Del Vecchio, Horan, et al., 2023). 

3.2 Methods 

Participants and ethical approval 

Eleven healthy, recreationally active individuals (age 24.1 ± 2.6 years, 4 female) were recruited 

to the study. Approval for testing procedures was obtained via Griffith University’s Human 

Research Ethics committee (GU Ref No: 2020/264), and all procedures were performed in 

accordance with the Declaration of Helsinki. Written informed consent was obtained for all 

participants prior to testing. Participants were screened for acute or chronic neuromuscular 

injury, as well as contraindications associated with cyproheptadine administration. Participants 
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were instructed to refrain from any depressants or stimulants such as alcohol, caffeine, or 

moderate-to-high intensity exercise on the morning of testing.  

Experiment setup 

Participants sat in a therapy chair which was adjusted for each participant to position the right 

hip, knee, and ankle at 90° of flexion in the sagittal plane. The participant’s right foot was 

secured with a non-compliant, ratchet type binding to a custom designed foot plate which 

incorporated a torque sensor (capacity = 565 Nm, Model 2110-5K; Honeywell International 

Inc., Charlotte, NC, USA). The right leg was assessed in each participant, irrespective of which 

they identified as their dominant side, as motor unit firing behaviour has previously been 

reported not to be affected by leg dominance (Petrovic et al., 2022).The foot plate was attached 

to a bespoke aluminium frame which was secured to the chair, ensuring that the torque sensor 

axis of rotation aligned to participants’ malleoli (Figure 3.1A). Ankle torque was sampled at 

2000 Hz using a Power 1401 interface with Spike2 software (version 7, Cambridge Electronic 

Design Ltd., UK). Feedback for the unfiltered torque signal was displayed on a computer 

monitor positioned approximately 1 m in front of the participant, with dorsiflexion torque 

presented as a positive inflection in torque on the screen. 
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Figure 3.1. Experiment setup and contraction protocol. A, The right foot was secured to 
a foot plate attached to a torque sensor. HDsEMG electrodes were fixed over the TA muscle 
belly and oriented in the estimated direction of muscle fibres.  B, Maximal and submaximal 
dorsiflexions were performed at four time points: pre-placebo (green), post-placebo (orange), 
pre-cyproheptadine (purple) and post-cyproheptadine (pink). Submaximal contractions were 
performed to 10%, 30%, 50% and 70% of MVC; the order of which was randomised. The 
ramp up and down rate of the trapezoidal contractions was fixed at 10% MVC/s and the total 
contraction duration was 24 s for all intensities. MUs were matched intra-session across the 
2.5 h pharmacological intervention using blind source separation decomposition techniques 
(filter method). MUs were matched inter-session across 7 days using 2D waveform cross-
correlation (waveform method). C, Recorded surface EMG from one subject at all four 
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timepoints during a 10% an 70% of MVC isometric dorsiflexion. D, Representative MUs 
from one subject, which were matched across all four timepoints. One MU is presented for 
the 10% MVC, and a different MU is presented for the 70% MVC. Note the difference in 
voltage scale for MUAPs extracted from HDsEMG at 10% MVC and 70% MVC . The 
MUAPs have been overlayed in E, demonstrating near identical characteristics within 
contraction intensity over the four testing sessions.  HDsEMG, high-density surface 
electromyography; TA, tibialis anterior; MVC, maximal voluntary contraction; MU, motor 
unit; PLA, placebo; CYP, cyproheptadine; MUAP, motor unit action potential waveform. 

 

Muscle activity for the tibialis anterior was measured using a semi-disposable 64-channel (8 x 

8) HDsEMG grid electrode with a 10 mm inter-electrode distance (OTBioelettronica, Torino, 

Italy). Following skin preparation (shaving, abrasion, and cleansing with 70% isopropyl 

alcohol), the position and orientation of the electrode grid was determined by an experienced 

investigator via palpation of the right tibialis anterior muscle belly (Figure 3.1A). Electrodes 

were fixed to the middle of the muscle belly using a bi-adhesive, perforated foam layer and 

conductive paste (SpesMedica, Battipaglia, Italy). A dampened strap ground electrode 

(OTBioelettronica, Torino, Italy) was positioned over the right ankle malleoli. The electrode 

array stayed on the leg across the 2.5 h intra session break. To replicate the position of the 

electrode array between testing sessions, the location of the grid was marked with a surgical 

marker pen. Though the ink faded over the 7-10 day inter session break, the outline was 

consistently visible during the second testing session. HDsEMG signals were recorded in 

monopolar mode and converted to digital signal by a 16-bit wireless amplifier (Sessantaquattro, 

OTBioelettronica, Torino, Italy). HDsEMG signals were recorded and visualised using 

OTBioLab+ software (version 1.5.5., OTBioelettronica, Torino, Italy). 

Experiment protocol 

Participants attended two testing sessions separated by one week. The order of drug 

administration was counterbalanced and randomised. Figure 3.1B illustrates the contraction 

protocols that were used in each session, whereby TA EMG data could be examined using two 
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motor unit tracking techniques. The contraction protocols remained consistent throughout all 

data collection. Each participant performed 5 maximal effort dorsiflexions for ~3 s (with ~ 3 

min rest between contractions) to establish maximal voluntary contraction (MVC) torque. The 

trial that generated the highest magnitude of torque was determined to be the participant’s 

MVC. Participants then performed trapezoidal contractions to 10%, 30%, 50% and 70% of this 

MVC; the order of which was randomised. The rate of torque increase and rate of torque 

decrease was 10% MVC/s, and the plateau phase was adjusted to ensure that each trapezoid 

was 24 s in total duration. Contraction duration and rate of torque development were fixed to 

keep motor unit spike frequency adaptation and spike threshold accommodation consistent 

across intensities (Orssatto, Mackay, et al., 2021; Powers & Heckman, 2015; Vandenberk & 

Kalmar, 2014). The trapezoidal contractions were presented on a monitor placed 1 m in front 

of the participant, where trials were only accepted if the participant’s dorsiflexion torque 

remained within ± 1% MVC of the prescribed trajectories. 

In one session the series of muscle contractions were performed pre- and post-ingestion of a 

placebo, and in the other session the same series of contractions were performed pre- and post-

ingestion of a serotonin receptor blocking drug. The drug intervention was double blinded in 

nature. Depending on the session, a single oral dose of placebo (containing Avicel filler) or a 

single dose of cyproheptadine (8 mg) was administered. Post-pill torque and EMG 

measurements were made 2.5 h after oral administration. The placebo and cyproheptadine were 

compounded in opaque capsules to ensure blinding of the drug condition. The timing of testing 

aligned with high plasma concentrations of cyproheptadine (D'Amico et al., 2013; Wei et al., 

2014), as well as the testing window reported in previous cyproheptadine studies (Goodlich, 

Del Vecchio, Horan, et al., 2023; Goodlich et al., 2022; Thorstensen et al., 2021). The order 

that participants were allocated to the placebo or drug session was counterbalanced.  
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Motor unit decomposition 

Monopolar HDsEMG signals were digitally band pass filtered at 20–500 Hz with a second-

order Butterworth filter. HDsEMG signals were then decomposed into individual motor unit 

action potentials using blind source separation, via the convolutive kernel compensation 

method (Holobar & Zazula, 2007). This method has been validated previously for a broad range 

of contraction intensities of tibialis anterior (Del Vecchio, Casolo, et al., 2019; Del Vecchio, 

Negro, et al., 2019; Goodlich et al., 2022; Holobar et al., 2014; Negro, Muceli, et al., 2016). 

The decomposition accuracy was assessed using pulse-to-noise ratio dB during each individual 

contraction (Holobar et al., 2014), and decomposed spike trains showing pulse-to-noise ratios 

< 28 dB were discarded from the analysis. A PNR >28 dB corresponds to a sensitivity score > 

85% and a false alarm rate of < 2% (Holobar et al., 2014). All motor unit pulse trains were 

manually inspected and edited by the same investigator. Motor unit recruitment and 

derecruitment thresholds were calculated as the torque value corresponding to the first and last 

motor unit firing, respectively. Motor unit discharge rate was calculated during the plateau 

phase of the trapezoidal contraction (the average discharge rate of the first 10 interspike 

intervals during steady contraction at the target intensity).  

Tracking motor unit activity with motor unit decomposition filters 

Intra-session tracking was achieved with the abovementioned blind source separation, whereby 

motor units were tracked from pre- to post-pill ingestion for the same contraction intensity and 

drug condition (Figure 3.1B). This tracking routine was performed for both the placebo and 

cyproheptadine testing sessions. This was achieved by concatenating the HDsEMG recordings 

from pre- and post-ingestion, and then applying the individual motor unit filters to the entire 

concatenated data set (Goodlich et al., 2022). Intra-session tracking will henceforth be referred 

to as filter tracking. 
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Tracking motor unit activity with waveform correlation analysis 

Motor unit action potentials extracted during EMG decomposition were matched longitudinally 

from session one to session two via two dimensional cross-correlation of motor unit action 

potential waveforms ���'�H�O���9�H�F�F�K�L�R�����&�D�V�R�O�R�����H�W���D�O�������������������0�D�U�W�L�Q�H�]�(�9�D�O�G�H�V���H�W���D�O����������������. Motor 

unit action potential waveforms were estimated with spike triggered averaging, and the spatial 

representation of the action potential waveforms were cross correlated between ramp 

contractions. Specifically, the discharge times obtained from the decomposition algorithm 

serve as triggers for the extraction of MUAP waveforms. MUAP waveforms were extracted by 

averaging monopolar HDsEMG signals from all channels over intervals of 50 ms, which 

correspond to an approximate duration of the MUAP. This approach facilitates the visualization 

and analysis of the temporal and spatial characteristics of the motor unit action potentials, 

allowing for the tracking of motor units across days with correlation analyses. Longitudinal 

inter-session tracking was performed within drug condition and contraction intensity. 

Specifically, null comparisons were made between motor units tracked from pre-placebo to 

pre-cyproheptadine, and drug comparisons were made between motor units tracked from post-

placebo to post-cyproheptadine (Figure 3.1B). Inter-session tracking will henceforth be 

referred to as waveform tracking.  

Random matching of motor units for filter tracking and waveform tracking 

As a comparator to the accepted methods of matching motor units acutely and longitudinally, 

motor units were also matched randomly. Random matching was achieved using bespoke code 

(MATLAB (R2020a), The Mathworks Inc., Natick, MA) which randomly paired the 

decomposed motor units from each subject within drug condition and contraction intensity. 

Random matching was performed to assess the reliability of comparing motor unit properties 

in both placebo and drug conditions in the absence of a specific method of ensuring the same 

motor unit are tracked across the comparison. The physiological properties of motor units were 
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then compared before and after placebo or cyproheptadine, with the expectation being that the 

use of random matching will be far less reliable than the two accepted methods of matching.  

Statistical analysis 

All statistical analysis was performed in R, using RStudio (version 4.1.1; R Foundation for 

Statistical Computing, Vienna, Austria). The motor unit characteristics assessed were 

recruitment threshold, average discharge rate during the plateau, and derecruitment threshold. 

These variables were analysed at each contraction intensity (10%, 30%, 50% and 70% of 

MVC) for both the filter and waveform tracking methods. Two-way mixed effects, consistency, 

single measurement intraclass correlation coefficients (ICC 3,1) were computed to assess test-

retest reliability of motor unit characteristics for each tracking method. Intraclass correlation 

coefficients assessed the consistency of motor unit characteristics between pre- and post-pill 

ingestion measurements, within each tracking method and contraction intensity. Additionally, 

within subject variability was calculated using the mean intra-participant coefficient of 

variation (CoV, 
�Ì�½

�à�Ø�Ô�á
× 100) and the standard error of measurement (SEM, 

�Ì�½

�¾𝑛𝑛
). Change scores 

were calculated for each motor unit property as matched using both tracking methods. To 

visualise this information and describe the agreement between the two tracking methods, 

separate Bland-Altman plots were generated for each pharmacological state (placebo and 

cyproheptadine). Specifically, data for each motor unit is plotted on the ordinate as the 

difference in change score between the filter and tracking methods, and on the abscissa as the 

average change score between the filter and waveform methods. To assess the strength of 

bivariate correlations between motor units matched across conditions using filter, waveform, 

and random tracking methods, a Pearson product-moment correlation was used. This analysis 

was performed for all motor unit properties at each contraction intensity during both 

pharmacological states. Separate linear mixed effects models were used to evaluate the effects 

of drug on each outcome measure of interest. Models were developed using the nlme package 
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(Pinheiro et al., 2017), and comparisons were made pre- and post-pill ingestion. The outcome 

measures of interest were motor unit recruitment threshold, derecruitment threshold, and 

discharge rate during the plateau. Drug state, contraction intensity and the interaction between 

them were considered fixed effects, with a random intercept for each subject. Significance was 

calculated using the lmerTest package in R (Kuznetsova et al. 2017), which utilises 

Satterthwaite’s method to approximate degrees of freedom and generate P-values for mixed 

effects models by comparing the full model (with the effect of interest) against a null model 

(excluding the effect of interest). In the event of a significant drug effect, post-hoc tests were 

conducted to examine estimated marginal means with 95% confidence intervals between pre- 

and post-pill ingestion using the emmeans package (Lenth & Lenth, 2018). 

3.3 Results 

Motor unit decomposition  

A total of 1052 motor units were identified via decomposition of HDsEMG signals from the 

submaximal dorsiflexions. Using the filter method, 296 units were successfully matched from 

pre- to post- placebo and 344 units matched pre- to post- pharmacological intervention. Using 

the waveform method, 196 units were successfully matched from pre- to post- placebo and 216 

units matched pre- to post-during the pharmacological intervention. For the placebo session, 

the number of motor units identified per subject ranged from 6-20 at 10% MVC, 3-20 at 30% 

MVC, 3-13 at 50% MVC, and 2-9 at 70% MVC. For the cyproheptadine session, the number 

of motor units identified per subject ranged from 3-19 at 10% MVC, 2-21 at 30% MVC, 2-12 

at 50% MVC, and 2-8 at 70% MVC.  
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Figure 3.2 Motor unit discharge rate, recruitment threshold, and derecruitment 
threshold. Motor unit properties were extracted from tibialis anterior HDsEMG at four 
timepoints: pre-placebo (green), post-placebo (orange), pre-cyproheptadine (purple) and 
post-cyproheptadine (pink). Motor units were matched over a 2.5 h period using the 
filter method from pre- to post-placebo and pre- to post-cyproheptadine, shown in A (n = 
11 subjects). Motor units were matched over 7 days using the waveform method from 
pre-placebo to pre-cyproheptadine and post-placebo to post-cyproheptadine, shown in B 
(n = 11 subjects). Each point represents an individual motor unit, the colour of which 
represents the timepoint at which data were collected. The solid black lines represent 
subject averages for each timepoint. 

 

Data for each decomposed motor unit are presented in Figure 3.2. Motor unit discharge rate, 

recruitment threshold, and derecruitment threshold, all increase with increasing contraction 
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intensity irrespective of the drug condition. There is also a greater range of physiological values 

at the higher contraction intensities for each motor unit property. 

Motor unit discharge rate 

When tracking using the filter method, there was no significant difference in discharge rate 

from pre to post ingestion of placebo (F1, 582.86 = 2.68, P = 0.1020, estimated mean difference 

= -0.405 pps [-0.89, -0.08], Figure 3.2A). However, there was a significant decrease in 

discharge rate from pre to post ingestion of cyproheptadine (F1, 580.02 = 16.97, P < 0.001, 

estimated mean difference = 0.89 pps [0.46, 1.31], Figure 3.2A). When tracking using the 

waveform method, there was no significant difference in discharge rate between pre placebo 

ingestion and pre ingestion of cyproheptadine (F1, 371.45 = 1.7402, P = 0.1879, estimated mean 

difference = -0.375 pps [-0.933, 0.184], Figure 3.2 B). However, there was a significant 

decrease in discharge rate identified between post placebo ingestion and post ingestion of 

cyproheptadine (F1, 351.65 = 14.323, P < 0.001, estimated mean difference = 1.18 pps [0.57, 1.8], 

Figure 3.2B). The significant reduction in motor unit discharge rate can also be observed in 

Figure 3.3 as a leftward shift of the discharge rate change scores. 

Motor unit recruitment threshold  

When tracking using the filter method, there was no significant difference in recruitment 

threshold identified from pre to post ingestion of placebo (F1, 577.52 = 3.266, P = 0.07127, 

estimated mean difference = -1.13% MVC [-2.37, 0.10], Figure 3.2A). When tracking using 

the filter method, there was no significant difference in recruitment threshold identified from 

pre to post ingestion of cyproheptadine (F1, 583.09 = 0.850, P = 0.357, estimated mean difference 

= -0.531% MVC [-1.66, 0.60], Figure 3.2A). When tracking using the waveform method, there 

was no significant difference in recruitment threshold identified between pre placebo ingestion 

and pre ingestion of cyproheptadine (F1, 374.68 = 0.326, P = 0.5686, estimated mean difference 

= 0.415% MVC [-1.02, 1.85], Figure 3.2B). When tracking using the waveform method, there 
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was no significant difference in recruitment threshold identified between post placebo ingestion 

and post ingestion of cyproheptadine (F1, 352.20 = 0.843, P = 0.3592, estimated mean difference 

= 0.655% MVC [-0.748, 2.06], Figure 3.2B). 

Motor unit derecruitment threshold  

When tracking using the filter method, there was no significant difference in derecruitment 

threshold identified from pre to post ingestion of placebo (F1, 581.64 = 1.527, P = 0.2170, 

estimated mean difference = 0.74% MVC [-0.44, 1.92], Figure 3.2A). When tracking using the 

filter method, there was a significant increase in derecruitment threshold identified from pre to 

post ingestion of cyproheptadine (F1, 581.65 = 4.316, P = 0.03819, estimated mean difference = 

-1.08% of MVC [-2.1, 0.04], Figure 3.2 A). When tracking using the waveform method, there 

was no significant difference in derecruitment threshold identified between pre placebo 

ingestion and pre ingestion of cyproheptadine (F1, 370.70 = 0.224, P = 0.6362, estimated mean 

difference = -0.323 [-1.67, 1.02], Figure 3.2B). When tracking using the waveform method, 

there was a significant increase in derecruitment threshold identified between post placebo 

ingestion and post ingestion of cyproheptadine (F1, 351.72 = 11.807, P < 0.001, estimated mean 

difference = -2.44% MVC [-3.83, -1.04], Figure 3.2B). The significant increase in 

derecruitment threshold can also be observed in Figure 3.3 as a subtle rightward shift of the 

derecruitment threshold change scores. 
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Figure 3.3 Change score density distributions. Density plots represent the distribution of 
changes scores for motor units tracked from pre to post pill ingestion. Change scores are 
pooled for all contraction intensities (10%, 30%, 50% and 70% of MVC). Rows represent 
the drug condition and columns represent different motor unit properties (discharge rate in 
pulses per second, recruitment threshold and derecruitment threshold in % of MVC). Change 
score distributions for the filter method are shown in red, the waveform method is shown in 
blue, and the randomly matched condition is shown in green. The insert shows the peaks of 
each distribution for each property and pharmacological state. Note the leftward shift present 
in the discharge rate change scores during the cyproheptadine condition. 

 

Reliability of filter tracking and waveform tracking method: placebo 

Data obtained in the placebo session represent normal physiological responses during 

voluntary dorsiflexions. The filter tracking method was used to assess inter-session reliability, 
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and the waveform method was used to assess intra-session reliability of the same motor units. 

Table 3.1 describes the reliability, error, and variability of motor unit discharge rate, recruitment 

and derecruitment threshold for units matched across the placebo condition using both the filter 

and waveform tracking methods. In general, both the ICC and SEM increased with increasing 

contraction intensity for each of the motor unit properties as matched using both methods. The 

CoV was relatively consistent for discharge rate at 10%, 30% and 50% of MVC, however 

increased during 70% of MVC when matched using both methods. 

 

Table 3.1 Placebo intra- and intersession reliability of motor unit 
parameters.  

Variable 
Intensity  
(%MVC) 

Filter Waveform 

ICC  SEM  
CoV 
(%) ICC  SEM  

CoV 
(%) 

Discharge rate 
(pps) 

10 0.76 0.10 12.54 0.78 0.13 10.62 
30 0.68 0.16 11.58 0.70 0.19 10.10 
50 0.83 0.26 12.95 0.84 0.37 10.99 
70 0.86 0.56 15.80 0.91 0.80 15.68 

        

Recruitment 
(%MVC) 

10 0.51 0.20 76.10 0.74 0.28 81.14 
30 0.87 0.60 33.31 0.85 0.76 31.00 
50 0.72 0.89 23.62 0.79 1.17 22.21 
70 0.91 1.16 17.63 0.86 1.21 12.96 

        

Derecruitment 
(%MVC) 

10 0.36 0.14 28.99 0.21 0.20 32.23 
30 0.87 0.53 32.76 0.83 0.58 27.12 
50 0.93 0.77 19.05 0.94 1.00 14.29 
70 0.82 1.37 21.51 0.80 1.80 18.89 

ICC, intraclass correlation coefficient; SEM, standard error of measurement; 
CoV, coefficient of variation; pps, pulses per second; MVC, maximal voluntary 
contraction 

 

Bland-Altman plots were constructed to investigate the level of agreement between the two 

tracking methods for measuring change in each motor unit property at the different submaximal 

intensities. Figure 3.4 illustrates the agreement of the two tracking methods for the placebo 

condition. At 10% of MVC, a high level of agreement is demonstrated for all motor unit 
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properties by the clustering of datapoints around zero on both axes. This is to be expected in 

the placebo condition, where there should be minimal change in the behaviour of motor units. 

As the contraction intensity increases, the data points become more sparce, illustrating reduced 

agreement and a higher level of variability in the change scores measure across all motor unit 

properties assessed. 

 

 

Figure 3.4 Bland-Altman plot for placebo data. Each point represents a change score 
of a motor unit which has been tracked across the placebo intervention using both the 
filter and waveform methods. Data for each motor unit is plotted on the ordinate as the 
difference in change score between the filter and tracking methods, and on the abscissa 
as the average change score between the filter and waveform methods. Columns represent 
discharge rate, recruitment threshold and derecruitment threshold, and rows represent the 
different contraction intensities (10%, 30%, 50% and 70% of MVC). The solid blue lines 
represent the average difference in change scores, and the dashed blue lines represent the 
95% confidence interval around the mean difference. Discharge rate data is presented as 
pulses per second (pps), and recruitment/derecruitment data is presented relative to 
subjects’ maximal voluntary contraction (% MVC). 

 

Figure 3.5 shows the subject-wise r2 values achieved by performing Pearson product-moment 

correlations between motor unit properties for the placebo condition. Data are presented for 
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matching via the filter method, waveform method and random matching of motor units. 

Unsurprisingly, correlations between randomly matched units consistently returned low r2 

values, irrespective of motor unit property being assessed or contraction intensity being 

performed. Correlations between units matched via the filter and waveform method 

demonstrated similarly high r2 values. However, r2 values tended to become more variable with 

increasing contraction intensity. 

 

 

Figure 3.5 Pearson correlation coefficients for placebo data. Box plots and density plots 
represent the distribution of individual subject correlation coefficients for motor units which 
has been tracked across the placebo intervention using the filter, waveform, and random 
methods. The distribution of r2 values is displayed on the abscissa, and distributions are 
grouped on the ordinate by tracking method. Columns represent discharge rate, recruitment 
threshold and derecruitment threshold, and rows represent the different contraction intensities 
(10%, 30%, 50% and 70% of MVC). 
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Reliability of filter tracking and waveform tracking method: pharmacological 

intervention 

Data obtained in the drug session represent physiological change due to serotonergic receptor 

blockade during voluntary dorsiflexions. The reliability, error, and variability of motor unit 

discharge rate, recruitment and derecruitment threshold for units matched across the 

cyproheptadine condition using both the filter and waveform tracking methods are presented 

in Table 3.2. Similar to the placebo condition, there was a general increase in the ICC and SEM 

with increasing contraction intensity for each of the motor unit properties as matched using 

both methods. The ICCs in the cyproheptadine condition were typically lower than the placebo 

condition for motor unit discharge rate and derecruitment threshold. The CoV was comparable 

between the placebo and cyproheptadine conditions, behaving similarly across the different 

motor unit properties and contraction intensities.  

 

Table 3.2 Cyproheptadine intra- and intersession reliability of motor unit 
parameters.  

Variable 
Intensity  
(%MVC) 

Filter Waveform 
ICC SEM CoV ICC SEM CoV 

Discharge rate 
(pps) 

10 0.55 0.12 14.36 0.70 0.13 13.25 
30 0.78 0.16 12.43 0.86 0.24 10.26 
50 0.79 0.29 13.87 0.83 0.44 13.84 
70 0.73 0.44 11.61 0.84 0.57 9.79 

        

Recruitment 
(%MVC) 

10 0.69 0.25 86.61 0.72 0.30 96.31 
30 0.81 0.54 34.99 0.75 0.73 30.17 
50 0.74 0.88 23.97 0.83 1.11 19.38 
70 0.82 0.92 12.64 0.83 0.95 8.83 

        

Derecruitment 
(%MVC) 

10 0.54 0.15 30.58 0.64 0.18 30.30 
30 0.84 0.45 27.95 0.83 0.65 28.04 
50 0.89 0.78 20.74 0.87 0.98 14.79 
70 0.75 0.92 12.17 0.85 1.16 7.69 

ICC, intraclass correlation coefficient; SEM, standard error of measurement; 
CoV, coefficient of variation; pps, pulses per second; MVC, maximal voluntary 
contraction 
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Figure 3.6 illustrates the agreement between the two tracking methods for measuring change 

in each motor unit property at the different submaximal intensities for the drug condition. At 

10% of MVC, a high level of agreement is demonstrated by the clustering of datapoints for 

each motor unit property. It is worth noting the leftward shift of the discharge rate data points 

and a subtle rightward shift of the derecruitment data points. Again, this is a product of the 

average changes to these properties with the pharmacological intervention. Similar to the 

placebo condition, an increase in contraction intensity sees the data points become more sparce, 

once again illustrating reduced agreement and a higher level of variability in the change scores 

measure across all motor unit properties assessed.  

 

 

Figure 3.6 Bland-Altman plot for drug data. Each point represents a change score of a 
motor unit which has been tracked across the cyproheptadine intervention using both the 
filter and waveform methods. Data for each motor unit is plotted on the ordinate as the 
difference in change score between the filter and tracking methods, and on the abscissa as 
the average change score between the filter and waveform methods. Columns represent 
discharge rate, recruitment threshold and derecruitment threshold, and rows represent the 
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different contraction intensities (10%, 30%, 50% and 70% of MVC). The solid red lines 
represent the average difference in change scores, and the dashed red lines represent the 95% 
confidence interval around the mean difference. Discharge rate data is presented as pulses 
per second (pps), and recruitment/derecruitment data is presented relative to subjects’ 
maximal voluntary contraction (% MVC). 

 

The subject-wise r2 values achieved by performing Pearson product-moment correlations 

between motor unit properties before and after the cyproheptadine condition are presented in 

Figure 3.7. Once again, correlations between randomly matched units consistently returned low 

r2 values, irrespective of motor unit property being assessed or contraction intensity being 

performed. Units matched via the filter and waveform method demonstrated similarly high r2 

values during the cyproheptadine condition, however, the same trend of r2 values becoming 

more variable with increasing contraction intensity was again observed. 

 

 

Figure 3.7 Pearson correlation coefficients for drug data. Box plots and density plots represent 
the distribution of individual subject correlation coefficients for motor units which has been tracked 
across the cyproheptadine intervention using the filter, waveform, and random methods. The 
distribution of r2 values is displayed on the abscissa, and distributions are grouped on the ordinate 
by tracking method. Columns represent discharge rate, recruitment threshold and derecruitment 
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threshold, and rows represent the different contraction intensities (10%, 30%, 50% and 70% of 
MVC). 
 

3.4 Discussion 

The purpose of this study was to evaluate the reliability of two common tracking procedures. 

Intra-session motor unit tracking was performed with the filter tracking method (blind source 

separation), and inter-session tracking was performed with waveform tracking method (two-

dimensional waveform cross correlation). Key findings were: (i) motor unit properties 

extracted from high intensity contractions demonstrated greater variability than low intensity 

contractions; (ii) both the filter and waveform methods of tracking substantially outperform 

multiple iterations of randomly matching motor units which highlights the importance of 

properly matching motor units across an intervention; (iii) there were no discernible differences 

in the performance of the filter tracking method and the waveform tracking method where 

motor units of the tibialis anterior were assessed across the wide range of dorsiflexion 

intensities; and (iv) although reliability was slightly reduced when a pharmacological 

intervention was employed to reduce discharge rate, there were no discernible differences in 

the performance of tracking methods with the drug condition. Our results provide evidence that 

it is possible to track the same motor units in humans with HDsEMG under physiological 

conditions and following an intervention which reduced the discharge rate of motoneurones. 

Stationarity as a principle of motor unit decomposition 

Blind source separation algorithms, such as convolution kernel compensation, separate EMG 

activity into individual motor unit components by detecting the unique MUAP waveform 

shapes, and both temporal and frequency characteristics (Holobar et al., 2014; Holobar & 

Zazula, 2007). Once individual MUAP filters are ‘primed’ on these characteristics, they can 

then be applied to new EMG signal in which the same motor units may be identified. Thus, 

tracking with the filter technique relies on the stationarity of these characteristics. Utilisation 
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of a decomposition algorithm primarily focuses on the identification of motor unit discharge 

times, which can then be used as triggers for the extraction of MUAP waveforms. This 

technique results in the derivation of two-dimensional representations of MUAP waveforms by 

averaging monopolar HDsEMG signals over a specified window of time. By applying the 

spike-triggered averaging technique, the temporal and spatial characteristics of MUAP 

waveforms can be visualised and analysed, allowing the tracking of motor units across days 

with correlation analyses. Given that the spatial and temporal characteristics underpin tracking 

via waveform cross-correlation, tracking with the waveform technique also requires a level of 

stationarity in the spatial representation of the identified MUAPs for successful cross 

correlation ���'�H�O���9�H�F�F�K�L�R���	���)�D�U�L�Q�D�����������������0�D�U�W�L�Q�H�]�(�9�D�O�G�H�V���H�W���D�O����������������. Interventions designed 

to introduce variation in regular physiological function of the central nervous system impact 

the morphological, temporal, and frequency characteristics of the MUAPs. Therefore, it is of 

great interest to understand how interventions that alter activity in the motor system, and thus 

alter MUAPs, affect the reliability of motor unit tracking. 

Similar performance with filter and waveform tracking methods 

The filter and waveform tracking techniques performed very similar for the placebo condition. 

The distribution of change scores for motor unit discharge, motor unit recruitment, and motor 

unit derecruitment as matched by each technique, was consistently narrow and centred around 

zero. Measures of reliability, error, and variability were also comparable for both filter and 

waveform matching techniques. On face value, these reliability findings indicate that one 

technique is not superior to the other. In the present study, we have taken advantage of 

experiment designs that have been employed previously where the filtering technique has been 

used within session (Goodlich, Del Vecchio, Horan, et al., 2023; Mazzo et al., 2021) and 

waveform correlation between session ���'�H�O���9�H�F�F�K�L�R�����&�D�V�R�O�R�����H�W���D�O�������������������0�D�U�W�L�Q�H�]�(�9�D�O�G�H�V���H�W��

al., 2017). This was to purposefully examine the advantages and limitations of each tracking 
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technique. Namely, the filter method of tracking depends largely on MUAP stationarity and 

small differences in electrode array placement (despite every effort to replace the array in the 

exact some spot) have detrimental effects on the number of motor units successfully matched 

across days. Thus, filter tracking may be problematic when matching motor units 

longitudinally. Comparatively, the waveform method utilises spike triggered averaging to 

create a 2D representation of the MUAP which are less sensitive to these small positional 

changes. Thus, the waveform method may be better suited to longitudinal tracking. 

We also performed iterations of randomly matching motor units together and assessed the 

reliability of these various random combinations. Compared to filter and waveform based 

matching of motor units, random matching of units resulted in broader change score 

distributions and lower correlation coefficients. This highlights the superiority of the filter and 

waveform techniques for pre-post comparisons over comparisons made between motor units 

that have been paired at random. A similar analysis has previously been conducted to confirm 

the accuracy of the waveform tracking between random samples of unmatched motor units 

from the quadriceps ���0�D�U�W�L�Q�H�]�(�9�D�O�G�H�V���H�W���D�O����������������, and also from tibialis anterior motor units 

(Del Vecchio & Farina, 2019). Collectively, these two studies identified a significant decrease 

in reliability indices for the randomly matched units when compared to the waveform matched 

units.  

The pharmacological intervention was associated with changes to normal motoneurone 

activation, which manifested in the reduction of motor unit discharge rate and increasing of 

derecruitment threshold. Physiologically, it is probable that changes to the intrinsic excitability 

of spinal motoneurones occurred post-ingestion of the drug (Goodlich, Del Vecchio, Horan, et 

al., 2023), which would typically provide an additional source of depolarising current to 

ionotropic inputs to the motoneurone (Hultborn et al., 2003; Lee & Heckman, 1998a, 2000). 

Disruption to 5-HT receptor activity on motoneurones can also reduce discharge rate by 
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modulating slow afterhyperpolarisation (sAHP) and medium afterhyperpolarisation 

(mAHP)(Grunnet et al., 2004; Hounsgaard & Kiehn, 1989), which can each contribute changes 

to temporal, frequency and morphological characteristics of the MUAPs (i.e., stationarity). It 

is therefore not surprising that the ICCs for the cyproheptadine condition were typically lower 

than the placebo condition for motor unit discharge rate and derecruitment threshold. 

Importantly, including an intervention that reduced motor unit discharge did not affect the 

performance of either filter or waveform tracking techniques in the context of our experiment 

design. Therefore, the use of either technique would be equally appropriate for matching single 

motor unit activity with the type of experiment design used in the current study. Furthermore, 

the ability of the waveform technique to similarly detect pharmacologically induced changes 

identified via the filter technique adds weight to the growing evidence that 2-D waveform 

cross-correlation provides a valid and reliable means of longitudinally tracking motor units. 

 Motor unit discharge, recruitment, derecruitment, and tracking become more variable 

with increasing contraction intensity 

An increasing number of motor units are recruited to a muscle contraction when the muscle is 

required to develop greater levels of force (De Luca & Contessa, 2012; De Luca et al., 1982a; 

�+�H�Q�Q�H�P�D�Q�����������������0�L�O�Q�H�U�(�%�U�R�Z�Q���H�W���D�O����������������. However, the number of motor units that can be 

identified by decomposition of HDsEMG typically decreases with increasing contraction 

intensity (Del Vecchio, Holobar, et al., 2020; McNeil, Doherty, Stashuk, & Rice, 2005). Fewer 

accurately identified motor units can be observed at higher contraction levels, which is likely 

due to increased superimposition of motor unit action potentials, rather than physiological 

changes in the number of recruited single motor units (Gallina et al., 2022). Importantly, 

decomposition of HDsEMG is less successful when trying to identify low threshold motor units 

during high intensity contractions, causing the sample of successfully decomposed motor units 

to shift with a bias towards higher threshold units (Goodlich, Del Vecchio, Horan, et al., 2023). 
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In the present study,  Bland-altman plots and Pearson corelation coefficients indicated that the 

poorest reliability typically occurred at the highest contraction intensity, whereby the greatest 

variability in tibialis anterior motor unit discharge, recruitment, and derecruitment also 

occurred at the highest contraction intensity. This finding was consistent across both 

pharmacological conditions investigated. However, it should be acknowledged that this 

interpretation contrasts some of the ICC and CoV data presented in Tables 3.1 and 3.2, in which 

the ICC values are lowest (i.e. poor reliability) for 10% MVC intensity and in many instances 

the Coefficient of Variation is also very high for the 10% MVC (i.e. low CoV being less 

reliable). The source of increasing variability with increasing contraction intensity likely 

originates from a mixture of low and high threshold motor units being active during higher 

intensity contractions (De Luca & Hostage, 2010).  Low threshold units require less input to 

fire and are recruited at lower force levels, while high threshold units require more input to fire 

and are recruited at higher force levels (De Luca et al., 1982a; Henneman, 1977). Therefore, 

the higher contraction intensities will have the greatest range of motor units active, resulting in 

a wider range of discharge rates and firing patterns (De Luca & Contessa, 2012; Person & 

Kudina, 1972). An increase in the variability of motor unit discharge rate with increasing 

contraction intensity has also previously been observed in vastus lateralis and vastus medialis 

(Martinez-Valdes et al., 2016). Overall, as contraction intensity increases, motor unit 

decomposition and tracking via both techniques becomes more difficult. 

Considerations and future directions 

The most direct way by which longitudinal tracking of motor units could be validated would 

be to concurrently sample HDsEMG and intramuscular EMG signals (Farina & Enoka, 2011; 

Negro, Muceli, et al., 2016). This method, however, has challenges associated with chronic 

implantation of fine wire electrodes, and the small number of common sources decoded at the 

surface and into the muscle (Farina & Enoka, 2011). A pharmacological-based method provides 
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a non-invasive alternative to validate the accuracy and reliability of these methods of tracking 

motor units. The pharmacological intervention used in this study, involving the blockade of 

serotonergic receptors, serves as a controlled manipulation of motoneurone excitability. It is 

important to acknowledge the possible limitations of using a drug experimental design, such 

as interindividual variability in drug response, and, in the case of cyproheptadine, the potential 

for the drug to modulate more than just spinal motoneurone excitability. However, the intensity 

of motor activity being performed is thought to correspond to 5-HT release from the descending 

raphe-spinal pathway, but not the ascending raphe pathway to the cortex (Jacobs & Fornal, 

1997; Jacobs et al., 2002; Veasey et al., 1995). Additionally, previous findings indicate that 

cyproheptadine does not significantly affect common synaptic input to motoneurones 

(Goodlich, Del Vecchio, Horan, et al., 2023). While this intervention specifically involves 

drugs, the crucial takeaway is that it allows researchers to deliberately modify motoneurone 

excitability in a controlled manner, thus shedding light on the underlying mechanisms 

influencing motor unit activity. This not only has direct implications for future drug studies 

aiming to understand the effects of specific medications on motor unit activity, but it also 

provides valuable insights into other interventions that are hypothesised to alter motor unit 

discharge and recruitment by modulating motoneurone excitability. By studying the impact of 

pharmacological manipulations on motor unit firing frequency, researchers can gain a deeper 

understanding of the underlying mechanisms that influence motor unit activity, paving the way 

for more targeted interventions and therapies in the future. 

It is important to consider the impact of motor unit yield when discussing the feasibility of 

longitudinal motor unit tracking. In the current study, 65% of the total yield of tibialis anterior 

motor units were successfully matched across a 7-day period for the waveform technique. In 

previous work which tracked tibialis anterior motor units across two sessions via the waveform 

technique, 30% of  the total yield of motor units were successfully tracked over a 4 week period 
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(Del Vecchio, Casolo, et al., 2019). Longitudinal tracking of motor units from the quadriceps 

muscle group via the waveform method also revealed that the number of successfully matched 

motor units decreased from ~45% across two sessions to ~25% across three sessions ���0�D�U�W�L�Q�H�]�(

Valdes et al., 2017). Resolving the issue of low yield is critical to aid in the clinical application 

of tracking motor units over time, whereby disease progression could be reliably monitored in 

central nervous system conditions that influence motoneurone recruitment, rate coding, and 

excitability. A further consideration for yield is the muscle from which HDsEMG is being 

sampled. The current study investigated isometric contractions in tibialis anterior, which is not 

reflective of all muscles and contraction types. For example, motor unit yield from biceps 

brachii is typically reported to be far lower than tibialis anterior (Del Vecchio, Holobar, et al., 

2020). Therefore, more extensive research is required to characterise the reliability of both 

upper limb and lower muscles generating a wide range of forces.  

3.5 Conclusion 

This study provides new evidence that it is possible to track the same motor unit in humans 

with HDsEMG across a wide range of voluntary force levels. Interestingly, there were no 

discernible differences in the performance of the filter tracking method and the waveform 

tracking methods under physiological conditions. Although reliability slightly reduced when a 

pharmacological intervention was employed to reduce discharge rate, there were also no 

discernible differences in the performance of tracking methods with the drug condition. We 

observed that the poorest reliability typically occurred at the highest contraction intensity, 

whereby the greatest variability in tibialis anterior motor unit discharge, recruitment, and 

derecruitment also occurred at the highest contraction intensity. Collectively, our results 

provide evidence that it is possible to track the same motor units in humans with HDsEMG 

under physiological conditions and following an intervention which reduced the discharge rate 

of motoneurones. 
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4.1 Introduction 

Neuromodulatory pathways that project to the ventro-lateral spinal cord regulate the state of 

excitability of motoneurones. Serotonin (5-HT) is an example of a neuromodulator which can 

regulate the gain of spinal motoneurones by binding to somato-dendritic 5-HT2 receptors on 

motoneurones to facilitate discharge rates (Harvey et al., 2006a; Perrier & Cotel, 2015; Perrier 

& Delgado-Lezama, 2005; Shay, Sawchuk, Machacek, & Hochman, 2005). The mechanism 

underlying this facilitation is persistent inward currents (PIC), where 5-HT activates voltage-

gated L-type Ca2+ channels and persistent Na+ channels to cause a three- to five-fold 

amplification of synaptic input to motoneurones (Heckman et al., 2009; Johnson & Heckman, 

2014). The degree of amplification positively correlates with the amount of neuromodulatory 

drive to the motoneurones. In the case of 5-HT, this is the amount of release of 5-HT onto 

motoneurones from the raphe-spinal pathway in the brainstem, which aligns with the intensity 

of motor activity being performed (Veasey et al., 1995).   

Although 5-HT effects on motoneurones have been well studied, the time it takes for 5-HT 

effects to occur at the onset of voluntary motor activity is not clear. Of the data that is available, 

there is evidence from in vitro and in situ animal preparations that alterations in motoneurone 

discharge are rapid when serotonergic pathways become active. Brief 1 s stimulation (10 Hz 

pulse train) of the raphe nuclei in intact brainstem and spinal preparations of the adult turtle 

reveals that peak motoneurone excitability occurs ~ 0.5 s after the onset of stimulation (Perrier 

& Delgado-Lezama, 2005). This finding overlaps with data from cat preparations, where 

excitatory responses in the raphe nuclei ‘coincide’ with the onset of treadmill locomotion in 

intact cats (Veasey et al., 1995), and stimulation of the mesencephalic locomotor region causes 

fictive locomotion in decerebrate cats that aligns with 5-HT release to the lumbar spinal cord 

(Noga et al., 2017). Given that 5-HT release occurs quickly with the commencement of motor 
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activity, it is possible that rapid muscle contractions are under the control of 5-HT 

neuromodulation. 

During motor tasks where individuals contract muscles as fast as possible, rate of force 

development is often maximal. This rapid increase in force is in turn dependent on a fast 

increase in synaptic input to the motoneurone pool, leading to rapid motor unit recruitment and 

significantly higher discharge frequencies compared to slow ramp contractions (e.g., 60-200 

Hz vs 10–40 Hz) (Del Vecchio, Negro, et al., 2019; Desmedt & Godaux, 1977; Duchateau & 

Baudry, 2014). The first 35 ms of motor unit activity, which correlates well to explosive force 

estimates, is presumably determined by the strength of corticospinal inputs to the motoneurone 

pool (Del Vecchio, Negro, et al., 2019). Moreover, the latency of motor unit activation 

following the cortical command to move suggests that rapid contractions are controlled by 

descending inputs to the motoneurone pool and not by afferent feedback from the contracting 

muscle (Stephane Baudry & Duchateau, 2021; Cheney & Fetz, 1980; Kagamihara, Komiyama, 

Ohi, & Tanaka, 1992). Thus, when performing a rapid contraction, it is likely that an increase 

in intensity is governed by feedforward cortical mechanisms and may be associated with 

different degrees of brainstem 5-HT neuromodulation. Serotonergic neuromodulation of rapid 

contractions may also be impacted by preceding muscle contractions. Performing sustained 

maximal contractions (that leads to fatigue) is associated with accumulation of excess 5-HT 

that has been released into the CNS (Kavanagh et al., 2019). Therefore, it stands to reason that 

reducing the ability of neurons to use available 5-HT in the CNS will exacerbate any fatigue-

related effects on MU activity that are present during rapid contractions.  

The purpose of this study was to examine motor unit discharge rate during rapid contractions 

and determine the role that the serotonergic system plays in modulating discharge rate during 

these contractions. High-density surface electromyography (HDsEMG) techniques were used 

to extract motor unit discharge characteristics from the tibialis anterior during two contraction 
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protocols. The first protocol involved unfatigued muscle contractions, where rapid dorsiflexion 

to 30%, 50%, and 70% of maximal voluntary contraction (MVC) were performed. The second 

protocol involved a fatiguing muscle contraction, where the rapid dorsiflexion contractions in 

the first protocol were performed after completing a maximal effort sustained dorsiflexion 

contraction. For all tests, antagonism of the 5-HT2 receptor was induced via a drug intervention, 

where the effects of serotonergic release within the central nervous system were attenuated. It 

was hypothesised that in unfatigued muscle, motor unit discharge rate would only be reduced 

with 5-HT antagonism during rapid dorsiflexions at the highest contraction intensity. However, 

following a prolonged contraction, where serotonergic drive to active motoneurones is most 

likely high, it was hypothesised that 5-HT2 receptor antagonism would reduce motor unit 

discharge rate for all rapid contraction intensities. 

4.2 Methods 

Experiment design 

The current study investigated humans, using a placebo-controlled, double-blind, two-way 

cross-over design. Participants attended two testing sessions separated by one week. At the start 

of each testing session, the 5-HT2 receptor antagonist cyproheptadine, or a placebo, was 

administered to each participant. The order of drug administration was counterbalanced where 

half of the participants were administered cyproheptadine in their first session, and the other 

half were administered the placebo in their first session.  

Participants and ethical approval 

Nine healthy, recreationally active individuals (age 23.7 ± 2 years, 4 female) were recruited to 

the study. Prior to enrolment, participants were screened using a medical history questionnaire 

containing exclusion criteria specific to acute and chronic neuromuscular injury, and the 

administration of antiserotonergic agents. Participants were instructed to refrain from any 
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stimulants or depressants such as caffeine, alcohol, or moderate-to-high intensity exercise 

twelve hours before the morning of testing. Approval for testing procedures were obtained via 

Griffith University’s Human Research Ethics committee (GU Ref No: 2020/264), and all 

procedures were performed in accordance with the Declaration of Helsinki except for 

registration in a database. Written informed consent was obtained for all participants prior to 

testing. 

Drug administration 

Antiserotonergic effects induced by cyproheptadine are due to competitive antagonism, where 

cyproheptadine binds with high affinity to A, B, and C, 5-HT2 receptor subtypes (Boess & 

Martin, 1994; Honrubia et al., 1997). A single oral dose of cyproheptadine (8 mg), or a placebo, 

was administered to the participants two hours prior to experimental testing. The timing of 

testing aligned with high plasma concentrations of cyproheptadine (D'Amico et al., 2013; Wei 

et al., 2014), as well as the testing window reported in previous cyproheptadine studies 

(Thorstensen et al., 2021). The cyproheptadine and placebo were compounded in opaque 

capsules to ensure blinding of the drug condition. Drug administration and experimental testing 

were performed at similar times in the morning for all participants. For example, if a participant 

ingested the drug/placebo at 9:30 AM and testing commenced at 11:30 AM for their first testing 

session, this timing would be replicated for the second testing session. During both testing 

sessions, participants were instructed to report any side effects experienced after pill ingestion. 

There were no adverse effects of cyproheptadine ingestion, however moderate drowsiness was 

reported by all nine participants ~ 4 h after pill ingestion. 

Experimental setup 

The experimental setup comprised a custom designed foot plate which incorporated a 

commercially available torque sensor (capacity = 565 Nm, Model 2110-5K; Honeywell 

International Inc., Charlotte, NC, USA). The foot plate was mounted on a custom-built 



Chapter 4 

86 
 

aluminium frame, which was secured to a large, motorised, therapy chair (Figure 4.1A). 

Participants were positioned in the chair with their hip and ankle positioned at 90° in the sagittal 

plane, 15° of knee flexion and their foot secured in the foot plate with a non-compliant, ratchet 

type binding. Ankle torque measurements were sampled at 2000 Hz using a Power 1401 

interface with Spike2 software (version 7, Cambridge Electronic Design Ltd., UK). Feedback 

for the unfiltered torque signal was provided using Spike2 software and displayed on a 

computer monitor positioned approximately 1 metre from the participants eyes. 

 

 

EMG setup 

Muscle activity for the tibialis anterior was measured using a semi-disposable 64-channel 

HDsEMG grid electrode (8 x 8) with a 10 mm inter-electrode distance (OTBioelettronica, 

 

Figure 4.1. Experimental set up and contraction protocols. The foot of each participant’s 
right leg was attached to an isometric torque sensor that positioned the hip and ankle at 90o in 
the sagittal plain, and the knee in 15 o of flexion (A). Bipolar sEMG signals were recorded 
from vastus lateralis, tibialis anterior, medial gastrocnemius and soleus. HDsEMG signals 
were be recorded from tibialis anterior. Contraction protocol 1 consisted of baseline MVCs 
and 6 rapid isometric contractions at 30%, 50% and 70% MVC (B). Contraction protocol 2 
assessed rapid isometric contractions after a sustained maximal dorsiflexion contraction. The 
sustained dorsiflexion was stopped when force declined to 60% of initial MVC (C). This 
fatigue task was repeated 6 times for each rapid contraction intensity. 
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Torino, Italy). Following skin preparation (shaving, abrasion, and cleansing with 70% 

isopropyl alcohol), the optimal position and orientation of the electrode grid was determined 

by an experienced operator via palpation of the right tibialis anterior muscle belly. Electrodes 

were fixed to the middle of the muscle belly using a bi-adhesive, perforated foam layer and 

conductive paste (SpesMedica, Battipaglia, Italy). A strap ground electrode (OTBioelettronica, 

Torino, Italy) dampened with water was positioned over the ankle malleoli. The HDsEMG 

signals were recorded in monopolar mode and converted to digital signal by a 16-bit wireless 

amplifier (Sessantaquattro, OTBioelettronica, Torino, Italy) using OTBioLab+ software 

(version 1.3.0., OTBioelettronica, Torino, Italy). 

To monitor unintended activity in synergist and antagonist muscles during the isolated 

dorsiflexion tasks, bipolar surface EMG (sEMG) electrodes were attached to several muscles 

of the lower limb. Specifically, 24 mm Ag/AgCl electrodes (Kendall ARBO; Cardinal Health, 

Dublin OH, USA) recorded muscle activity of the medial gastrocnemius, soleus, and vastus 

lateralis muscles. Electrodes were aligned parallel to the underlying muscles fibres, with an 

inter-electrode distance of 24 mm. EMG signals were differentially amplified (x 1000) by a 

NL844 pre-amplifier, and bandpass filtered (10 Hz - 500 Hz) by a NL135 Low Pass Filter and 

NL144 High Pass Filter (Digitimer Ltd., UK). Surface EMG was sampled at 2000 Hz via a 

Power 1401 interface with Spike2 software (version 7, Cambridge Electronic Design Ltd., 

UK). 

Experiment protocol 

Determination of maximal voluntary contraction torque (MVCT).  

For all dorsiflexion contractions in this study, care was taken to ensure that participants 

minimised the use of muscles other than the tibialis anterior to generate isometric dorsiflexion 

torque. An investigator provided instructions and a demonstration on performing the task prior 

to participants attempting the task and monitored sEMG activity during testing. After 
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familiarisation, participants performed 5 maximal effort dorsiflexions lasting 3-5 s in duration 

with a rest period of up to 3 min between contractions. Any trial with excessive activity from 

synergist or antagonist muscles, as observed via sEMG, was ceased and deemed a mistrial. An 

acceptable trial that generated the highest magnitude of torque was determined to be the 

participant’s MVCT. This value was then used to set all submaximal rapid dorsiflexion targets.  

Contraction protocol 1.  

Protocol 1 was used to examine motor unit activity in the unfatigued tibialis anterior. 

Participants were required to perform rapid dorsiflexion to 30% MVC, 50% MVC and 70% of 

MVC in a randomised order (Figure 4.1B). A target range was presented on the computer 

monitor as a solid target torque line, with two dashed lines representing ± 5% of the target 

torque. Subjects familiarised to the task by performing 10 – 20 repetitions of the rapid 

submaximal dorsiflexions. For the rapid isometric contractions, participants were instructed to 

dorsiflex ‘as fast as possible’, so their level of torque was within the target window, and 

subsequently maintained within the window for 3 s. This was repeated for 6 repetitions at each 

intensity, with ~20 s rest between repetitions and 2-5 min rest between the different intensities 

(more rest time allocated for higher intensities). Participants repeated any trial if the level of 

torque generated did not enter the target window. Each rapid isometric contraction was initiated 

using an auditory cue that varied in timing to ensure participants could not predict when the 

cue would be heard. 

Contraction protocol 2. 

Protocol 2 was used to examine motor unit activity in tibialis anterior following a fatigue 

inducing contraction. Participants were instructed to maximally dorsiflex until their torque 

declined to 60% of their baseline MVC for a period of 2 s (Figure 4.1C). Participants were 

instructed to immediately relax once the investigator had informed them that their dorsiflexion 

had reached the task failure criteria. During the fatiguing contraction, standardised 
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encouragement was given at regular intervals until task failure. Approximately 1 s after 

completing the fatigue task, participants were cued to rapidly contract to either 30% of MVC, 

50% of MVC or 70% of MVC using the same procedures outlined in protocol 1. This was 

repeated for 6 repetitions at each intensity. To minimise the contribution of other leg muscles 

during the sustained MVC, sEMG from gastrocnemius, soleus, and vastus lateralis was 

monitored for involvement. If participants exhibited excessive activity from other leg muscles, 

the fatiguing contraction was stopped and deemed a mistrial.  

Torque analysis 

Unfiltered torque data was analysed using built-in functions in Spike2. The rate of torque 

development was determined by calculating the peak torque-time slope between the onset of 

torque production and the point that torque reached the target level. Torque onset was 

determined through visual inspection by an experienced investigator using a previously 

validated methodology (Tillin, Jimenez-Reyes, Pain, & Folland, 2010). Trials in which 

dorsiflexion torque onset was preceded by plantarflexion torque (i.e., countermovement) or any 

observable increase in antagonist muscle EMG were excluded from analysis. Rate of torque 

development was normalised to the individual’s MVCT prior to analysis. Analysis of rate of 

torque development was conducted in normalised terms to reduce the individual influence of 

maximal torque and better understand the influence of neural properties on explosive torque 

production. To ensure that only the most rapid dorsiflexions were included in our analysis, an 

average rate of torque development was calculated for each participant across their three most 

rapid isometric contractions. 

HDsEMG Analysis 

Within each contraction intensity, HDsEMG data from three contractions were used for motor 

unit decomposition. The three contractions that were selected were those that had the greatest 

rate of torque development. This selection process was performed separately for contraction 
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intensities as well as drug conditions. The analysis was performed offline, where monopolar 

HDsEMG signals were band pass filtered at 20–500 Hz (second-order, Butterworth). HDsEMG 

signals were then decomposed into individual motor unit action potentials using blind source 

separation, via the convolutive kernel compensation method (Holobar & Zazula, 2007). This 

method has been validated previously for a broad range of muscle forces and contraction 

modalities of the tibialis anterior muscle, including rapid isometric contractions (Del Vecchio, 

Casolo, et al., 2019; Del Vecchio, Negro, et al., 2019; Holobar et al., 2014; Negro, Muceli, et 

al., 2016). Firstly, signals recorded during the three contractions were concatenated and 

decomposed into individual motor unit action potentials (MUAP). Following this, the extracted 

motor units were tracked across drug conditions. This was achieved by concatenating the data 

extracted from the placebo and cyproheptadine conditions, and then applying the individual 

motor unit filters to the entire concatenated data set. The decomposition accuracy was assessed 

using pulse-to-noise ratio (Holobar et al., 2014), and motor units showing pulse-to-noise ratios 

<28 dB were discarded from the analysis. All MUAP pulse trains were manually inspected by 

an investigator experienced in motor unit analysis, and only MUAPs with a reliable discharge 

pattern were considered for analysis. 

Following decomposition, average motor unit discharge rate for each successfully decomposed 

and tracked unit was calculated from a window of data with boundaries 1 s before the onset of 

torque production and 1 s after the onset of torque production. This window allowed for the 

inclusion of motor units in the analysis that 1) may have occurred before the onset of 

measurable torque production, and 2) were active during the rapid rise in torque due to ankle 

dorsiflexion. Moreover, this window enhanced the likelihood of identifying (or not identifying) 

drug-related changes in motor unit activity compared to traditional rapid contraction analyses 

that assess peak motor unit activity over very brief windows (first 3-4 spikes) (Del Vecchio, 

Holobar, et al., 2020; Del Vecchio, Negro, et al., 2019). 5-HT2 antagonism has the capacity to 
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suppress action potential generation, however the time course of these potential effects is 

hitherto unknown. Therefore, an analysis window capturing more than 3-4 spikes was 

particularly critical in the current study. The unfatigued rapid isometric contractions were 

analysed separate to the rapid isometric contractions performed after the sustained maximal 

dorsiflexion contraction.  

Statistical Analysis 

All statistical analysis was performed in R, using RStudio (version 4.1.1; R Foundation for 

Statistical Computing, Vienna, Austria). Shapiro–Wilk tests and quantile–quantile plots were 

used to assess the normality of the data before within-group and between-group comparisons 

were made. Assumptions of sphericity were verified by Mauchly’s test and Greenhouse-Geisser 

corrections were applied when the assumption was violated. Two-way repeated measures 

ANOVA were used to examine the effects of drug (cyproheptadine, placebo) and contraction 

intensity (30% MVC, 50% MVC, 70% MVC) on rate of torque development (rstatix package 

in R). Linear mixed models were used to evaluate the effect of drug and contraction intensity 

on motor unit discharge rate (nlme package in R). Mixed effects models were employed for 

motor unit analysis as they account for the correlation of multiple units from a single subject 

(Tenan, Marti, & Griffin, 2014). Models were developed by iteratively adding predictor 

variables or interaction effects, and the fit of models was compared using an ANOVA. Drug 

state, contraction intensity and the interaction between them were considered fixed effects, with 

a random intercept for each subject (e.g., discharge rate ~ drug x intensity + (1 | subject ID)). 

In the event of a significant main effect for contraction intensity, Tukey post-hoc tests were 

conducted to examine which intensities exhibited differences (emmeans package in R). 

Similarly, a drug by contraction intensity interaction effect was also examined, where Tukey 

post-hoc tests were used in the event of a significant interaction. Bonferroni corrections were 

applied to account for multiple comparisons. Effect size of the drug intervention was assessed 
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using Cohen’s d. To assess the strength of bivariate correlations between the placebo condition 

and the cyproheptadine condition, across all intensities, a Pearson product-moment correlation 

was used. For all statistical comparisons, an �.��value of p < 0.05 was considered statistically 

significant. All results presented in the text and figures are means and standard deviation, unless 

stated otherwise. 

4.3 Results 

Baseline characteristics 

The age and anthropometric characteristics of participants are described in Table 4.1. At 

baseline, there were no significant differences identified for maximal dorsiflexion torque 

amplitude between sessions. Similarly, there were no differences between drug sessions for the 

antagonist (gastrocnemius and soleus) or synergist (vastus lateralis) muscles when sEMG root 

mean squared amplitude was normalised to the tibialis anterior. 

Motor unit decomposition 

All participants successfully completed the contraction protocols in this study and tolerated the 

cyproheptadine intervention with no adverse reactions. Figure 4.2 provides representative 

discharge timings for motor units tracked between drug conditions. For the unfatigued rapid 

isometric contractions, 41 units were tracked at 30% of MVC, 28 units at 50% of MVC and 37 

units at 70% of MVC. For the post-fatigue rapid isometric contractions 44 units were tracked 

at 30% of MVC, 39 units at 50% of MVC and 40 units at 70% of MVC. On average, 23. ± 9 

motor units were tracked between drug conditions for each participant during the unfatigued 

rapid isometric contractions. Similarly, 27.3 ± 10.2 motor units were tracked between drug 

conditions for each participant for rapid isometric contractions following a fatigue inducing 

contraction.  
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Table 4.1. Baseline characteristics, peak torque and sEMG amplitude during maximal 
voluntary dorsiflexion contractions 

 Placebo Cyproheptadine 
 
Age (y) 

 
23.7 ± 2.2 

 

Height (m) 1.74 ± 0.1  
Weight (kg) 72.5 ± 10.4  
Body mass index (kg/m2) 
 

23.9 ± 2.1  

Dorsiflexion MVC   
Torque (N.m) 27.2 ± 11.1 27.8 ± 11.8 
Tibialis anterior EMG (mV) 0.450 ± 0.090 0.400 ± 0.070 

   
Remote muscles during maximal dorsiflexion    

Gastrocnemius (% of TA) 0.045 ± 0.015 0.042 ± 0.011 
Soleus (% of TA) 0.084 ± 0.033 0.085 ± 0.026 
Vastus lateralis (% of TA) 0.058 ± 0.104 0.03 ± 0.034 

MVC, maximal voluntary contraction; sEMG, surface electromyography during tibialis 
anterior; TA, tibialis anterior. MVC and sEMG amplitudes are presented as group means 
± SD (n = 9).  
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Figure 4.2. Discharge timings for motor units. Representative data are presented for a single 
participant for unfatigued rapid isometric dorsiflexions in protocol 1 (A) and rapid isometric 
contractions following a fatigue inducing contraction in protocol 2 (B). Solid black lines illustrate 
the rapid development of torque for 30% MVC (top row), 50% MVC (middle row), and 70% 
MVC (bottom row). In the current study, motor unit activity was tracked across the drug 
intervention, whereby each colour represents the same motor unit tracked across the intervention. 
Note that for the cyproheptadine condition, there is suppression of motor unit firing when 
performning rapid isometric dorsiflexions.  
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Protocol 1: Unfatigued rapid isometric contractions 

Rate of torque development 

Compared to the placebo condition, rate of torque development during the unfatigued rapid 

isometric contractions was lower for the cyproheptadine condition by an average of 14.3 ± 

16.7%. A main effect of drug (F1, 8 = 8.607, p = 0.019, d = 0.816) and a main effect of 

contraction intensity (F2, 16 = 169.33, p < 0.001) were identified for the unfatigued dorsiflexions 

(Figure 4.3A). Post hoc comparisons revealed that rate of torque development was significantly 

higher for 70% MVC than 30% MVC (p < 0.001), for 50% MVC than 30% MVC (p < 0.001), 

and for 70% MVC than 50% MVC (p < 0.001). No interaction effect was observed for rate of 

torque development during the unfatigued rapid isometric contractions (F2, 16 = 3.58, p = 

0.052). 
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Matched motor units 

Motor unit discharge rate during the unfatigued rapid isometric contractions increased with 

contraction intensity for both the placebo and cyproheptadine conditions. For each contraction 

intensity, and for both drug conditions, instantaneous discharge rate (IDR) was initially high 

and then declined to a plateau within ~ 50 ms. Figure 4.4A illustrates an example of an 

individual’s average IDR for the three unfatigued contraction intensities and both drug states 

(average IDR for all units within a contraction intensity). Compared to the placebo condition, 

motor unit discharge rate during Protocol 1 was lower for the cyproheptadine condition by an 

average of 11.8 ± 18.2%. A main effect of drug (F1, 133 = 27.196, p < 0.001, d = 0.764) and a 

main effect of contraction intensity (F2, 133 = 21.150, p < 0.001) were identified for unfatigued 

dorsiflexions (Figure 4.5A). Post hoc comparisons revealed that motor unit discharge rate was 

 

Figure 4.3. Rate of force development during rapic contractions to 30%, 50%, and 
70% MVC.  Rate of force development is presented for the unfatigued contractions 
from protocol 1 (A) and the post-fatigue contractions from protocol 2 (B). Bar plots 
represent group data and error bars indicate the standard deviation of the mean. 
Individual participant data are presented as coloured symbols (n = 9). For unfatigued 
contractions, rate of torque development progressively increased with each contraction 
intensity (p < 0.001), and cyproheptadine reduced the ability to generate rapid torque (p 
= 0.019). Rate of torque development also increased with each contraction intensity 
following the fatiguing contraction (p < 0.001), with cyproheptadine having a 
suppresing effect at 70% MVC (p = 0.024). 
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significantly higher for 70% MVC compared to 30% MVC (t133 = -6.502, p < 0.001), 70% 

MVC compared to 50% MVC (t133 = -3.679, p = 0.001), and 50% MVC compared to 30% 

MVC (t133 = -2.518, p = 0.035). No interaction effect was detected for discharge rate during 

the unfatigued rapid isometric contractions (F2, 133 = 0.392, p = 0.677). 

 

 

Figure 4.4. Instantaneous discharge rates of motor units for the drug intervention and 
placebo.  Data are presented for an individual’s IDR for the three contraction intensities 
and both drug states. Each line is the average IDR for all units within a contraction 
intensity when performing the unfatigued rapid isometric contractions in protocol 1 (A) and 
the rapid isometric contractions following a fatigue-inducing contraction in protocol 2 (B). 

 

Protocol 2: Rapid isometric contractions following a fatigue-inducing contraction 

Rate of torque development 

Post-fatigue rate of torque development was higher in the placebo condition than the 

cyproheptadine condition by an average of 6.1 ± 19.8% compared to the placebo condition. 
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Although no main effect of drug was detected (F1, 8 = 3.084, p = 0.117), a main effect of 

intensity (F2, 16 = 72.041, p < 0.001), and a drug by contraction intensity interaction was 

identified (F2, 16 = 4.754, p = 0.024, Figure 4.3B). Post hoc comparisons revealed that rate of 

torque development was significantly higher during the placebo condition compared to the 

cyproheptadine condition at 70% MVC (p = 0.025), but not at 30% MVC (p = 0.782) or 50% 

MVC (p = 0.174). 

The relationship between the placebo and cyproheptadine rate of torque development are 

presented in Figure 4.6A (Protocol 1: y = 0.63x + 100; r2 = 0.62, Pearson, p < 0.0001; Protocol 

2: y = 0.56x + 98; r2 = 0.57; Pearson, p < 0.0001). Regression lines for both contraction 

protocols are located beneath the line of identity, indicating that rate of torque development 

was higher during the placebo condition than the cyproheptadine condition. The regression 

analysis also indicated that the fatigue inducing contractions had a greater effect on rate of 

torque development than the unfatigued contraction. In particular, rate of torque development 

data for post-fatigue contractions were compressed and situated below the data obtained from 

the unfatigued protocol. With increasing rate of torque development, regression lines from both 

protocols deviate further away from the reference line, indicating that the effects of 

cyproheptadine are more profound as rate of torque development becomes higher. 

Matched motor units 

The pattern of a high initial IDR followed by a decline and plateau observed during rapid 

contractions was again observed during Protocol 2 (Figure 4.4B). Another feature that was 

consistent between protocols was that blockade of 5-HT2 receptors suppressed motor unit 

discharge rates. For the post-fatigue contractions in Protocol 2, the cyproheptadine condition 

resulted in a reduction in discharge rate of 22.1 ± 13.3% compared to the placebo. A main effect 

of drug (F1, 232 = 70.066, p < 0.001, d = 0.90), main effect of contraction intensity (F2, 232 = 

27.871, p = < 0.001), and drug by contraction intensity interaction effect (F2, 232 = 3.280, p = 



Study 2 

99 
 

0.039) were identified (Figure 4.5B). During the placebo condition, motor unit discharge rate 

was significantly higher for 70% MVC compared to 30% MVC (t232 = -6.303, p < 0.001), for 

70% MVC compared to 50% MVC (t232 = -3.728, p = 0.001) and for 50% MVC compared to 

30% MVC (t232 = -2.479, p = 0.037). However, during the cyproheptadine condition, motor 

unit discharge rate was significantly higher for 70% MVC compared to 30% MVC (t232 = -

4.240, p < 0.001) and for 50% MVC compared to 30% MVC (t232 = -4.082, p < 0.001), but not 

for 70% MVC compared to 50% MVC (t232 = -0.171, p = 0.984). 

 

 

 

Figure 4.5. Motor unit discharge rate during rapic contractions to 30%, 50%, and 
70% MVC.  Motor unit discharge rate is presented for the unfatigued contractions from 
protocol 1 (A) and the post-fatigue contractions from protocol 2 (B). Bar plots represent 
group data and error bars indicate the standard deviation of the mean. Individual 
participant data are presented as coloured symbols (n = 9). Main effects of drug (p < 
0.001) and intensity (p  < 0.001) were detected for protocol 1.  For unfatigued 
contractions, discharge rate progressively increased with each contraction intensity (p < 
0.001), and cyproheptadine had a suppressive effect on discharge rate (p < 0.001). 
Following the fatigue protocol, discharge rate also progressively increased with each 
contraction intensity (p < 0.001), and cyproheptadine had a suppressive effect on 
discharge rate (p < 0.001). This suppression was most evident at the higher contraction 
intensity, as discharge rate during the cyproheptadine 50% MVC was the same as the 
cyproheptadine 70% MVC.  
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The relationship of motor unit discharge rate between the placebo condition and the 

cyproheptadine condition are presented for both protocols in Figure 4.6B (Protocol 1: y = 0.57x 

+ 9.5, r2 = 0.45, Pearson, p < 0.0001; Protocol 2: y = 0.55x + 6.2; r2 = 0.48, Pearson, p < 

0.0001). These relationships are not specific to the contraction intensities performed in the 

study, but instead highlight how matched MU discharges were affected by cyproheptadine 

regardless of contraction intensity. Similar to the rate of torque development plot, regression 

lines for both contraction protocols are located beneath the line of identity, which confirms that 

motor unit discharge rate was reduced during the cyproheptadine condition compared to the 

placebo condition. The similar length in regression lines indicates that the range of motor unit 

discharges were similar between protocols. However, the blockade of 5-HT had the greatest 

effect on the post-fatigue discharge rates compared to the unfatigued discharge rates, as motor 

unit discharge was biased further way from the line of identity for the fatigued condition. With 

increasing motor unit discharge rate, regression lines from both protocols deviate further away 

from the reference line, indicating that the effects of cyproheptadine are more profound as 

motor unit discharge rate becomes faster. 
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4.4 Discussion 

The purpose of this study was to examine motor unit discharge rate during rapid contractions 

and determine the role of the serotonergic system in modulating discharge rate during such 

contractions. The main findings of this study were, 1) motor unit discharge rate increased with 

increasing contraction intensity during rapid isometric dorsiflexions, 2) 5-HT2 receptor 

antagonism caused reductions in rate of torque development and motor unit discharge rate 

 

Figure 4.6. Correlation plots comparing placebo and cyproheptadine conditions 
during both contraction protocols. Regression analyses were performed for rates of force 
development (A) and the discharge rates (B). Correlations include data from all contraction 
intensities, where the unfatigued rapid isometric contractions are presented as blue lines and 
symbols, and rapid isometric contractions after a fatiguing contraction are presented as red 
lines and symbols. Data are shown for both the placebo condition (x axis) and 
cyproheptadine condition (y axis). r2 values for each relationship are shown, with asterisk 
indicating p < 0.0001. A line of identity is provided as a solid black line to highlight where 
a one-to-one relationship would occur on each plot. 
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during rapid isometric contractions in both unfatigued and fatigued muscle, and 3) the effects 

of 5-HT2 receptor antagonism on motor unit discharge rate were greater at the higher motor 

unit discharge rate and rates of torque development. Overall, this study provides novel evidence 

that the serotonergic system plays a key role in motor unit discharge rate during rapid isometric 

contractions.  

Motor unit discharge rate increased with increasing contraction intensity  

The gradation of muscle force during voluntary contractions involves the orderly recruitment 

of additional motor units and an increase in discharge rate of the already active units (Adrian 

& Bronk, 1929; Denny-Brown & �3�H�Q�Q�\�E�D�F�N�H�U�����������������+�H�Q�Q�H�P�D�Q�����������������0�L�O�Q�H�U�(�%�U�R�Z�Q���H�W���D�O������

1973). The results of the present study demonstrate a positive relationship between the intensity 

of rapid isometric contractions and the firing frequency of motor units, whereby motor unit 

discharge rate increased with increasing contraction intensity. This finding is supported by 

indwelling electrode experiments, in which the number of individual firings at peak ballistic 

force increased as the contraction became stronger (Desmedt & Godaux, 1977). Although the 

primary neurophysiological determinants of RFD are motoneurone recruitment speed and 

discharge rate of motor units during the first milliseconds of motor activity (Del Vecchio, 

Negro, et al., 2019; Desmedt & Godaux, 1977; Duchateau & Baudry, 2014), our aim was not 

to examine motor unit recruitment during rapid contractions. Instead, we set out to provide 

novel evidence that the serotonergic system affects human motor unit discharge – which has 

consistently been revealed as a mechanism of neuromodulation in in vitro and in situ animal 

experiments (Hounsgaard et al., 1988; Hounsgaard & Kiehn, 1989; Hounsgaard & Mintz, 

1988; Perrier & Delgado-Lezama, 2005; Perrier & Hounsgaard, 2003; Perrier et al., 2013; 

Veasey et al., 1995).  



Study 2 

103 
 

5-HT2 receptor antagonism caused reductions in rate of torque development and motor 

unit discharge rate 

At the cellular level, binding of 5-HT to 5-HT2 receptors provides a marked increase in 

motoneurone excitability. 5-HT2 receptors modulate this excitatory effect via Ca2+ and Na+ 

channel facilitation on motoneurone dendrites (D'Amico et al., 2013; Harvey et al., 2006a; 

Perrier & Delgado-Lezama, 2005; Perrier & Hounsgaard, 2003), and also by the inhibition of 

after-hyperpolarisation (AHP) following action potentials (Hounsgaard & Kiehn, 1989; 

Hounsgaard & Mintz, 1988; Perrier & Delgado-Lezama, 2005). However, it is important to 

note that these findings are based on animal preparations without descending neural drive to 

motoneurones, so translating these mechanisms to a human study using a 5-HT2 receptor 

blockade should be undertaken with caution. Our study revealed that competitive antagonism 

of 5-HT2 receptors reduced the rate of torque development and motor unit discharge rate during 

unfatigued rapid dorsiflexions. Thus, it appears that activity in the raphe-spinal pathway, and 

serotonergic effects on motoneurones, occur fast enough to regulate motor unit discharge rate 

during rapid contractions. Although our findings in healthy individuals are consistent with 5-

HT effects on spinal motoneurones, it must also be considered that 5-HT2 receptors are 

distributed at many levels of the nervous system – including the motor cortex. Thus, blockade 

of 5-HT receptors may have influenced descending drive to the motoneurones via a cortical 

mechanism. To date, the role of cortical 5-HT receptors on motor function is not clear, but it is 

known that 5-HT2 antagonism reduces motor evoked potential amplitude only to high-intensity 

TMS (in near-resting muscle) and reduces voluntary torque generation only during maximal 

effort contractions (Thorstensen et al., 2021). Arguably, the 5-HT effects observed for rapid 

submaximal contractions in the current study are more consistent with a spinal mechanism. 

The second protocol induced fatigue of the dorsiflexors before once again testing the 

participant’s ability to perform rapid isometric contractions. This extends on previous work 
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examining discharge rate in single motor units, where a sustained pre-activation period 

decreases the instantaneous discharge rate of motor units, and maximal rate of torque 

development, during fast contractions (Van Cutsem & Duchateau, 2005). Instead of using a 

sustained contraction ~ 25% MVC for 3-4 s (Van Cutsem & Duchateau, 2005), our protocol 

required participants to maximally dorsiflex until their torque declined to 60% of their baseline 

MVC. Following the fatiguing contraction, dorsiflexion rate of torque development and tibialis 

anterior motor unit discharge were suppressed. Moreover, this suppression was even greater 

during the cyproheptadine condition, which suggests that 5-HT2 receptors play an important 

excitatory role in rapid contractions even in the presence of fatigue. The serotonergic system 

has been linked to the development of exercise-induced fatigue, where more 5-HT is released, 

and reuptake mechanisms associated with motoneurones are saturated (Kavanagh et al., 2019; 

Perrier & Cotel, 2008; Perrier & Hounsgaard, 2003). With this saturation, 5-HT accumulates 

in the extracellular space and spills over onto inhibitory 5-HT1A receptors located on the axon 

initial segment of the motoneurone (Cotel et al., 2013). In general, this inhibitory mechanism 

has been difficult to replicate in human fatigue studies. However, by using a 5-HT2 antagonist 

in the current study we have been able to exogenously reduce the capacity for motoneurones 

to become excited, and thus provide evidence that blocking 5-HT2 receptors in humans evokes 

a fatigue-like response. 

5-HT effects were greatest at the high discharge rates 

While there is some evidence that the amount of serotonergic drive in the CNS is scaled to the 

level of motor activity in swimming lamprey (Christenson, Franck, & Grillner, 1989), treadmill 

walking cats (Fornal, Martín-Cora, & Jacobs, 2006), and freely walking rats (Gerin, Legrand, 

& Privat, 1994), this relationship has not been directly examined in humans. Of the available 

data, human 5-HT effects have been observed to be minimal during weak contractions 

(Thorstensen et al., 2020), and more prominent with strong contractions (Kavanagh et al., 
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2019). The current study is the first to present evidence that motor units firing at higher 

discharge rates are more affected by 5-HT dynamics than motor units firing at lower discharge 

rates. Given that motoneurone AHP and single muscle twitch share an almost identical time 

course and duration (Bakels & Kernell, 1993), it has been suggested that contraction velocity 

and maximal initial force are dependent on the summation of the AHP conductance changes 

(Baldissera & Parmiggiani, 1975). Moreover, 5-HT can directly reduce the duration of the slow 

afterhyperpolarisation (Hounsgaard & Kiehn, 1989; Hounsgaard & Mintz, 1988), which in turn 

will cause an increase in firing frequency (Baldissera, Campadelli, & Piccinelli, 1987). Results 

from the present study indicate that competitively antagonising serotonergic neuromodulation 

attenuates one’s ability to rapidly contract muscle, particularly at higher maximal initial torque. 

Since the contractile velocity and torque production of muscle units reflect the discharge 

properties (i.e., AHP) of the motoneurones that innervate them, it is possible that 5-HT may 

play a crucial role in controlling rapid contractions of differing discharge frequencies via 

inhibition of AHP.  

Considerations 

The cyproheptadine drug intervention was selected due to its competitive antagonism of 5-HT2 

receptors. Hence, our intervention was likely to cause a decrease in discharge rate and 

potentially suppress the generation of MUAPs. As such, tracking motor units using the 

decomposition filter method becomes challenging if the region of analysis is confined to the 

initial 3-4 spikes, as is typically employed in rapid contraction literature. Therefore, to capture 

the potential drug-related effects a wider duration of analysis around the onset of torque was 

employed, providing access to more motor unit firings and thus a more encompassing data set. 

The challenge of tracking motor units across drug sessions is exacerbated by contraction 

modality, as there is less data for blind source separation during brief, rapid contractions 

compared to longer and slower contractions. In the present study, the knee joint angle differs 
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from previous literature in which the knee is fixed at either 90o (Desmedt & Godaux, 1977; 

Van Cutsem et al., 1998) or 0o of flexion (Del Vecchio, Negro, et al., 2019). However, this did 

not have any impact on the outcomes of the experiments, as evidenced by the motor unit yield 

and characteristics from the placebo condition being comparable to other studies of tibialis 

anterior during rapid contractions.  

With a sample size of nine the present study is limited to identifying effects of large magnitude. 

Evidently, the effects of 5-HT2 receptor blockade were large in magnitude, demonstrated by 

the identification of drug and or drug by contraction intensity effects across all variables. Motor 

units were not tracked across contraction intensities; therefore, in some instances the same 

motor unit may have been inadvertently compared at different intensities. It should be noted 

that the maximum width of the electrodes in the array used in this experiment was 7 cm. This 

distance approximates the width of the tibialis anterior muscle at its widest point. However, 

there is the possibility that some electrical activity was sampled from adjacent or underlying 

muscles to the tibialis anterior, although crosstalk from agonist muscles during high intensity 

contractions is a known limitation of surface EMG and is not unique to the present study. 

4.5 Conclusions 

This study presents novel evidence that 5-HT2 receptor activity affects human control of rapid 

contractions, where competitive antagonism of 5-HT2 receptors with cyproheptadine reduces 

motor unit discharge rate and rate of torque development. This finding was consistent 

regardless of whether the contracting muscle was unfatigued or fatigued. During rapid 

contractions of differing intensities, motor unit discharge rate increased with increasing 

intensity. Most notably, there is evidence to suggest that the effects of 5-HT2 receptor 

blockade are greater at higher motor unit discharge rate and rates of torque development. 

These results support the viewpoint that activity in the raphe-spinal pathway, and serotonergic 
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effects on motoneurones, occur fast enough to regulate motor unit discharge rate during 

strong rapid contractions. 
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5.1 Introduction 

Serotonin (5-HT) is a monoamine that modulates the intrinsic properties of motoneurones. 

Cellular studies indicate that 5-HT can promote depolarisation via facilitation of rectifying 

inward currents (Hsiao et al., 1997; Takahashi & Berger, 1990), facilitation of low voltage Ca2+ 

currents (Berger & Takahashi, 1990), and inhibition of K+ leak conductance (Elliott & Wallis, 

1992; Perrier et al., 2003). Activation of 5-HT receptors on motoneurones can also cause an 

increase in firing rate by modulating slow afterhyperpolarisation (sAHP) and medium 

afterhyperpolarisation (mAHP), where 5-HT reduces a K+ current responsible for sAHP by 

generating a Ca2+ dependent plateau potential (Hounsgaard & Kiehn, 1989) and attenuates the 

mAHP via small-conductance Ca2+ activated K+ channels (Grunnet et al., 2004). Several 

experiments have been able to pharmacologically mimic the excitatory effects of 5-HT with 

agonism of somato-dendritic 5-HT2 receptors, and abolished excitatory effects with 5-HT2 

receptor antagonism (Cotel et al., 2013; Elliott & Wallis, 1992; Hsiao et al., 1997; Jackson & 

White, 1990). Thus, availability of 5-HT and 5-HT2 receptor activity appear to be key 

mechanisms in modulating motoneurone discharge.  

It has recently been demonstrated that enhancing the availability of 5-HT in the CNS increases 

the ability to voluntarily activate biceps brachii during high-intensity elbow flexions in humans 

(Henderson et al., 2022; Kavanagh et al., 2019; Thorstensen et al., 2020). Enhancement in 

voluntary activation involves 5-HT2 receptor activity, as the administration of a 5-HT2 

antagonist causes a reduction in elbow flexion force by ~3% during maximal contractions 

(Thorstensen et al., 2021). While these studies provide insight to how serotonergic 

neuromodulation contributes to voluntary muscle activation, it is still largely unknown how 5-

HT2 activity influences the recruitment, and firing rate, of motor units responsible for activating 

the muscle. Of the data that is available, motor units in tibialis anterior fire an average of 12% 

slower with 5-HT2 receptor blockade when performing brief rapid dorsiflexions, where motor 
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units firing at higher discharge rates are more affected by 5-HT effects than motor units firing 

at lower discharge rates (Goodlich et al., 2022). This not only aligns with the aforementioned 

voluntary activation findings, but also supports the viewpoint that serotonergic drive in the 

CNS may be scaled to the level of motor activity (Jacobs & Fornal, 1997; Jacobs et al., 2002; 

Veasey et al., 1995). Despite our understanding of how serotonergic neuromodulation 

contributes to motor unit activity during brief rapid contractions, the role that 5-HT plays in 

the regulation of motor units during steady-state muscle activation in humans is unknown.  

Persistent Inward Currents (PICs) on somato-dendritic surfaces of motoneurones are strongly 

influenced by monoamines and make key contributions to motoneurone behaviour. PIC 

activation provides an additional intrinsic source of depolarising current to synaptic inputs to 

motoneurones which is thought to be proportional to the monoaminergic drive (Hultborn et al., 

2003; Lee & Heckman, 1998b, 2000). PIC activity also promotes self-sustained firing after the 

removal of synaptic inputs that depolarise the motoneurone (Hounsgaard et al., 1988; Lee & 

Heckman, 1998b). This is reflected by hysteresis in motor unit discharge characteristics, where 

the derecruitment of motoneurones occurs at lower levels of synaptic input than the recruitment 

of motoneurones (Gorassini et al., 2002). Although there is evidence that facilitation can occur 

during sustained activation, where an increase in firing rate occurs in response to repetitive 

injected currents, there has been limited investigation of constant synaptic input to 

motoneurones in the form of a steady state muscle contraction. A growing number of human 

investigations are reporting concomitant changes to estimates of PICs and motor unit discharge 

rate, where 5-HT mechanisms are frequently cited as a mediating factor (Hassan et al., 2021; 

Mesquita et al., 2022; Orssatto, Borg, et al., 2021). However, a direct link between motor unit 

discharge, 5-HT2 receptor activity, and PIC activity, is yet to be demonstrated during voluntary 

muscle contractions. We propose that a pharmacological approach that modifies the 

effectiveness that 5-HT has on motor unit activity will clarify this relationship. 
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The purpose of this study was to determine if 5-HT2 receptor activity contributes to human 

motor unit behaviour during voluntary contractions of differing intensity. A 5-HT2 competitive 

antagonist was administered to participants, where motor unit activity was extracted from the 

tibialis anterior HD-EMG pre- and post-drug ingestion. Ramped contractions were used so that 

motor unit firing characteristics at recruitment and derecruitment could be assessed, along with 

motor unit firing characteristics during steady-state contractions. It was hypothesised that 

motor unit discharge rate immediately following recruitment, and during the steady-state 

contractions, would be reduced with 5-HT2 antagonism. It was also hypothesised that estimates 

of PIC amplitude calculated from the discharge characteristics of paired motor units (i.e., 

�¨�)�U�H�T�X�H�Q�F�\�����R�U���V�L�P�S�O�\���ûF) would be reduced with 5-HT2 antagonism, thus reflecting a decline 

in self-sustained firing due to removal of serotonergic effects. 

5.2 Methods 

Experiment design 

The current study was a human, placebo-controlled, double-blind, two-way, cross-over design. 

Participants attended two testing sessions separated by one week. The order of drug 

administration was counterbalanced. A number generator randomly assigned the participants 

an identification number between 1 and 14. Counterbalancing was achieved by administering 

cyproheptadine to the even number participants in their first session, and odd numbered 

participant in their second session. Blinding was achieved by having a separate investigator 

responsible for drug administration, and labelling data according to session. Only after 

decomposition, visual inspection and cleaning of motor unit filters were the data stratified into 

cyproheptadine or placebo sessions. 
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Participants and ethical approval 

Fourteen healthy, recreationally active individuals (age 23.9 ± 2.5 years, 7 female) were 

recruited to the study. Prior to enrolment, participants were screened using a medical history 

questionnaire containing exclusion criteria specific to the administration of cyproheptadine, as 

well as acute or chronic neuromuscular injury. Participants were instructed to refrain from any 

stimulants or depressants such as caffeine, alcohol, or moderate-to-high intensity exercise in 

the twelve hours preceding testing. Approval for testing procedures were obtained via Griffith 

University’s Human Research Ethics committee (GU Ref No: 2020/264), and all procedures 

were performed in accordance with the Declaration of Helsinki except for registration in a 

database. Written informed consent was obtained for all participants prior to testing. 

Drug administration 

Baseline neurophysiological measurements were obtained before a single oral dose of 

cyproheptadine (8 mg) or a placebo (containing Avicel filler) was administered to each 

participant. Two hours following pill ingestion, experimental testing took place where 

neurophysiological measurements were once again made. The timing of testing aligned with 

high plasma concentrations of cyproheptadine (D'Amico et al., 2013; Wei et al., 2014), as well 

as the testing window reported in previous cyproheptadine studies (Goodlich et al., 2022; 

Thorstensen et al., 2021). The dosage of cyproheptadine is consistent with previous studies 

which have used cyproheptadine as an intervention to assess serotonergic effects on the motor 

system (D'Amico et al., 2013; Goodlich et al., 2022; Thorstensen et al., 2021; Wei et al., 2014). 

Cyproheptadine binds with high affinity to 5-HT2A/B/C receptors (Boess & Martin, 1994; 

Honrubia et al., 1997), attenuating serotonergic effects via competitive antagonism. The 

cyproheptadine and placebo were compounded in opaque capsules to ensure blinding of the 

drug condition. Drug administration and experimental testing were performed at similar times 

in the morning for all participants. There were no adverse effects of cyproheptadine ingestion, 
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however moderate levels of drowsiness were reported by all participants ~ 4 h after pill 

ingestion. 

Experiment setup and torque measurement 

Participants sat comfortably in a motorised therapy chair, which was adjusted for each 

participant to position their right hip, knee, and ankle at 90° of flexion in the sagittal plane.  

The right foot was secured with a non-compliant, ratchet type binding to a custom designed 

foot plate which incorporated a commercially available torque sensor (capacity = 565 Nm, 

Model 2110-5K; Honeywell International Inc., Charlotte, NC, USA). The foot plate was 

mounted on a bespoke aluminium frame which was secured to the therapy chair, with the torque 

sensor axis of rotation aligned to participants’ malleoli (Figure 5.1A). Ankle torque was 

sampled at 2000 Hz using a Power 1401 interface with Spike2 software (version 7, Cambridge 

Electronic Design Ltd., UK). Feedback for the unfiltered torque signal was displayed on a 

computer monitor positioned approximately 1 m in front of the participant, with dorsiflexion 

torque presented as a positive inflection in torque on the screen. 

Experiment protocol 

Determination of maximal voluntary contraction (MVC). 

For all maximal dorsiflexion contractions in this study, care was taken to ensure that 

participants minimised the use of muscles other than the tibialis anterior to generate isometric 

dorsiflexion torque. An investigator provided instructions and a demonstration on performing 

the task prior to participants attempting the task. During testing sEMG activity from synergistic 

and antagonistic muscles was constantly monitored (see Electromyography section), and any 

trial with excessive activity from synergist or antagonist muscles was deemed a mistrial and 

repeated. After familiarisation, participants performed 5 maximal effort dorsiflexions lasting 

~3 s in duration with rest periods of up to 3 min between contractions. The trial that generated 

the highest magnitude of torque was determined to be the participant’s MVC. This value was 
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then used to set the submaximal dorsiflexion targets for each participant. Dorsiflexion MVC 

was determined at four timepoints: pre-placebo, post-placebo, pre-cyproheptadine and post-

cyproheptadine.   

Contraction protocol.  

After determining dorsiflexion MVC, participants performed submaximal, trapezoidal, 

contractions to 10%, 30%, 50% and 70% of MVC in a randomised order (Figure 5.1B). Each 

trapezoid had a duration of 24 s and a rate of torque development and decline of 10% MVC/s. 

Duration of contraction and rate of torque development were fixed in an effort to keep motor 

unit spike frequency adaptation and spike threshold accommodation consistent across 

intensities (Orssatto, Mackay, et al., 2021; Powers & Heckman, 2015; Vandenberk & Kalmar, 

2014). Following a period of familiarisation, two trials were performed at each target intensity. 

Participants were given 2 min of rest after the lower intensities, and 5 min of rest after higher 

intensities, to minimise fatigue. 

 

 

Figure 5.1. Electrode orientation and contraction protocol. A, The participant’s right foot 
was secured to a foot plate which incorporated a torque sensor. HDsEMG electrodes were fixed 
over the TA muscle belly and oriented in the estimated direction of muscle fibres.  B, The order 
of the two laboratory visits (placebo in blue and cyproheptadine in red) was counterbalanced. 
Maximal dorsiflexions and submaximal, trapezoidal dorsiflexions were performed at two time 
points: pre- (grey) and post- (black) pill ingestion. Submaximal contractions were performed 
to 10%, 30%, 50% and 70% of MVC; the order of which was randomised. Submaximal 
contraction duration was 24 s for all intensities and ramp up/down rate was fixed at 10% of 
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MVC/s. HDsEMG, high-density surface electromyography; TA, tibialis anterior; MVC, 
maximal voluntary contraction; PLA, placebo; CYP, cyproheptadine. 

 

Electromyography 

Muscle activity for the tibialis anterior was measured using a semi-disposable 64-channel 

HDsEMG grid electrode (8 x 8) with a 10 mm inter-electrode distance (OTBioelettronica, 

Torino, Italy). Following skin preparation (shaving, abrasion, and cleansing with 70% 

isopropyl alcohol), the position and orientation of the electrode grid was determined by an 

experienced investigator via palpation of the right tibialis anterior muscle belly (Figure 5.1A). 

Electrodes were fixed to the middle of the muscle belly using a bi-adhesive, perforated foam 

layer and conductive paste (SpesMedica, Battipaglia, Italy). A dampened strap ground 

electrode (OTBioelettronica, Torino, Italy) was positioned over the right ankle malleoli. 

HDsEMG signals were recorded in monopolar mode and converted to digital signal by a 16-

bit wireless amplifier (Sessantaquattro, OTBioelettronica, Torino, Italy). HDsEMG signals 

were recorded and visualised using OTBioLab+ software (version 1.3.0., OTBioelettronica, 

Torino, Italy). 

To ensure muscle activity during dorsiflexion MVCs was predominantly from tibialis anterior, 

bipolar surface EMG (sEMG) electrodes were attached to several muscles of the test leg. These 

muscles were monitored for unintended activity that could contribute to MVC torque. 

Specifically, 24 mm Ag/AgCl electrodes (Kendall ARBO; Cardinal Health, Dublin OH, USA) 

were placed over the medial gastrocnemius, soleus, and vastus lateralis muscles. Electrodes 

were aligned parallel to the underlying muscles fibres, with an inter-electrode distance of 24 

mm. EMG signals were differentially amplified (x 1000) by a NL844 pre-amplifier, and 

bandpass filtered (10 Hz - 500 Hz) by a NL135 Low Pass Filter and NL144 High Pass Filter 
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(Digitimer Ltd., UK). Surface EMG was sampled at 2000 Hz via a Power 1401 interface with 

Spike2 software (version 7, Cambridge Electronic Design Ltd., UK).  

HDsEMG Analysis 

Prior to decomposition, monopolar HDsEMG signals were digitally band pass filtered at 20–

500 Hz with a second-order Butterworth filter. HDsEMG signals were decomposed into 

individual motor unit action potentials using blind source separation, via the convolutive kernel 

compensation method (Holobar & Zazula, 2007). This method has been validated previously 

for a broad range of contraction intensities of the tibialis anterior muscle (Del Vecchio, Casolo, 

et al., 2019; Del Vecchio, Negro, et al., 2019; Holobar et al., 2014; Negro, Muceli, et al., 2016). 

Extracted motor units were tracked pre- to post-pill ingestion, within the same contraction 

intensity, for both the placebo and cyproheptadine testing sessions. This was achieved by 

concatenating the HDsEMG recordings from pre- and post-ingestion, and then applying the 

individual motor unit filters (action potential waveform shapes) to the entire concatenated data 

set. The decomposition accuracy was assessed using pulse-to-noise ratio dB during each 

individual contraction (Holobar et al., 2014), and decomposed spike trains showing pulse-to-

noise ratios < 28 dB were discarded from the analysis, as described in Del Vecchio, Holobar, 

et al. (2020). All motor unit pulse trains were manually inspected by an investigator 

experienced in motor unit analysis, and only pulse trains with a reliable discharge pattern were 

considered for analysis. Manual editing of spike trains was then performed to the included 

motor units, to optimise the blind source separation filters. Motor unit recruitment threshold 

and derecruitment threshold was calculated as the torque value corresponding to the first and 

last motor unit firing, respectively. Motor unit discharge rate was calculated at recruitment (the 

average of the first four action potentials), during the plateau phase of the trapezoidal 

contraction (the average discharge rate of the first 10 interspike intervals during steady 
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contraction at the target intensity) and at derecruitment (the average of the last four action 

potentials).  

Estimation of persistent inward currents 

The effect of PICs on motoneurone firing was estimated by investigating motor unit onset-

offset hysteresis. This was done via �ûF calculation, using the paired motor unit technique 

(Gorassini, Bennett, & Yang, 1998; Gorassini et al., 2002). Briefly, �ûF is the difference in the 

smoothed firing rate of a lower threshold control unit between the onset and offset timings (i.e., 

recruitment and derecruitment) of a higher threshold test unit (Gorassini et al., 2002). In the 

current study, �ûF values are presented as ‘unit-wise’ averages for all suitable test-control unit 

pairs, thus reducing the number of �ûF values to one per test unit (Hassan et al., 2021). When 

individual test units were paired with multiple control units that met inclusion criteria, the 

average �ûF value was obtained (Hassan et al., 2021; Mesquita et al., 2022; Trajano, Taylor, 

Orssatto, McNulty, & Blazevich, 2020). Inclusion criteria for motor unit pairs were: (1) test 

motor units were recruited > 1 s after control units to enhance the likelihood of full PIC 

activation, (2) test motor units ceased firing > 1.5 s before control units to reduce the possibility 

of overestimating �ûF�����D�Q�G�����������W�H�V�W���X�Q�L�W�V���Z�H�U�H���D�F�W�L�Y�D�W�H�G���F�R�Q�W�L�Q�X�R�X�V�O�\���I�R�U���•�������V��(Hassan et al., 

2020). Previously, trapezoidal and triangular contractions up to 30% of MVC have been used 

for the successful calculation of �ûF with the paired motor unit method (Afsharipour et al., 

2020; Orssatto, Mackay, et al., 2021; Wilson et al., 2015). Calculations of �ûF for 50% MVC 

and 70% MVC intensities have not been validated and are not reported in this study. �ûF 

calculation requires low threshold motor units to approximate synaptic input, and these units 

are difficult to successfully decompose at higher contraction intensities due to superimposition 

of larger, higher threshold, motor units in the HDsEMG signal. 
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Estimated coherence 

Because 5-HT receptors are expressed at different levels of the nervous system, we also sought 

to estimate the common synaptic input at different frequency bands that are associated to 

cortical and spinal oscillatory activity (Bräcklein, Barsakcioglu, Del Vecchio, Ibáñez, & Farina, 

2022; Del Vecchio, Sylos-Labini, et al., 2020; Negro, Yavuz, & Farina, 2016). Pooled 

coherence between identified motor unit spike trains from the tibialis anterior muscle was 

estimated within each contraction intensity and drug session and compared from pre- to post-

pill ingestion. In each trial, analysis was performed on pools of spike trains consisting of 

permutations of all possible combinations of three motor units, or until completing 100 

permutations. Coherence was estimated with Welch’s averaged periodogram with a non-

overlapping Hanning window of 1 s in duration (Del Vecchio, Sylos-Labini, et al., 2020). The 

area associated with the peak values of coherence in the delta (0-5 Hz), alpha (5-15 Hz) and 

beta (15-35 Hz) bands were identified. 

Statistical Analysis 

All statistical analysis was performed in R, using RStudio (version 4.1.1; R Foundation for 

Statistical Computing, Vienna, Austria). To assess test-retest reliability of motor unit 

characteristics from pre- to post-placebo, two-way mixed effects, consistency, single 

measurement intraclass correlation coefficients (ICC 3,1) were computed for recruitment 

threshold, average discharge rate during the plateau, and derecruitment threshold. Two-way, 

repeated measures ANOVA was used to assess MVC torque, synergist/antagonist muscle 

activity, and motor unit yield pre- and post-pill ingestion for both the placebo and 

cyproheptadine testing sessions. Separate linear mixed effects models were used to evaluate 

the effects of drug, contraction intensity, and their interaction on each outcome measure of 

interest. Models were developed using the nlme package (Pinheiro et al., 2017), and 

comparisons were made pre- and post-pill ingestion in order to account for day-to-day 
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variability in motor unit activity. The outcome measures of interest were motor unit recruitment 

threshold, derecruitment threshold, discharge rate at recruitment, discharge rate during the 

plateau, discharge rate at derecruitment, and �ûF. Linear mixed effects models were used for 

motor unit analysis as they allow for the inclusion of all units, whilst accounting for the 

hierarchical nature of the data (i.e., higher correlation for units within subjects compared to 

between subjects) (Tenan et al., 2014; Yu et al., 2021). Models were developed by iteratively 

adding predictor variables or interaction effects, and the fit of models was compared using an 

ANOVA. Drug state, contraction intensity and the interaction between them were considered 

fixed effects, with a random intercept for each subject (e.g., discharge rate ~ drug x intensity + 

(1 | subject ID)). Significance was calculated using the lmerTest package in R (Kuznetsova et 

al. 2017), which utilises Satterthwaite’s method to approximate degrees of freedom and 

generate P-values for mixed effects models by comparing the full model (with the effect of 

interest) against a null model (excluding the effect of interest). In the event of a significant drug 

effect, post-hoc tests were conducted  to examine estimated marginal means with 95% 

confidence intervals between pre- and post-pill ingestion using the emmeans package (Lenth 

& Lenth, 2018). Additionally, in the event of a significant drug effect, Cohen’s d effect sizes 

were calculated using both the raw data (d unadjusted) and the modelled data (d adjusted) which 

accounts for the clustering of motor units within individual subjects. In the event of a 

significant drug by contraction intensity interaction effect, post-hoc tests were conducted to 

examine pre- and post-pill ingestion differences within each contraction intensity. Kenward-

Roger approximation was used for estimating degrees of freedom for the post hoc pairwise 

comparisons. Bonferroni corrections were applied to account for multiple comparisons. To 

assess the strength of bivariate correlations between pre- and post- pill ingestion, across all 

intensities, a Pearson product-moment correlation was used. For all statistical comparisons, an 

�.��value of p < 0.05 was considered statistically significant.  
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5.3 Results 

Participant characteristics and MVC torque 

Three individuals (3 female) were excluded from statistical analysis due to failure to reliably 

identify and track motor units. There were no significant difference in maximal dorsiflexion 

torque amplitude between pre- and post- pill ingestion (F1, 10 = 0.217, P = 0.652) and there were 

no between-session differences in maximal dorsiflexion torque amplitude (F1, 10 = 0.004, P = 

0.951, Table 5.1). The level of muscle activity in antagonist and synergist muscle was 

consistent for all experiments, as there were no differences identified in EMG amplitude pre- 

and post- pill ingestion for gastrocnemius (F1, 8 = 0.371, P = 0.560), soleus (F1, 8 = 0.001, P = 

0.971), or vastus lateralis (F1, 8 = 1.815, P = 0.215), and there were no differences identified in 

EMG amplitude between sessions for gastrocnemius (F1, 8 = 0.687, P = 0.431), soleus (F1, 8 = 

0.260, P = 0.624), or vastus lateralis (F1, 8 = 1.210, P = 0.303). 

 

Table 5.1. Participant peak torque and sEMG amplitude during maximal voluntary 
dorsiflexion contractions  

 Placebo Cyproheptadine 
Dorsiflexion MVC Pre Post Pre Post 
     Torque, Nm 59.3 ± 14 58.9 ± 15 58.6 ± 13 58.9 ± 15 
     sEMG RMS, mV     
          Tibialis anterior  0.338 ± 0.134 0.335 ± 0.167 0.394 ± 0.126 0.351 ± 0.152 
          Gastrocnemius 0.015 ± 0.004 0.014 ± 0.004 0.015 ± 0.003 0.015 ± 0.005 
          Soleus 0.034 ± 0.014 0.033 ± 0.011 0.035 ± 0.012 0.035 ± 0.013 
          Vastus lateralis 0.005 ± 0.003 0.004 ± 0.002 0.007 ± 0.008 0.005 ± 0.002 
 
MVC and sEMG amplitudes are presented as group means ± SD (n = 11). MVC, maximal 
voluntary contraction; sEMG, surface electromyography; RMS, root mean square; mV, 
millivolts. 
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Motor unit decomposition 

Figure 5.2A and 5.2B illustrates the dorsiflexion torque trajectories and the discharge timings 

for one subject at 10% and 70% of MVC during the placebo and cyproheptadine conditions, 

respectively. Figure 5.2B highlights the consistency of recruitment and derecruitment order in 

the cyproheptadine session of the same motor units matched from pre- to post-pill ingestion. 

Instantaneous discharge rate for both the placebo and the cyproheptadine sessions exhibited an 

initial acceleration in firing during the ascending slope of the trapezoidal contraction, which 

was followed by a more linear firing pattern during the plateau phase. Decomposition of 

HDsEMG signals from the submaximal trapezoidal contractions yielded total of 1175 motor 

unit spike trains: 588 units matched pre- to post- during the placebo session, and 587 units 

matched pre- to post- during the cyproheptadine session. The average number of motor units 

per subject was 26.7 ± 12.2 during the placebo session and 26.7 ± 12.0 during the 

cyproheptadine session. Table 5.2 provides detail on the number of motor unit spike trains 

identified across each contraction intensity across all experiments. There were no significant 

differences identified between pre- or post-pill ingestion (F1, 10 = 2.09, P = 0.179), nor were 

there any significant differences between testing placebo and cyproheptadine sessions (F1, 10 = 

0.001, P = 0.982). 

 

Table 5.2. Number of identified motor unit spike trains during submaximal 
dorsiflexions 
Drug condition Contraction 

intensity 
(% MVC)  

Pre-pill ingestion Post-pill ingestion 
Average 

per subject 
 

Total 
Average 

per subject 
 

Total 

Placebo 10 13.1 ± 6 144 12.4 ± 6 136 
 30 7.8 ± 5 86 8.0 ± 5 88 
 50 5.9 ± 3 65 5.6 ± 3 62 
 70 4.0 ± 2 44 3.8 ± 2 42 
Cyproheptadine 10 11.1 ± 5 122 10.2 ± 5 112 
 30 9.3 ± 6 102 9.0 ± 6 99 
 50 6.3 ± 3 69 6.1 ± 3 67 
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 70 4.6 ± 2 51 4.6 ± 2 51 
 
Motor unit yield presented as mean ± SD (n = 11). MVC, maximal voluntary contraction. 

 

Motor unit tracking accuracy  

Not surprisingly, motor units that were tracked from pre- to post-pill ingestion during the 

placebo session exhibited consistent recruitment threshold, derecruitment threshold, and firing 

characteristics within the testing session. There was excellent test-retest reliability from pre- to 

post-placebo for motor unit recruitment threshold (ICC 3,1 = 0.96 [0.95 – 0.97], P < 0.001), 

derecruitment threshold (ICC 3,1 = 0.96 [0.95 – 0.97], P < 0.001), and average discharge rate 

during plateau ((ICC 3,1 = 0.87 [0.85 – 0.89], P < 0.001). Given that all statistical comparisons 

of motor unit properties from pre- to post-placebo were non-significant, they have been 

included as an appendix to this manuscript. Herein, our results will only detail how 5-HT2 

antagonism affected motor unit properties for the drug session.  
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Figure 5.2. Motor unit discharge characteristics across the drug intervention. Discharge 
characteristics for matched motor units of one subject across the placebo (left column) and 
cyproheptadine intervention (right column). A and B, dorsiflexion force during a 10% and 
70% of MVC contraction (grey and black lines, pre- and post-pill ingestion, respectively). 
Colours represent when the same motor units matched from pre- to post-pill ingestion are 
active. C and D, instantaneous discharge rates for representative motor units during a 10% 
of MVC and another at 70% of MVC pre (blue) and post (red) pill ingestion. Note the 
suppression of motor unit discharge rate at both intensities in the cyproheptadine condition. 

 

Motor unit recruitment threshold and derecruitment threshold 

Both the recruitment threshold (F3, 647.03 = 1263.6, P < 0.001, Figure 5.3A) and derecruitment 

threshold (F3, 648.54 = 1505.7, P < 0.001, Figure 5.3C) of decomposed motor units significantly 

increased with increasing contraction intensity. 5-HT2 antagonism did not affect motor unit 

recruitment threshold (F1, 645.28 = 3.70, P = 0.055, Figure 5.3A). The derecruitment threshold 
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was significantly higher after the ingestion of cyproheptadine (F1, 643.33 = 6.15, P = 0.013, 

estimated mean difference = 1.23% MVC [0.26, 2.21], d unadjusted = -0.34 [-0.46, -0.24], d adjusted 

= -1.72 [-1.80, -1.66], Figure 5.3C). No contraction intensity by drug interaction was detected 

for either the motor unit recruitment threshold or motor unit derecruitment threshold. 

The relationship between recruitment threshold pre-cyproheptadine and recruitment threshold 

post-cyproheptadine is presented in Figure 5.3B (y = 1.00x + 1.11, r2 = 0.96, Pearson, P < 0.01). 

Similarly, the pre- to post-cyproheptadine relationship for derecruitment threshold is presented 

in Figure 5.3D (y = 0.99x + 1.45, r2 = 0.97, Pearson, P < 0.01). Data in these correlation 

analyses are not grouped according to a specific contraction intensity, but instead provide 

insight to motor unit properties across the full range of recruitment thresholds. This is 

important, as at high contraction levels, the HDsEMG method is not able to decompose motor 

units with a low recruitment threshold. As contraction level increases the motor units that can 

be sampled change to higher threshold, as is evident in Figure 5.4A and 5.4C. The regression 

lines in Figures 5.3B and 5.3D maintain a gradient of ~ 1, indicating the consistency of 

cyproheptadine effects (or lack thereof) across a broad sample of units with different 

thresholds. R2 values of 0.96 and 0.97 also indicate that the variance of post drug ingestion 

values is well accounted for by the pre ingestion recruitment and derecruitment thresholds, 

further highlighting similarity of effect across the whole range of motoneurones. 
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Figure 5.3. Motor unit recruitment and derecruitment thresholds during trapezoidal 
contractions to 10%, 30%, 50% and 70% of maximal voluntary contraction (MVC). 
A and C: Box and whisker plots of normalised recruitment and derecruitment threshold, 
expressed as a percentage of MVC. Boxes indicate 1st and 3rd quartiles, whiskers indicate 
values within 1.5x the interquartile range, black lines indicate the means, and data points 
denote values for individual motor units. Recruitment threshold did not change (p = 0.055), 
and derecruitment threshold increased by 1.23% MVC (p = 0.013) after pill ingestion. Both 
recruitment and derecruitment threshold progressively increased with each contraction 
intensity (p < 0.001). B and D: Scatter plots of the normalised recruitment and derecruitment 
thresholds for the same motor units matched from pre to post cyproheptadine in each 
subject. Each subject is indicated by a different colour. Recruitment and derecruitment 
thresholds are shown pre-pill ingestions (on the ordinate) and post-pill ingestion (on the 
abscissa). Correlations include discharge rate data from motor units during all contraction 
intensities. * indicates fixed effect of drug, p < 0.01 
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Motor unit discharge rate following recruitment and prior to derecruitment  

The first four action potentials following motor unit recruitment were used to assess discharge 

rate during the early phases of motor unit activation. A drug by contraction intensity interaction 

effect was identified for discharge rate following recruitment (F 3, 604.99 = 3.03, P = 0.029). Post 

hoc comparisons revealed a significant decrease in discharge rate following recruitment from 

pre to post ingestion of cyproheptadine during the 10% MVC (t 596 = 2.47, P = 0.014), 50% 

MVC (t 596 = 3.49, P < 0.001), and 70% MVC (t 594 = 3.01, P = 0.003), but not the 30% MVC 

(t 595 = 0.181, P = 0.856) (Figure 5.4A). Similarly, discharge rate was also assessed just prior 

to derecruitment as the average of the final four action potentials. A drug by contraction 

intensity interaction effect was identified for discharge rate at derecruitment (F 3, 595.98 = 2.94, 

P = 0.033). Post hoc comparisons revealed a significant decrease in discharge rate at 

derecruitment from pre to post ingestion of cyproheptadine at 70% MVC (t 593 = -2.67, P = 

0.008), but not at 10% MVC (t 593 = 0.88, P = 0.382), 30% MVC (t 592 = 0.35, P = 0.723), or 

50% MVC (t 592 = -1.27, P = 0.205) (Figure 5.4C). 
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Figure 5.4. Motor unit discharge rate of matched motor units during trapezoidal 
contractions to 10%, 30%, 50% and 70% of maximal voluntary contraction (MVC). 
Average discharge rate at recruitment (first four firings), during the plateau phase of the 
trapezoidal contraction, and at derecruitment (final four firings). Box and whisker plots of 
discharge rate, boxes indicate 1st and 3rd quartiles, whiskers indicate values within 1.5x the 
interquartile range, black lines indicate the means, and data points denote values for 
individual motor units. During the plateau phase, discharge rate reduced after pill ingestion 
by 1.06 pulses per second (p < 0.001). * indicates fixed effect of drug, p < 0.01 

 

Motor unit discharge rate during the plateau phase of submaximal isometric 

contractions 

Across the range of submaximal intensities, average discharge rate during the steady state 

contraction reduced post-ingestion of cyproheptadine by an average of 6.1%. There was a 

significant decrease in average discharge rate during the plateau phase of the trapezoidal 

dorsiflexions identified from pre to post ingestion of cyproheptadine (F1, 642.54 = 25.90, P < 

0.001, estimated mean difference = 1.06 pps [0.65, 1.47], d unadjusted = 0.53 [0.42, 0.65], d adjusted 

= 2.30 [2.22, 2.41], Figure 5.4B). The pre- to post-cyproheptadine relationship for discharge 

rate during the plateau phase is presented in Figure 5.5 (y = 0.87x + 1.03, r2 = 0.92, Pearson, P 

< 0.01). The regression line is located below the line of identity, which confirms that motor 

unit discharge rate was reduced post- cyproheptadine compared to pre-cyproheptadine. With 

increasing motor unit discharge rate, the regression line deviates further away from the 

reference line, indicating that cyproheptadine effects may be more pronounced with faster 

firing motor units. 
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Figure 5.5. Correlation plot comparing motor unit discharge rate during the plateau 
phase pre and post 5-HT2 antagonism. Discharge rates are shown pre-5-HT2 antagonism 
(on the ordinate) and post-5-HT2 antagonism (on the abscissa). Correlation includes 
discharge rate data from motor units during all contraction intensities. Each subject is 
indicated by a different colour. A line of identity is provided to highlight where a one-to-one 
relationship would occur. 

 

Estimate of persistent inward current amplitude  

Motor unit pairs that met inclusion criteria were successfully identified in all 11 participants at 

10% MVC, and 10 participants at 30% MVC. There were 214 unit-wise comparisons made at 

10% MVC, and 141 unit-wise comparisons at 30% MVC. The mean �ûF value pre-ingestion of 

cyproheptadine at 10% MVC and 30% MVC was 3.09 ± 2.44 Hz and 4.44 ± 1.73 Hz, 

respectively. At 10% MVC post-ingestion, subject-wise �ûF averages decreased in seven 

participants. This was reflected by a significant decrease in unit-wise �ûF from pre- to post-

ingestion of cyproheptadine (F 1, 175.33 = 13.52, P < 0.001, estimated mean difference = 0.997 

Hz [0.46, 1.53], d unadjusted = 0.36 [0.16, 0.55], d adjusted = 3.95 [3.47, 4.69], Figure 5.6A). At 

30% MVC, there was also seven participants whose subject-wise �ûF averages decreased.  This 

was again reflected by a significant decrease in unit-wise �ûF from pre to post ingestion of 
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cyproheptadine (F 1, 141.88 = 9.41, P = 0.003, estimated mean difference = 0.75 Hz [0.27, 1.23], 

d unadjusted = 0.36 [0.14, 0.60], d adjusted = 2.37 [1.99, 3.28], Figure 5.6B). 

 

 

Figure 5.6. Delta F during trapezoidal contractions to 10% and 30% of maximal 
voluntary contraction (MVC). For each intensity, the left panel shows the average �ûF per 
subject pre and post cyproheptadine. Subjects who’s average �ûF increased are shown in 
green and those that decreased are shown in orange. The middle panel reflects unit-wise �ûF 
values per test unit. Estimated marginal means are represented by the black dot, with 95% 
confidence intervals indicated. Kernel density estimation is shown in the right panel (blue 
for pre- and red for post- cyproheptadine ingestion). A, Unit-wise �ûF values during 10% of 
MVC contractions reduced by 0.99 Hz (p < 0.001). B, Unit-wise �ûF values during 30% of 
MVC contractions reduced by 0.75 Hz (p < 0.01).  

 

Coherence 

Average estimated coherence pre- and post-cyproheptadine at each contraction intensity are 

displayed in Table 5.3. Across the full range of contraction intensities, there were no significant 

differences between pre- and post- cyproheptadine coherence values in the delta, beta, or alpha 
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bands (Table 5.3). Hence, cortical communication to the muscle was consistent between pre- 

and post- cyproheptadine. 

 

Table 5.3. Coherence during the plateau phase of the submaximal dorsiflexions 
Intensity Coherence Pre-CYP Post-CYP P value 

10 Delta 1.65 ± 0.83 1.77 ± 0.86 0.32 
 Beta 1.65 ± 2.14 1.26 ± 1.07 0.38 
 Alpha 0.61 ± 0.35 0.54 ± 0.29 0.14 

30 Delta 1.62 ± 0.89 1.67 ± 0.81 0.63 
 Beta 1.15 ± 1.19 1.20 ± 0.97 0.76 
 Alpha 1.01 ± 0.54 0.93 ± 0.45 0.57 

50 Delta 1.20 ± 0.88 1.26 ± 0.73 0.60 
 Beta 1.03 ± 0.85 1.05 ± 1.28 0.77 
 Alpha 1.20 ± 0.67 1.08 ± 0.68 0.13 

70 Delta 1.29 ± 0.87 1.39 ± 0.77 0.47 
 Beta 1.07 ± 0.71 1.12 ± 0.97 0.66 
 Alpha 1.50 ± 0.94 1.40 ± 0.97 0.42 

Average estimated coherence pre- and post-cyproheptadine, shown as group means ± SD (n = 
11). CYP, cyproheptadine. 
 

5.4 Discussion 

The purpose of this study was to determine if 5-HT2 receptor activity contributes to human 

motor unit behaviour during voluntary ramped contractions. The main findings of this study 

were that 5-HT2 antagonism caused 1) a reduction in motor unit discharge rate during steady-

state muscle activation, 2) an increase in motor unit derecruitment threshold which 

corresponded to decreases in discharge rate, and 3) a reduction in estimates of PIC amplitude 

that aligned with 5-HT-related changes in motor unit firing behaviour. Overall, these findings 

are consistent with animal preparations, single cell experiments, and human motor unit 

experiments. However, we are able to extend this work by revealing how 5-HT influences 

larger populations of motoneurones during voluntary contractions of differing intensities. By 

using a pharmacological intervention to target 5-HT2 receptors we have provided further 
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evidence to support a direct link between motor unit discharge properties, PIC activity, and 5-

HT2 receptor activity in humans. 

5-HT2 antagonism caused a reduction in motor unit discharge rate during steady-state 

muscle activation 

Motoneurones receive ionotropic input from descending cortical drive, peripheral afferents, 

and spinal interneurons. In the current study, isometric voluntary contractions were consistently 

performed under the same conditions for each contraction intensity, and monoaminergic input 

to the motoneurone was modified via blocking 5-HT2 receptors. The contraction duration and 

rate of torque development were fixed to keep motor unit spike frequency adaptation and spike 

threshold accommodation consistent across contraction intensities (Orssatto, Mackay, et al., 

2021; Powers & Heckman, 2015; Vandenberk & Kalmar, 2014). This approach provided an 

opportunity to investigate intensity-wise differences in steady state activation of tibialis 

anterior motor units in humans. Not surprisingly, motor unit discharge rate increased with 

increasing contraction intensity. However, after 5-HT2 receptor blockade, there was a reduction 

in motor unit firing during the steady-state contractions that was independent of the contraction 

intensity being performed. This result corroborates our previous findings for very fast muscle 

contractions, whereby 5-HT2 receptor blockade reduced motor unit discharge rate and rate of 

torque development during rapid isometric dorsiflexions ranging from 30% MVC to 70% MVC 

(Goodlich et al., 2022). Our new findings provide a direct link between 5-HT2 receptor activity 

and the firing rate of motor units during steady isometric contractions. 

In addition to a reduction in motor unit firing during steady state contractions, a concomitant 

reduction in estimates of PIC amplitude was observed with 5-HT2 antagonism. Cellular studies 

that use constant current injection protocols have revealed that activation of somato-dendritic 

5-HT2 receptors facilitate Na+ PICs in rat motoneurones (Harvey et al., 2006a), as well as Ca2+ 

PICs in rat (Murray et al., 2011) and turtle (Perrier & Hounsgaard, 2003) motoneurones. It is 
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likely that a similar mechanism emerged in our human participants during steady state 

contractions, where voluntary drive to motoneurones was kept relatively constant, and 

serotonergic effects were detected in �ûF from pre- to post-ingestion of cyproheptadine. A 

reduction in the magnitude of PICs, as a result of attenuated 5-HT2 receptor activity, may 

underpin changes in steady state firing of human motor units. This has been demonstrated with 

dorsolateral funiculus stimulation in turtle spinal cord preparations, where enhanced 5-HT 

release was associated with facilitation of a voltage sensitive PICs (Perrier & Delgado-Lezama, 

2005). This effect was inhibited by the administration of a selective 5-HT2 receptor antagonist, 

which is consistent with the motor unit discharge and PIC findings in the current study.  

5-HT2 antagonism effects on motor unit firing subsequent to recruitment and prior 

derecruitment  

As the PIC activates, there is an initial acceleration in the rate of motoneurone firing during 

recruitment, typically lasting 1-2 s (Bennett et al., 1998; Hounsgaard et al., 1988; Lee & 

Heckman, 2000). In the current study, motor unit discharge rate was investigated during the 

first four interspike intervals after recruitment, when this accelerated firing would be expected 

to occur. After 5-HT2 receptor blockade, there was a small, but significant, reduction in motor 

unit discharge rate immediately after recruitment compared to pre-drug ingestion. We speculate 

that this finding reflects an attenuation of  intrinsic sources of depolarising current within the 

motoneurone, as lower levels of neuromodulatory drive (i.e. the availability of 5-HT) are 

associated with a reduction in the potency of the initial acceleration in firing rate  (Lee & 

Heckman, 2000). A small, but significant, suppression in motor unit discharge was also present 

immediately before deactivation of the motor unit during the derecruitment phase of the 

contraction. Intracellular recordings of decerebrate cat motoneurones indicate that 

motoneurones derecruit at a much higher amplitude of injected current in the absence of 5-HT 

(Hounsgaard et al., 1988). The hallmark of PIC-induced self-sustained firing is discharge 
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hysteresis, whereby derecruitment occurs at a lower level of synaptic input than was required 

to initially recruit the motoneurone (Bennett et al., 1998; Hounsgaard et al., 1988; Hounsgaard 

& Kiehn, 1989; Lee & Heckman, 1996). In the current study, we observed a reduction in �ûF 

values after the drug intervention, indicative of a reduction in PIC activation. Less PIC 

activation at the same relative contraction intensity would likely result in derecruitment of 

motoneurones at a higher level of synaptic input, as was observed in the current study as a 

significant increase in derecruitment threshold after 5-HT2 receptor antagonism (Figure 5.3C). 

Considerations when attributing changes in discharge rate to estimates of PIC 

Estimating PIC amplitude from paired motor units extracted from HDsEMG may provide a 

greater window into motoneurone populations compared to motor units extracted from 

intramuscular EMG. However, the greater number of motor units that are extracted from 

HDsEMG unavoidably inflates the amount of data processed (degrees of freedom) in statistical 

models. Hence, small changes in firing rate can reveal statistical significance. Recent 

interventional studies have demonstrated this where firing rate can significantly change by ~0.5 

Hz through muscle stretching (Mazzo et al., 2021) and 0.33-0.64 Hz with vibration induced 

reciprocal inhibition (Mesquita et al., 2022; Orssatto, Fernandes, et al., 2022) when using 

HDsEMG techniques. However, it is important to note that each reported finding is not 

exclusive to human models, but also consistent with experiments using animal preparations 

and cellular studies. Thus, findings from human experiments align with mechanisms that have 

been identified in in-vitro and in-situ experiments. Pharmacological interventions that 

manipulate 5-HT activity are also founded in animal and cellular studies, where drug effects in 

human motor unit firing rate appear to be greater than non-pharmacological interventions. The 

effect of blocking 5-HT2 receptors (using chlorpromazine) on �ûF in non-injured individuals 

has previously been described in spinal cord injury studies (Fig 5B in D’Amico et al. 2013). 

Although this data was from a small cohort (n = 4 participants, and an unknown number of 
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motor unit pairs) there was still a demonstrable reduction in �ûF to approximately 60-65% of 

pre-drug values. The current study extends on this finding by identifying a 35% reduction in 

�ûF (0.99 Hz) after 5-HT2 receptor blockade with cyproheptadine in a larger cohort with a 

greater representation of motoneurone populations. Our findings confirm previous work that 

suggests serotonergic effects on motoneurones are not dependent on the intensity of the 

voluntary muscle contraction being performed (Goodlich et al., 2022).  

Considerations when attributing changes in torque to motor unit activity 

Although it is tempting to relate motor unit discharge and recruitment results to muscle forces 

about the ankle, we approach this issue with caution. Our lack of drug-related differences in 

maximal torque generation might suggest motor unit activity should not have been affected. 

However, it is important to note that drug effects on force were only assessed at MVC, during 

which all units may have been recruited, whereas motor unit activity was only assessed during 

submaximal contractions where additional recruited units may not have been detected 

following decomposition and motor unit matching. Thus, direct relationships between 

submaximal and maximal contraction intensities are difficult to comment on, and 

neuromuscular modelling may be a useful tool to investigate these relationships. The modest 

effect sizes for many of the results in the current study might also suggest that 5-HT has a 

minimal a role in regulating the excitability of motoneurones in humans. However, it is critical 

to note that human 5-HT studies must operate within a boundary of safety, thus limiting the 

dosage that can be administered to healthy individuals to exert receptor blockade. 

Administration of higher doses would likely be associated with more complete receptor 

blockade, yield greater drug effects, and possibly see the emergence of differences in maximal 

dorsiflexion torque. The lack of (8 mg) cyproheptadine-related differences in MVC results 

mirror previous dorsiflexor investigations (Goodlich et al., 2022) but contrasts the significant 
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declines in maximal torque that have been observed for the elbow flexors (Thorstensen et al., 

2021). 

Cortical mechanisms of 5-HT effects on motoneurones 

Although serotonergic effects would have likely acted on 5-HT pathways in the cortex, we 

contend that the level of cortical involvement in our results was insignificant. Pooled coherence 

between identified motor unit spike trains from the tibialis anterior in the current study revealed 

that there were no pre- to post-drug differences in alpha, beta (i.e., cortical, Bräcklein et al. 

(2022)), or delta bands. These findings indicate that common synaptic input to motoneurones 

was consistent across testing sessions. Although a high density of 5-HT fibres have been 

identified in motor areas of the rat and primate cortex, the role of these rostral raphe projections 

in motor activity of humans has not been well-defined. Moreover, the intensity of 5-HT release 

from the descending raphe-spinal pathway, but not the ascending raphe pathway to the cortex, 

is thought to correspond to the intensity of motor activity being performed (Jacobs & Fornal, 

1997; Jacobs et al., 2002; Veasey et al., 1995).  

5.5 Conclusion 

The present study provides novel evidence that 5-HT2 receptor activity affects human motor 

unit discharge properties, where blockade of 5-HT2 receptors with cyproheptadine increases 

motor unit derecruitment thresholds and reduces steady state discharge rate in the absence of 

changes to maximal dorsiflexion force. These findings were consistent irrespective of the 

intensity of the voluntary muscle contraction being performed, though there is evidence to 

suggest that the effects of 5-HT2 receptor antagonism are greater at higher motor unit 

discharge rates. Concomitant reductions in �ûF values indicate that altered PIC activity may 

underpin the observed changes in motor unit properties. Collectively, these results support the 

viewpoint that the 5-HT2 receptor plays a role in regulating motor activity, where a PIC-based 

mechanism is involved in regulating the excitability of human motoneurones. 
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5.6 Appendix: Placebo results 

Motor unit recruitment and derecruitment  

There was no significant difference in recruitment threshold from pre to post ingestion of the 

placebo (F1, 454 = 3.35, P = 0.067, Figure 5.A1). There was no significant difference in 

derecruitment threshold from pre to post ingestion of the placebo (F1, 509 = 0.005, P = 0.943, 

Figure 5.A2). Both recruitment threshold (F3, 454 = 1113.1, P < 0.001) and derecruitment 

threshold (F3, 509 = 1231.50, P < 0.001) significantly increased with increasing contraction 

intensity, however, there was no interaction between contraction intensity and placebo 

ingestion for either parameter (P = 0.301, P = 0.635). 

 

 

Figure 5.A1. Motor unit recruitment threshold during the placebo session 

A, box and whisker plot of normalised recruitment threshold, expressed as a percentage of MVC. 
Boxes indicate 1st and 3rd quartiles, whiskers indicate values within 1.5x the interquartile range, 
black lines indicate the means, and data points denote values for individual motor units. 
Recruitment threshold was not significantly different after a placebo (p = 0.067). Recruitment 
threshold progressively increased with each contraction intensity (p < 0.001). B, Scatter plot of 
the normalised recruitment thresholds for the same motor units matched from pre to post placebo 
in each subject. Each subject is indicated by a different colour. Recruitment thresholds are shown 
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pre- (on the ordinate) and post- (on the abscissa) pill ingestion. Correlations include data from all 
contraction intensities. 
 

 

 

Figure 5.A2. Motor unit derecruitment threshold during the placebo session 

A, box and whisker plot of normalised derecruitment threshold, expressed as a percentage 
of MVC. Boxes indicate 1st and 3rd quartiles, whiskers indicate values within 1.5x the 
interquartile range, black lines indicate the means, and data points denote values for 
individual motor units. Derecruitment threshold was not significantly different after a 
placebo (p = 0.943). Derecruitment threshold progressively increased with each contraction 
intensity (p < 0.001). B, scatter plot of the normalised derecruitment thresholds for the 
same motor units matched from pre to post placebo in each subject. Each subject is 
indicated by a different colour. Derecruitment thresholds are shown pre- (on the ordinate) 
and post- (on the abscissa) pill ingestion. Correlations include data from all contraction 
intensities. 

 

Motor unit firing patterns during submaximal trapezoidal contractions 

There was no significant change in discharge rate pre to post placebo ingestion immediately 

following recruitment (F1, 452 = 1.75, P = 0.187, Figure 5.A3A), during the plateau (F1, 510 = 

3.63, P = 0.058, Figure 5.A3B), or just prior to derecruitment (F1, 486 = 0.279, P = 0.598, 

Figure 5.A3C). Discharge rate significantly increased with increasing contraction intensity 
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immediately following recruitment (F3, 452 = 66.67, P < 0.001), during the plateau (F3, 510 = 

507.45, P < 0.001), and just prior to derecruitment (F3, 486 = 5.73, P < 0.001). However, there 

was no interaction between contraction intensity and placebo ingestion for discharge rate 

immediately following recruitment (P = 0.052), during the plateau (P = 0.729), or just prior 

to derecruitment (P = 0.457). 
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Figure 5.A3. Motor unit discharge rate during trapezoidal contractions to 10%, 30%, 
50% and 70% of maximal voluntary contraction (MVC) during the placebo session 
Box and whisker plots of discharge rate, Boxes indicate 1st and 3rd quartiles, whiskers 
indicate values within 1.5x the interquartile range, black lines indicate the means, and data 
points denote values for individual motor units. A, average discharge rate immediately 
following recruitment (first four firings). B, average discharge rate during the plateau phase 
of the trapezoidal contraction. C, average discharge rate just prior to derecruitment (final 
four firings). Discharge rate was not significantly different after a placebo immediately 
following recruitment (p = 0.187), during the plateau (p = 0.058), nor just prior to 
derecruitment (p = 0.598). 

 

�(�V�W�L�P�D�W�H�V���R�I���S�H�U�V�L�V�W�H�Q�W���L�Q�Z�D�U�G���F�X�U�U�H�Q�W�V���X�V�L�Q�J���ûF 

There were no significant differences in estimates of persistent inward currents (�ûF) from pre 

to post ingestion of the placebo at 10% of MVC (F1, 218 = 1.57, P = 0.1695, Figure 5.A4A) 

intensity or at 30% of MVC (F1, 116 = 2.82, P = 0.0804, Figure 5.A4B). 

 

 

Figure 5.A4. Delta F during placebo trapezoidal contractions to 10% and 30% of 
maximal voluntary contraction (MVC). For each intensity, the left panel shows the 
average �ûF per subject pre and post cyproheptadine. Subjects who’s average �ûF increased 
are shown in green and those that decreased are shown in orange. The middle panel reflects 
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unit-wise �ûF values per test unit. Estimated marginal means are represented by the black 
dot, with 95% confidence intervals indicated. A, Unit-wise �ûF values during 10% of MVC 
contractions were not significantly different (p = 0.1695). B, Unit-wise �ûF values during 
30% of MVC contractions were not significantly different (p = 0.0804). 
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6.1 Introduction 

Motoneurone responsiveness to descending synaptic inputs (corticospinal, reticulospinal, 

vestibulospinal), interneuronal synaptic inputs, and afferent synaptic inputs can be regulated 

by intracellular signalling pathways initiated by neuromodulatory receptors on motoneurones. 

Descending neuromodulation systems emerge from brainstem nuclei and contribute to the 

integration of synaptic input to the motoneurone in part via activating dendritic persistent 

inward currents (PICs). PICs are voltage-gated slow-activating L-type Ca2+ and fast-activating 

persistent Na+ currents which provide an additional intrinsic source of depolarising current to 

synaptic inputs to motoneurones (Hounsgaard & Kiehn, 1985, 1989; Hultborn et al., 2003; Li 

& Bennett, 2003; Powers & Binder, 2000; Schwindt & Crill, 1980). PICs are not only capable 

of amplifying initial firing rates (Bennett et al., 1998; Hounsgaard et al., 1988; Lee & Heckman, 

1998a), but also promote self-sustained firing after the removal of synaptic inputs that 

depolarised the motoneurone (Hounsgaard et al., 1988; Lee & Heckman, 1998b). This is 

typically reflected by hysteresis in motor unit (MU) firing characteristics, where the 

derecruitment of motoneurones occurs at lower levels of synaptic input compared to the 

recruitment of motoneurones (Gorassini et al., 2002; Kiehn & Eken, 1997). As the natural state 

of the motoneurone is to keep firing once it is activated, cessation of self-sustained firing 

typically requires direct synaptic inhibition to deactivate the motoneurone PIC (Kuo, Lee, 

Johnson, Heckman, & Heckman, 2003).  

A growing number of human investigations are reporting concomitant changes to estimates of 

PIC amplitude and MU discharge rate (Hassan et al., 2021; Mesquita et al., 2022; Orssatto, 

Borg, et al., 2021), where serotonin (5-HT) has been heavily implicated in altering PIC activity. 

The serotonergic system originates in the raphe nuclei of the brainstem, and releases 5-HT onto 

motoneurones in the spinal cord via long descending monosynaptic projections. We have 

recently demonstrated that the 5-HT2 receptor mediates MU discharge rates, where antagonism 
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of 5-HT2 receptor activity leads to reductions in discharge during rapid (Goodlich et al., 2022) 

and steady-state isometric dorsiflexions (Goodlich, Del Vecchio, Horan, et al., 2023). 

Moreover, reduced onset-offset hysteresis in MU firing (Delta F) accompanies 5-HT2 receptor 

antagonism, whereby reductions in Delta F are typically interpreted as a suppression in PIC 

amplitude in human motoneurones (Goodlich, Del Vecchio, Horan, et al., 2023). Although 

these studies highlight that serotonergic neuromodulation influences MU behaviour, it is 

important to note that each of these 5-HT studies assessed MU firing for contraction tasks 

where force was developed from a resting muscle state. Although the raphe nuclei are tonically 

active during quiet rest, serotonergic drive is largely thought to be coupled to descending drive 

(Jacobs & Fornal, 1997; Jacobs et al., 2002; Veasey et al., 1995); meaning it was unlikely that 

high concentrations of 5-HT were released onto motoneurones prior to the commencement of 

motoneurone depolarisation. Thus, PICs may have been required to shift from a relatively 

inactive state to a relatively more active state after depolarisation commenced from the addition 

of excitatory synaptic input. Converging lines of evidence suggests that excitatory synaptic 

input is needed to observe serotonergic effects in human spinal motoneurone excitability 

(Henderson, Taylor, Thorstensen, & Kavanagh, 2023; Thorstensen et al., 2022), so it is possible 

that the effects of serotonergic neuromodulation, and in particular self-sustained firing of 

motoneurones, will differ depending on the initial state of the motor system. 

The purpose of this study was to examine how serotonergic neuromodulation contributes to 

self-sustained firing of motoneurones in humans. To achieve this, we contrasted MU firing 

behaviour during two types of contraction protocols. Both protocols featured steady-state 

contraction phases where force was developed from rest. Thus, descending drive to the 

motoneurone pool, inclusive of ionotropic and neuromodulatory synaptic input, was consistent. 

However, one of the protocols featured an additional phase where additional descending drive 

was superimposed on the steady state contraction. In doing so we established that adding (and 
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then removing) descending drive in the middle of steady-state contractions: 1) markedly 

suppresses MU discharge in already firing units, and 2) recruited new units in the superimposed 

phase that were unable to switch off due to their self-sustained firing. A pharmacological 

intervention was used to further examine synaptic input when the motor pool received the 

superimposed descending drive, where a 5-HT2 receptor antagonist was used to determine if 

the changes in discharge rate and self-sustained firing were mediated by a serotonergic 

mechanism. It was hypothesised that 5-HT2 receptor antagonism would abolish changes in MU 

discharge rate and mitigate self-sustained firing arising from additional synaptic inputs, which 

would support a neuromodulation mechanism involving the 5-HT2 receptor. 

6.2 Methods 

Participants and ethical approval 

Twelve healthy, recreationally active, individuals volunteered for the study (age 24.9 ± 2.8 yr, 

5 female). Participants were screened prior to enrolment with a medical history questionnaire 

that contained exclusion criteria specific to acute or chronic neuromuscular injury, as well as 

the administration of cyproheptadine. Participants who routinely take antidepressants or other 

medications which directly influence central nervous system activity were excluded from the 

study. Participants were instructed to refrain from any stimulants or depressants such as 

caffeine, alcohol, or moderate-to-high intensity exercise in the twelve hours preceding testing. 

Approval for testing procedures were obtained via Griffith University’s Human Research 

Ethics committee (GU Ref No: 2023/153), and all procedures were performed in accordance 

with the Declaration of Helsinki except for registration in a database. Written informed consent 

was obtained for all participants prior to testing. 
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Drug administration 

Control neurophysiological measurements were obtained before a single oral dose of 

cyproheptadine (8 mg). Two and a half hours following pill ingestion, post-drug testing took 

place where neurophysiological measurements were once again made.  The timing of testing 

aligned with high plasma concentrations of cyproheptadine (D'Amico et al., 2013; Wei et al., 

2014), as well as the testing window reported in previous cyproheptadine studies (Goodlich, 

Del Vecchio, Horan, et al., 2023; Goodlich et al., 2022; Thorstensen et al., 2021). The dosage 

of cyproheptadine is consistent with previous studies which have used cyproheptadine as an 

intervention to assess serotonergic effects on the motor system (D'Amico et al., 2013; Goodlich, 

Del Vecchio, Horan, et al., 2023; Goodlich et al., 2022; Thorstensen et al., 2021; Wei et al., 

2014). Cyproheptadine binds with high affinity to 5-HT2A/B/C receptors (Boess & Martin, 

1994; Honrubia et al., 1997), attenuating serotonergic effects via competitive antagonism. 

There were no adverse effects of cyproheptadine in the current study, however low levels of 

drowsiness were reported by all participants ~ 4 h after pill ingestion. 

Participant setup and torque measurement 

Participants sat comfortably in a motorised therapy chair, which was adjusted for each 

participant to position their right hip and knee at 90° of flexion in the sagittal plane (Figure 

6.1A). Since a shortened agonist muscle can enhance self-sustained MU firing in humans 

(Beauchamp et al., 2023), the right foot was positioned in 10o of dorsiflexion and secured with 

a non-compliant, ratchet type binding to a custom designed foot plate which incorporated a 

commercially available torque sensor (capacity = 565 Nm, Model 2110-5K; Honeywell 

International Inc., Charlotte, NC, USA). The foot plate was mounted on an aluminium frame 

which was secured to the therapy chair, with the torque sensor axis of rotation aligned to 

participants’ malleoli. Isometric ankle torque was sampled at 2000 Hz using a Power 1401 

interface with Spike2 software (version 7, Cambridge Electronic Design Ltd., UK). Feedback 



Study 4 

149 
 

for the unfiltered torque signal was displayed on a computer monitor positioned ~ 1 m in front 

of the participant, with dorsiflexion torque presented as a positive inflection in torque on the 

screen. 

 

 

Figure 6.1. Participant set up and contraction protocol. A, The right foot of the participant 
was secured to a torque sensor and HDsEMG electrodes were fixed over the TA muscle belly. 
B, Trapezoid and sombrero shaped isometric dorsiflexions were performed during testing. 
Both contractions included a ramp up phase to 10% MVC and ramp down phases from 10% 
MVC that were performed at 10% MVC/s. However, the sombrero shaped dorsiflexion had 
an additional 10 s ramp up phase to 30% MVC and 10 s ramp down phase back to 10% 
MVC. For sombrero contractions, MUs recruited prior to the superimposed triangle were 
labelled brim units and additionally recruited units from the superimposed triangle onwards 
were labelled cap units. Two plateaus of steady state forces could be examined from each 
contraction type (P1 and P2). C, Maximal and submaximal dorsiflexions were performed 
pre- and post- drug ingestion. The contraction protocol consisted of submaximal trapezoidal 
dorsiflexions to 10, 20, and 30% MVC, pre-drug sombreros, post-drug trapezoidal 
dorsiflexions to 10% of MVC, and post-drug sombreros. Submaximal trapezoids were used 
to assist decomposition and tracking of MUs by calibrating MU filters. 
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Experimental protocol 

Maximal voluntary contraction (MVC). Dorsiflexion MVC was determined before and after 

the cyproheptadine intervention (Figure 6.1C). Care was taken during all maximal contractions 

to ensure that participants minimised the use of muscles other than the tibialis anterior to 

generate isometric dorsiflexion torque. An investigator provided instructions and a 

demonstration of the task prior to participants attempting the task. sEMG activity from 

antagonistic muscles was constantly monitored throughout the session, and any trial with 

excessive activity from antagonist muscles was deemed a mistrial and repeated. After 

familiarisation, participants performed 5 maximal effort dorsiflexions of ~3 s in duration with 

rest periods of up to 3 min between contractions. The trial that generated the highest magnitude 

of torque was determined to be the participant’s MVC. This value was then used to set the 

submaximal dorsiflexion targets for each participant.  

 

Contraction protocol. After dorsiflexion MVC was established, the participants performed 

submaximal trapezoidal contractions to 10%, 20%, and 30% of MVC (Figure 6.1C). Each 

trapezoid had a rate of torque development and decline of 10% MVC/s. The 10% MVC 

trapezoid plateau lasted 40 s so that its duration was consistent with the duration of the 

sombrero trials (Figure 6.1B). The 20% and 30% MVC trapezoid plateaus lasted 10 s. These 

trapezoidal contractions served as calibration trials to prime the MU separation filters during 

decomposition (see HDsEMG analysis section). Following this, participants then performed 

five repetitions of pre-drug sombrero contractions. The sombrero contraction has been 

previously used during ankle dorsiflexions (Beauchamp et al., 2023), and is comprised of two 

10-s plateaus at 10% MVC, separated by a 20-s superimposed triangular contraction which 

peaked at 30% MVC (Figure 6.1B). Following the drug intervention, participants completed 

additional dorsiflexion MVCs, 10% MVC trapezoids, and sombrero contractions. 



Study 4 

151 
 

Electromyography 

Muscle activity for the tibialis anterior was measured using a semi-disposable 64-channel 

HDsEMG grid electrode (8 x 8) with a 10-mm inter-electrode distance (OTBioelettronica, 

Torino, Italy). Following skin preparation (shaving, abrasion, and cleansing with 70% 

isopropyl alcohol), the position and orientation of the electrode grid was determined by an 

experienced investigator via palpation of the right tibialis anterior muscle belly. Electrodes 

were fixed to the middle of the muscle belly using a bi-adhesive, perforated foam layer and 

conductive paste (SpesMedica, Battipaglia, Italy). A dampened strap ground electrode 

(OTBioelettronica, Torino, Italy) was positioned over the right ankle malleoli. HDsEMG 

signals were recorded in monopolar mode and converted to digital signal by a 16-bit wireless 

amplifier (Sessantaquattro, OTBioelettronica, Torino, Italy). HDsEMG signals were recorded 

and visualised using OTBioLab+ software (version 1.3.0., OTBioelettronica, Torino, Italy). 

Additionally, bipolar surface EMG (sEMG) electrodes were attached to the plantarflexor 

muscles of the test leg. Specifically, 24 mm Ag/AgCl electrodes (Kendall ARBO; Cardinal 

Health, Dublin OH, USA) were placed over the medial gastrocnemius and soleus. Electrodes 

were aligned parallel to the underlying muscles fibres, with an inter-electrode distance of 24 

mm. EMG signals were differentially amplified (x 1000) by a NL844 pre-amplifier, and 

bandpass filtered (10 Hz - 500 Hz) by a NL135 Low Pass Filter and NL144 High Pass Filter 

(Digitimer Ltd., UK). Surface EMG was sampled at 2000 Hz via a Power 1401 interface with 

Spike2 software (version 7, Cambridge Electronic Design Ltd., UK). 

HDsEMG Analysis 

Prior to decomposition, monopolar HDsEMG signals were digitally band pass filtered at 20–

500 Hz with a second-order Butterworth filter. HDsEMG signals were decomposed into 

individual MU action potentials using blind source separation, via the convolutive kernel 

compensation method (Holobar & Zazula, 2007). This method has been validated previously 
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for a broad range of contraction intensities of the tibialis anterior muscle (Del Vecchio, Casolo, 

et al., 2019; Del Vecchio, Negro, et al., 2019; Holobar et al., 2014; Negro, Muceli, et al., 2016). 

Blind source separation via convolution kernel compensation separates EMG activity into 

individual MU components by detecting the unique action potential waveform shapes, 

temporal, and frequency characteristics (Holobar et al., 2014; Holobar & Zazula, 2007). This 

process assumes the stationarity of the characteristics, an assumption which is challenged 

during the superimposed triangle component of the sombrero contraction. To overcome the 

likely challenges associated with identifying MUs during the sombrero contractions, a series 

of calibration trapezoidal contractions were concatenated to sombrero trials. Specifically, 

�W�U�D�S�H�]�R�L�G�V�� �Z�L�W�K�� �D�� �V�W�H�D�G�\�� �V�W�D�W�H�� �O�D�V�W�L�Q�J�� �•�� �����V�� �D�W�� ���������� ���������� �D�Q�G�� �������� �R�I�� �0�9�&�� �Z�H�U�H�� �X�V�H�G�� �W�R��

improve the yield of MUs from sombrero trials. The decomposition accuracy was assessed 

using pulse-to-noise ratio dB during each individual contraction (Holobar et al., 2014), and 

decomposed spike trains showing pulse-to-noise ratios < 30 dB were discarded from the 

analysis (Del Vecchio, Holobar, et al. (2020). All MU pulse trains were manually inspected by 

an investigator experienced in MU analysis, and only pulse trains with a reliable discharge 

pattern were considered for tracking and analysis. 

Motor unit tracking  

MUs were tracked in the current study via the decomposition filter method, which has 

previously demonstrated high reliability during pharmacological interventions (Goodlich, Del 

Vecchio, & Kavanagh, 2023). To investigate the effect of contraction type, MUs were tracked 

between the pre-drug 10% MVC trapezoid and pre-drug sombrero contractions. To investigate 

the effect of drug, MUs were tracked from pre-drug to post-drug sombreros. All tracked MU 

spike trains were divided in time-based epochs, where plateau 1 was defined as the middle 6 s 

of the first 10-s hold at 10% of MVC, and plateau 2 was defined as the middle 6 s of the second 
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10-s hold at 10% of MVC. The middle 6s was used to ensure the steady state of each hold was 

captured.  

Motor unit spike train analysis 

Average discharge rate, spike count, and spike variability were extracted from each epoch. MU 

spike count represents the number of firings detected during the steady state of each plateau 

phase and is dependent on the duration of MU firing. Discharge rate was calculated as the 

average rate at which an MU fires within the plateau, measured in pulses per second (pps), and 

is independent of firing duration. MU spike variability was calculated as the coefficient of 

variation of the interspike intervals (CoV ISI) during each plateau phase. Additionally, MU 

recruitment threshold and derecruitment threshold were calculated as the torque value 

corresponding to the first and last MU firing, respectively. Peak discharge rate determined as 

the highest instantaneous discharge rate value for each MU identified during sombrero 

contractions. To quantify self-sustained firing behaviour before and after the drug intervention, 

firing duration was calculated as the time in seconds that a MU fired for from peak force (i.e., 

mid sombrero) until its eventual derecruitment.  

Statistical Analysis 

All statistical analysis was performed in R, using RStudio (version 4.1.1; R Foundation for 

Statistical Computing, Vienna, Austria). Linear mixed effects models were used for MU 

analysis as they allow for the inclusion of all units, whilst accounting for the hierarchical nature 

of the data (i.e., higher correlation for units within subjects compared to between subjects) 

(Tenan et al., 2014; Yu et al., 2021). Models were developed by iteratively adding predictor 

variables or interaction effects, and the fit of models was compared using an ANOVA. Separate 

linear mixed effects models were developed using the nlme package (Pinheiro et al., 2017) to 

evaluate the effect of contraction type (i.e., trapezoidal and sombrero) and drug (i.e., pre- and 

post-cyproheptadine) on each outcome measure of interest. Within the plateau regions, the 
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outcome measures of interest were MU discharge rate, spike count, and spike variability. 

Additional outcome measures include MU recruitment threshold, derecruitment threshold, and 

firing duration. The first set of models considered a fixed effect of contraction type (i.e., 

trapezoidal and sombrero) and fixed effect of plateau, as well as the interaction effect between 

contraction and plateau, with a random intercept for each subject, and MUs nested within 

subjects (e.g., Discharge rate ~ (Plateau * Contraction) + (1 | subject ID) + (1| subject ID: MU 

ID)). The second set of models considered a fixed effect of drug (i.e., pre-drug sombrero and 

post-drug sombrero) and fixed effect of plateau, as well as the interaction effect between drug 

and plateau, with a random intercept for each subject, and MUs nested within subjects (e.g., 

Spike count ~ (Plateau * Drug) + (1 | subject ID) + (1| subject ID: MU ID)). Significance was 

calculated using the lmerTest package in R (Kuznetsova et al. 2017), which utilises 

Satterthwaite’s method to approximate degrees of freedom and generate P-values for mixed 

effects models by comparing the full model (with the effect of interest) against a null model 

(excluding the effect of interest). In the event of a significant fixed or interaction effect, 

pairwise post-hoc tests were conducted to examine estimated marginal means (EMM) with 

95% confidence intervals using the emmeans package (Lenth & Lenth, 2018). Kenward-Roger 

approximation was used for estimating degrees of freedom for the post hoc pairwise 

comparisons, and the Tukey method for comparing estimates was used to adjust p values and 

confidence levels. Cohen’s d effect sizes were calculated for data from tracked MUs to estimate 

the magnitude of change for significant post hoc comparisons. For all statistical comparisons, 

an �.��value of P < 0.05 was considered statistically significant.  
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6.3 Results 

Participant characteristics and motor unit decomposition 

The age and anthropometric characteristics of participants are described in Table 6.1. Two 

individuals (1 male and 1 female) were excluded from statistical analysis due to an inability to 

reliably identify and track MU s across all contractions. There was no significant difference in 

maximal dorsiflexion torque between pre- and post-cyproheptadine (F1,10 = 1.21, P = 0.2962). 

Decomposition of HDsEMG signals yielded total of 233 MU spike trains. The average number 

of MUs tracked from trapezoidal to sombrero-shaped contractions was 19 ± 10 per subject. The 

average number of MUs tracked from pre- to post-drug during sombrero-shaped contractions 

was 18 ± 11 per subject. 

 

Table 6.1. Anthropometric and maximal isometric dorsiflexion torque 
Age, years 24.9 ± 2.8 
Height, m 1.78 ± 0.1 
Mass, kg 78.4 ± 13.7 
Body mass index, kg/m2 24.7 ± 3.1 
  
Dorsiflexion MVC, Nm  

Pre-drug 58.0 ± 17.9 
Post-drug 57.2 ± 18.1 

  
MVC are presented as group means ± SD (n = 12, 5 female). MVC, 
maximal voluntary contraction; sEMG, surface electromyography; RMS, 
root mean square; mV, millivolts. 

 

Motor unit characteristics during trapezoid- and sombrero-shaped contractions 

Instantaneous discharge rate (IDR) of a representative MU that was tracked between a 

trapezoid and sombrero-shaped contraction is presented in Figure 6.2A. When performing the 

same relative force there was consistency in MU discharge profiles between Plateau 1 and 

Plateau 2 of the 10% MVC trapezoidal contraction. However, when the same 10% MVC force 
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was performed with an additional period of increased voluntary drive in the middle of the 

contraction (i.e., a sombrero contraction), there was a notable reduction in MU discharge 

profiles from Plateau 1 to Plateau 2. There were two clear profiles of MU activation during 

sombrero-shaped contractions. One profile was associated with spike trains for the ‘brim’ part 

of the sombrero and the other profile was associated with spike trains for the ‘cap’ part of the 

sombrero. Of particular interest are units which are recruited into the cap phase of the sombrero 

which show prolonged firing after the superimposed descending drive ends (i.e., plateau 2). 

 

Figure 6.2. Motor unit discharge characteristics during trapezoid- and sombrero-
shaped contractions. Light blue data reflects MU characteristics during trapezoid 
contractions whereas dark blue data reflects MU characteristics during sombrero 
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A contraction by plateau interaction effect (F1,259.69 = 29.39, P < 0.0001, Figure 6.2B), was 

identified for MU spike count. Spike count was significantly lower for Plateau 2 than Plateau 

1 for the sombrero contraction (P < 0.0001, d = 0.75 [0.49, 1.09], difference in EMM = 21.36 

spikes [13.15, 29.58]), which was reflected by the rightward shift in distribution of spike count 

change scores from Plateau 1 to Plateau 2 (Figure 6.2E). Compared to the trapezoidal 

contraction, MU spike count was also significantly lower for the sombrero contraction for 

Plateau 1 (P < 0.0001, d = 0.72 [0.43, 1.11], difference in EMM = 18.35 spikes [9.76, 26.95]) 

and Plateau 2 (P < 0.0001, d = 1.38 [1.19, 1.63], difference in EMM = 41.76 spikes [34.19, 

49.34]).  

Similar to MU spike count, a contraction by plateau interaction was identified for MU 

discharge rate (F1,249.93 = 82.00, P < 0.0001, Figure 6.2C), where discharge rate was 

significantly lower for Plateau 2 than Plateau 1 for the trapezoid (P =  0.0053, d = 0.33 [0.09, 

0.64], difference in EMM = 0.45 pps [0.10, 0.79]) and the sombrero (P < 0.0001, d = 1.98 

[1.65, 2.52], difference in EMM = 2.24 pps [1.86, 2.62]) contractions. This is reflected by the 

rightward shift in the distribution of Plateau 1 to Plateau 2 change scores for trapezoidal 

contractions, and further rightward shift for sombrero contractions (Figure 6.2F). Although MU 

discharge rate decreased from the first to second plateau for both types of contraction, discharge 

rate was even lower for sombrero contractions at Plateau 2 than trapezoid contractions at 

Plateau 2 (P < 0.0001, d = 0.39 [0.24, 0.52], difference in EMM = 2.02 pps [1.67, 2.37]).  

contractions. Light grey area indicates Plateau 1 (P1), and dark grey area indicates Plateau 
2 (P2). A, Instantaneous discharge rate for the same MU tracked between contraction 
types. B-D, MU spike count, discharge rate, and spike variability. Each symbol represents 
data of an individual MU. The solid line represents the group mean. E-G, change score 
distributions for MU spike count, discharge rate, and spike variability, where each 
distribution represents the density of change scores from Plateau 1 to Plateau 2. �.��� ��post-
hoc significant contraction effect, P < 0.05. ����� ��post-hoc significant plateau effect, P < 
0.05. MU, motor unit; pps, pulses per second; CoV, coefficient of variation; ISI, interspike 
interval; DR, discharge rate. 
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For MU spike variability, an interaction effect between contraction type and plateau was 

identified (F1,226.92 = 17.56, P < 0.0001, Figure 6.2D). MU variability was significantly lower 

for Plateau 2 compared to Plateau 1 for the trapezoid (P = 0.0118, d = 0.17 [-0.04, 0.37], 

difference in EMM = 0.020 [0.003, 0.037]), but significantly higher for Plateau 2 compared to 

Plateau 1 for the sombrero (P < 0.0186, d = -0.43 [-0.69, -0.20], difference in EMM = -0.027 

[-0.052, -0.003]) contractions. The distribution of Plateau 1 to Plateau 2 spike variability 

change scores demonstrated a rightward shift during the trapezoidal contractions and leftward 

shift during the sombrero contractions (Figure 6.2G). Compared to the trapezoidal contraction, 

spike variability was significantly greater for the sombrero contraction for Plateau 2 (P < 

0.0001, d = -0.68 [-1.02, -0.50], difference in EMM = -0.044 [-0.066, -0.021]). 

5-HT2 antagonism and motor unit characteristics during sombrero-shaped contractions 

All participants were able to successfully perform sombrero-shaped contractions pre- and post-

drug. Representative pre-drug spike trains are presented in Figure 6.3A, where self-sustained 

firing was evident following the cap part of the sombrero. Interestingly, MUs that were detected 

in the cap prior to the drug intervention were recruited earlier with 5-HT2 antagonism to 

perform the same 10% MVC contraction (i.e., Plateau 1, see yellow and light green units in 

Figure 6.3A). Furthermore, self-sustained firing of MUs that were recruited during the cap were 

abolished, or reduced in duration, with 5-HT2 receptor antagonism (i.e., see green and light 

blue units that discharge in plateau 2 pre-drug, but not post-drug, in Figure 6.3A). Profiles of 

IDR for tracked MUs suggested that a suppression in firing occurred with 5-HT2 antagonism 

which was evident for both plateaus, and peak discharge, for the sombrero contraction (Figure 

6.3B).  
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Figure 6.3. Sombrero-shaped contractions pre- and post-5-HT2 antagonism. A, 
Representative raster plots of MU spike trains identified from HDsEMG of one subject (age: 
27, male). MUs were tracked between the drug condition, and colours in the raster plot 
indicate when the same MU was active during each contraction. B, Instantaneous discharge 
rate of 6 MUs from the same subject. MUs were tracked from the pre-drug contraction (blue 
symbols) to the post-drug contraction (red symbols).  

 

Drug effects on MUs recruited during cap forces  

MUs that were identified for pre-drug during the cap phase of force generation were tracked 

across the cap phase for post-drug contractions. A drug by plateau interaction effect was 

identified for MU spike count (F1,360 = 32.68, P < 0.0001, Figure 6.4B). Spike count was 

significantly lower in the pre-drug condition during Plateau 1(P < 0.0001, d = -1.01 [-1.66, -
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0.65], difference in EMM = -53.81 spikes [-73.47, -34.10]), which was a factor of cap MUs 

being inactive during the pre-drug contractions but recruited earlier with 5-HT2 antagonism. 

In contrast, spike count for MUs pre-drug was significantly higher than post-drug 

measurements for Plateau 2 (P = 0.003, d = 1.05 [0.77, 1.56], difference in EMM = 26.91 

spikes [7.25, 46.60]) which was a factor of spike count significantly increasing from Plateau 

1 to Plateau 2 during the pre-drug condition (P < 0.0001, d = -2.39 [-3.52, -1.86], difference 

in EMM = -62.06 spikes [-79.58, -44.50]). Thus, 5-HT2 antagonism blunted the normal 

physiological MU responses that was observed during the contraction. 

By definition, cap units delineate from brim units because, under physiological conditions, 

they do not spike in Plateau 1. Therefore, there is no model estimate for pre-drug Plateau 1 

discharge rate or spike variability values as there were no spikes from which to calculate 

these metrics. Fixed effects of drug (F1,347.33 = 13.68, P = 0.0003) and plateau (F1,347.33 = 

13.68, P = 0.0003) were identified for MU discharge rate (Figure 6.4C). Post hoc testing 

revealed that post-drug discharge rate reduces from Plateau 1 to Plateau 2 (P < 0.0001, d = 

2.19 [1.36, 4.8], difference in EMM = 3.19 pps [2.21, 4.16]), and pre-drug Plateau 2 

discharge rate was significantly higher than post-drug values (P = 0.0009, d = 1.25 [0.80, 

2.17], difference in EMM = 1.26 pps [0.46, 2.05]). For MU spike variability (Figure 6.4D), 

no fixed effects of drug (F1,22.43 = 1.75, P = 0.1986) or plateau (F1,23.61 = 1.57, P = 0.2222) 

were identified. 
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Figure 6.4. Motor unit firing characteristics for sombrero contractions with, and 
without, 5-HT2 receptor antagonism. MU spike count, discharge rate, and spike variability 
of cap units (B-D) and brim units (F-H) are presented for MUs that were tracked pre- and 
post-drug intervention. Schematics are provided to differentiate cap units (A) and brim units 
(E). Pre-drug data are presented in blue and drug data are presented in red. Solid circles are 
estimated marginal means with error bars that indicate 95% confidence intervals. Transparent 
circles represent data for an individual MU. �.��� ��post-hoc, significant drug effect, P < 0.05. ����
= post-hoc, significant plateau effect during the pre-drug condition, P < 0.05. �/��� ��post-hoc, 
significant plateau effect during the post-drug condition, P < 0.05.  * = fixed effect of drug, 
P < 0.05. ^ = fixed effect of plateau, P < 0.05. MU, motor unit; pps, pulses per second; CoV, 
coefficient of variation; ISI, interspike interval; DR, discharge rate; P1, plateau 1; P2, plateau 
2.    
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Drug effects on motor units actively firing during both brim regions 

Identified MUs that were firing action potentials during both brim phases of force generation 

pre-drug were tracked across the brim phases for post-drug contractions. A fixed effect of drug 

(F1,163.6 = 4.86, P = 0.02892) and plateau (F1,156.33 = 38.50, P < 0.0001) was identified for MU 

spike count (Figure 6.4F), whereby post-drug spike count was lower than pre-drug (d = 0.27 

[0.09, 0.42], difference in EMM = 7.45 spikes [0.76, 14.10]) and Plateau 2 spike count was 

lower than Plateau 1 (d = 0.63 [0.37, 0.97], difference in EMM = 20.6 spikes [14.1, 27.2]). A 

drug by plateau interaction effect was identified for MU discharge rate (F1,150.8 = 6.92, P = 

0.0094). Post-hoc testing revealed that post-drug discharge rate was lower than pre-drug values 

at Plateau 2 (P = 0.0001, d = 0.61 [0.37, 0.95], difference in EMM = 0.89 pps [0.37, 1.41]), but 

not Plateau 1 (P = 0.8912). MU discharge rate during Plateau 2 was significantly lower than 

Plateau 1 for both pre-drug (P < 0.0001, d = 2.0 [1.62, 2.70], difference in EMM = 2.04 pps 

[1.54, 2.53]) and post-drug values (P < 0.0001, d = 2.09 [1.55, 2.94], difference in EMM = 

2.78 pps [2.23, 3.32]). A fixed effect of plateau was identified for MU spike variability (F1,143.59 

= 7.30, P = 0.0077, Figure 6.4 H), whereby spike variability increased from Plateau 1 to Plateau 

2 (d = -0.1 [-0.41, 0.09], difference in EMM = -0.02 [-0.03, -0.01]). No fixed effect of drug 

was detected for MU spike variability (F1,146.45 = 3.47, P = 0.0647). 

Drug effects on recruitment threshold, peak discharge rate, and derecruitment 

threshold  

A subtle but significant difference in MU recruitment threshold was identified, whereby 

recruitment threshold was lower after the ingestion of cyproheptadine (F1,159.6 = 11.014, P = 

0.00112, estimated mean difference = 1.09% MVC [0.44, 1.74], d = 0.24 [0.08, 0.42]). 

Antagonism of 5-HT2 receptors did not affect MU derecruitment threshold (F1,158.81 = 0.576, P 

= 0.449). Peak MU discharge rate was significantly lower after the ingestion of cyproheptadine 
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(F1,171.97 = 18.423, P < 0.001, estimated mean difference = 1.65 pps [0.68, 2.62], d = 0.34 [0.19, 

0.50]).  

5-HT2 antagonism and firing duration of MUs  

The duration of MU firing was calculated from peak force during the contraction to the 

derecruitment of the MU. Both cap and brim unit firing duration were significantly lower 

post-drug (Cap: F1,107.2 = 20.50, P < 0.0001, d = 0.46 [0.34, 0.59], difference in EMM = 1.77 

s [0.99, 2.54]; Brim: F1,56.99 = 4.50, P = 0.0382, d = 0.27 [0.07, 0.43], difference in EMM = 

0.88 s [0.05, 1.71]; Figure 6.5). It is notable that cap MU firing duration data forms clusters 

in two groups: those that fire for greater than 15 s, and those that fire for less than 10 s. Given 

that the contraction task ceased 20 s after peak force, many cap units continued to discharge 

in the 10 s period following peak force, as well as the 10 s after the superimposed descending 

drive finished (i.e., Plateau 2). Nonetheless, self-sustained firing was significantly reduced 

with 5-HT2 antagonism regardless of firing duration. 

Firing duration was also assessed across the whole contraction. Both cap and brim unit firing 

duration were significantly lower post-drug (Cap: F1,103.5 = 26.99, P < 0.0001, d = 0.54 [0.42, 

0.65], difference in EMM = 2.12 s [1.31, 2.92]; Brim: F1,54.27 = 7.36, P = 0.0089, d = 0.37 

[0.21, 0.54], difference in EMM = 1.23 s [0.32, 2.14]). Similar to firing duration calculated 

from peak force, there were larger drug effects on whole contraction firing duration for Cap 

units compared to Brim units.   
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Figure 6.5. Firing duration of motor units identified for sombrero contractions. Each 
transparent circle represents an individual MU which has been tracked between pre-drug 
(blue) and post-drug (red) contractions. Grey lines indicate subject averages for MU firing 
duration. The solid points represent the estimated marginal mean, with 95% confidence 
intervals indicated with error bars. * = fixed effect of drug, P < 0.05. 

 

6.4 Discussion 

The purpose of this study was to examine how serotonergic neuromodulation contributes to 

self-sustained firing of motoneurones in humans. The experiments in this study showed that 

adding (and then removing) descending drive in the middle of steady-state contractions 

markedly suppresses discharge of active MUs and revealed that some newly recruited units in 

the superimposed phase were unable to switch off due to their self -sustained firing. 

Subsequently, a 5-HT2 receptor antagonist was used to determine if the changes in discharge 

rate and self-sustained firing were mediated by a serotonergic mechanism. The drug effects 

identified in this study indicated that 1) motoneurone discharge rate and self-sustained firing is 

suppressed with 5-HT2 antagonism, and 2) reducing 5-HT2 receptor activity facilitates the 

recruitment of additional MUs to generate the same level of force that was generated in pre-

drug conditions. Overall, this study provides novel evidence that serotonergic neuromodulation 
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plays a key role in self-sustained firing behaviour of human motoneurones after the removal of 

descending drive. This study also provides evidence that reducing serotonergic 

neuromodulation in the human motor system leads to adaptative changes in MU recruitment 

strategies to meet the task demands. 

Self-sustained firing is observable following superimposed descending drive 

After the removal of synaptic current, the extra depolarising current caused by PICs can 

facilitate self-sustained firing of the motoneurone. This phenomenon has been extensively 

studied in reduced preparations (Crone, Hultborn, Kiehn, Mazieres, & Wigström, 1988; 

Hounsgaard et al., 1988; Lee & Heckman, 1998b) and in humans using EMG techniques 

(Gorassini et al., 1998; Gorassini et al., 2002; Hassan et al., 2021; Kiehn & Eken, 1997; 

Mesquita et al., 2022; Orssatto, Fernandes, et al., 2022; Vandenberk & Kalmar, 2014). The key 

feature of human experiments is the inclusion of linear and symmetrical isometric muscle 

contractions, where MU recruitment and derecruitment can be compared for symmetry when 

MUs are extracted from the EMG signal of the contracting muscle. We have previously detailed 

MU discharge and recruitment properties using trapezoidal-shaped contractions generated by 

ankle dorsiflexors (Goodlich, Del Vecchio, Horan, et al., 2023), where subtle signs of hysteretic 

behaviour are observable for contraction intensities up to 30% MVC. In the current study we 

reinforce that self-sustained firing in motoneurones is more readily observable during the 

performance of a 10% MVC trapezoidal shaped contraction that includes a brief period where 

additional descending drive was delivered to the motoneurone pool (Beauchamp et al., 2023). 

Additional descending drive will necessarily recruit higher threshold MUs (Adrian & Bronk, 

1929; Henneman, 1977), and the linear ramp will cause PIC activation for these MUs (Binder 

et al., 2020). Given that deactivation of PICs requires an additional source of synaptic 

inhibition, or complete cessation of excitatory inputs to the motoneurone, the self-sustained 

firing that occurred after the removal of additional descending drive was a product of excitation 
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outweighing inhibition. It is possible that the excitatory drive required to maintain the steady-

state contraction (i.e., the lower threshold MUs) provided a weak source of excitation for higher 

threshold MUs recruited during the cap phase of the sombrero contraction. Indeed, a known 

role of PICs are to amplify the effects of ionotropic inputs to motoneurones, where an active 

PIC can cause depolarisation of the motoneurone at lower levels of excitatory synaptic input.  

Motor unit discharge and spike count are reduced after superimposed descending drive 

Despite similar MU firing properties in the first plateau for each contraction task, MUs that 

were tracked throughout the experiment had reductions in discharge rate and spike count, as 

well as an increase in spiking variability, during the second plateau of the sombrero shaped 

contraction. Therefore, delivering additional descending drive to motoneurones during a 

sustained contraction reduces the output of the motoneurone with more time-variant generation 

of MU action potentials. The magnitude of differences in MU discharge between the trapezoid 

and sombrero contraction may suggest that multiple mechanisms contributed to changes in MU 

firing. In particular, the additional superimposed descending drive in the middle of the steady-

state contraction caused MU discharge to reduce by 2.24 pps, which is a five-fold exacerbation 

of effects compared to the regular steady-state contraction (reduction of only 0.45pps). A point 

of difference between the contraction protocols was that additional MUs were recruited during 

the cap phase of the sombrero. As these MUs remained firing when descending drive was 

removed, the additional force generated by the self-sustained firing MUs would necessitate a 

reduction in MU discharge from the brim units to generate the same 10% MVC force from 

Plateau 1 to Plateau 2. To date, it is unknown if serotonergic neuromodulation substantially 

contributes to such changes in MU behaviour. 
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Motor unit discharge rate and self-sustained firing is suppressed with 5-HT2 

antagonism 

In the current study, a 5-HT2 receptor antagonist was used to determine the influence that 5-

HT has on human motoneurone properties by identifying how 5-HT2 activity affects MUs 

during, and following, the addition of superimposed descending drive on a steady-state 

contraction. 5-HT2 receptor antagonism not only reduced discharge rate during the cap and 

brim components of the sombrero shaped contractions, but also reduced the incidence and 

duration of self-sustained firing of the cap units. Therefore, the serotonergic component of the 

neuromodulatory system contributed to shaping the behaviour of MU firing during voluntary 

contractions in humans, which is mediated by 5-HT2 receptor activity in the CNS.  

In humans, antagonism of the 5-HT2 receptor has been associated with a reduction in rate of 

torque development (Goodlich et al., 2022), MU discharge rate (Goodlich, Del Vecchio, Horan, 

et al., 2023; Goodlich et al., 2022), and reductions in Delta F, which is the most common 

method of estimating PIC magnitude in humans (D'Amico et al., 2013; Goodlich, Del Vecchio, 

Horan, et al., 2023). The reduction in Delta F suggests that 5-HT2 plays a role in MU firing rate 

hysteresis, which is supported in the current study whereby 5-HT2 antagonism reduced self-

sustained firing to cause a more symmetrical firing rate profile. 5-HT can promote 

depolarization of the motoneurone via a number of mechanisms, including facilitation of 

rectifying inward currents (Hsiao et al., 1997; Takahashi & Berger, 1990), facilitation of low 

voltage Ca2+ currents (Berger & Takahashi, 1990), and inhibition of K+ leak conductance 

(Elliott & Wallis, 1992; Perrier et al., 2003). Alternatively, motoneurone firing can also be 

enhanced by modulating afterhyperpolarization (AHP), as 5-HT reduces K+ currents 

responsible for sAHP (Hounsgaard & Kiehn, 1989) and mAHP (Grunnet et al., 2004) phases 

of the action potential.  
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The hallmark of PIC-induced self-sustained firing is discharge hysteresis, whereby 

motoneurone derecruitment occurs at a lower level of excitatory input than was required to 

initially recruit the motoneurone (Bennett et al., 1998; Hounsgaard & Kiehn, 1989; Lee & 

Heckman, 1996). Animal and cellular preparations have clearly demonstrated that 5-HT 

innervation of motoneurones can induce self-sustained firing (Hounsgaard et al., 1988; 

Hounsgaard & Kiehn, 1985). Notably, self-sustained firing behaviour disappears after an acute 

spinal transection in cat models, where descending projections from the raphe-spinal pathways 

are interrupted and cannot access the motoneurone pool (Hounsgaard et al., 1988). However, 

self-sustained firing is able to re-emerge following intravenous injection of the 5-HT precursor, 

5-hydroxytryptophan, which provides a link between CNS 5-HT availability and self-sustained 

firing behaviour (Hounsgaard et al., 1988). In the current study, antagonism of the 5-HT2 

receptor reduced firing durations associated with MUs recruited in the brim, but the durations 

of MUs recruited in the cap of the sombrero shaped contraction were reduced to a greater 

extent. Therefore, the current study provides evidence that the serotonergic system contributes 

to self-sustained firing of MUs of the tibialis anterior in humans.  

5-HT activates G-protein coupled receptors which facilitate voltage sensitive ion channels on 

the dendrites of motoneurones (Lipscombe, Helton, & Xu, 2004; Ma, Catterall, & Scheuer, 

1997; Mantegazza et al., 2005). Therefore, competitive antagonism of the excitatory effects of 

5-HT on the motoneurone likely constrained the PIC from perpetuating firing in the current 

study. Thus, for MUs that were only sustaining firing because of their PIC (and not excitatory 

inputs) the removal of 5-HT2 activity caused attenuation of firing. Given that higher threshold 

units derecruit before lower threshold units, and participants were still activating the tibialis 

anterior motor pool to produce force (10% of MVC), attenuation of firing was most observable 

for the cap MUs. It is likely that the lower threshold brim MUs maintained firing via excitatory 

synaptic input from descending sources and were therefore less affected by 5-HT2 antagonism. 
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Notably, some cap units did not show evidence of self-sustained firing after the descending 

drive was removed. Given that cessation of self-sustained is closely aligned with inhibitory 

inputs to the motor pool (i.e. reciprocal inhibition), it is quite likely that some, but not all, 

motoneurones were influenced by a form of inhibition when participants were attempting the 

down ramp of the cap. However, it is also possible that Ca2+ and Na+ mechanisms that form 

the basis of PICs contributed to the absence of self-sustained firing in some motoneurones. Na+ 

PICs are crucial for the initiation of repetitive discharge of motoneurones (Harvey et al., 2006b; 

Kuo et al., 2006), and as such there is still likely PIC activity underpinning activation in these 

units. However, if L-type voltage gated Ca2+ channels are differentially expressed across 

motoneurones it may lead to some, but not all, motoneurones exhibiting self-sustained firing. 

Nonetheless, antagonism of the 5-HT2 receptor had the overall effect of hindering the PIC, thus 

suppressing self-sustained firing of MUs. 

5-HT2 receptor antagonism modifies motor unit behaviour to meet task demands 

With an overall reduction in MU firing rate, maintaining a prescribed level of force following 

5-HT2 receptor antagonism could only be achieved with changes in MU recruitment. The 

earlier recruitment of more units to contribute to the force output is necessitated by an overall 

reduction in firing rates of the motor pool, irrespective of when discharge rate is assessed 

(Figure 6.4F). This was noticeable for MUs recruited in the cap phase of the sombrero, where 

recruitment occurred with additional descending drive before drug administration, and 

recruitment occurred prior to the additional descending drive with 5-HT2 antagonism. Hence, 

MUs that were previously being recruited into the contraction during the superimposed phase 

were now being recruited earlier into the initial steady-state hold (i.e., Plateau 1). Although 

earlier MU recruitment could suggest an increase in intrinsic motoneurone excitability, 

serotonin antagonism would most likely reduce intrinsic excitability causing later MU 

recruitment. Earlier MU recruitment in the current study may instead reflect greater ionotropic 
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input to the motor pool during the post-drug condition. If there was an increase in ionotropic 

synaptic input in the post drug condition, this would have also increased the instances and 

duration of self-sustained firing, thus attenuating the magnitude of drug effects observed in the 

present study. Nonetheless, more work is required to unpack discrepancies in the levels and 

types of descending synaptic input following 5-HT2 antagonism. 

Identification of changes in MU recruitment as a strategy to maintain a prescribed level of force 

following 5-HT2 receptor antagonism has implications for several investigations that have 

examined the role of the serotonergic system in generating motor activity. For example, there 

are several reports where MVC force is compromised with 5-HT2 antagonism (Henderson et 

al., 2022; Thorstensen et al., 2021; Thorstensen et al., 2022). If MUs discharge slower, have a 

lower peak discharge rate, and are recruited earlier into the contraction, there may be limitations 

on generating higher contraction forces. However, this assumes that the effects of PIC activity, 

5-HT2 activity, and 5-HT release onto motoneurones is ubiquitous across all MUs and 

contraction forces. At present, it is unknown how these factors interact in humans when strong 

voluntary contractions are performed. However, a body of evidence is developing that suggests 

excitatory drive is necessary to observe 5-HT effects on motoneurone excitability in humans, 

and these effects align with estimates of PIC activity and self-sustained firing for MUs recruited 

in contractions up to 30% MVC. 

Considerations 

It must be acknowledged that in addition to antagonism of the 5-HT2 receptor, 

cyproheptadine also has antihistaminergic and anticholinergic effects via the antagonism of 

the H and M receptors, respectively. In slice preparations of rat motoneurones, there is 

evidence that histamine directly depolarises motoneurones (Wu et al., 2012) and can modify 

locomotor behaviour via spinal circuits (Coslovich et al., 2018). Thus, the effects reported in 

the current experiment may, in part, be influenced by antagonism of H or M receptors. 
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However, it is important to note that histaminergic and cholinergic effects on muscle 

activation in humans may be less functional than those identified in animal or cellular 

preparations of motoneurones. Although the effects of antihistamines have not been assessed 

in human motor unit investigations, a potent antihistaminergic and antimuscarinic drug 

(promethazine) generates almost no effects on corticospinal excitability or motoneurone 

excitability across a wide range of muscle contractions in humans (Dempsey & Kavanagh, 

2021, 2023). Cyproheptadine has repeatedly been used for the antagonism of the serotonergic 

system (D'Amico et al., 2013; Goodlich, Del Vecchio, Horan, et al., 2023; Goodlich et al., 

2022; Henderson et al., 2024; Murray et al., 2010; Murray et al., 2011; Thorstensen et al., 

2021; Thorstensen et al., 2022; Wei et al., 2014). Although these studies could not separate 

antihistaminergic effects from antiserotonergic effects, almost every investigation highlighted 

the close alignment between their human findings and animal/cellular preparations that have 

used targeted 5-HT drugs. 

6.5 Conclusion 

The present study provides new evidence that implicates the 5-HT2 receptor in the 

modulation of human MU discharge properties, where antagonism of 5-HT2 receptors with 

cyproheptadine globally reduces discharge rates, recruitment thresholds, and self-sustained 

firing duration. Collectively, these results support the viewpoint that serotonergic 

neuromodulation plays a key role in self-sustained firing behaviour of human motoneurones 

during voluntary contractions. Furthermore, reducing the influence of serotonergic 

neuromodulation in the motor system leads to adaptative changes in MU recruitment to meet 

the task demands. 

 





General discussion 

173 
 

Chapter 7 General discussion 
The purpose of this thesis was to competitively antagonise 5-HT2 receptors in human 

participants and quantify the impact this has on motor unit activity as measured by high-

density surface electromyography (HDsEMG). By examining drug effects, knowledge has 

been gained about the role of 5-HT during a variety of voluntary contractions, affording 

insight into how 5-HT neuromodulation influences the intrinsic properties of human 

motoneurones. Four studies comprise this thesis, each using the ankle dorsiflexors as a model 

to study the motoneuronal control of muscle. HDsEMG signals were recorded from the 

tibialis anterior during isometric dorsiflexions at varying intensities and speeds, and 5-HT2 

receptor activity was competitively antagonised with cyproheptadine.  

7.1 Summary of findings 

7.1.1 Study 1: Motor unit tracking using blind source separation filters and waveform 

cross-correlations: reliability under physiological and pharmacological conditions 

An experimental design was developed to assess physiological reliability, and reliability for a 

drug intervention known to reduce the discharge rate of motoneurones (8 mg 

cyproheptadine). HDsEMG signals were recorded from tibialis anterior during isometric 

dorsiflexions to 10%, 30%, 50% and 70% of maximal voluntary contraction (MVC). Motor 

units were matched within session (2.5 h) using the filter method, and between sessions (7 

days) via the waveform method. Both tracking methods demonstrated similar reliability 

during physiological conditions. Although reliability slightly reduced after the 

pharmacological intervention, there were no discernible differences in tracking performance. 

The poorest reliability typically occurred at higher contraction intensities, which aligned with 

the greatest variability in motor unit characteristics. The results from Study 1 confirm that 

tracking method is unlikely to impact the interpretation of motor unit data, provided that an 
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appropriate experiment design is employed. However, caution should be used when 

interpreting motor unit characteristics from units which have been detected and tracked 

during higher intensity isometric contractions. 

7.1.2 Study 2: Blockade of 5-HT2 receptors suppresses rate of torque development and 

motor unit discharge rate during rapid contractions 

Nine healthy subjects were administered 8mg of the competitive 5-HT2 receptor antagonist 

cyproheptadine in a double-blinded, placebo-controlled, repeated-measures experiment. 

Subjects performed rapid isometric dorsiflexion contractions at 30%, 50% and 70% of MVC. 

A second protocol was performed where a sustained, fatigue-inducing dorsiflexion 

contraction was completed prior to undertaking the same 30%, 50% and 70% MVC rapid 

contractions. Motor unit discharge rate and rate of torque development (RTD) for the 

unfatigued muscle were both significantly lower for the cyproheptadine condition compared 

to the placebo condition. Following the fatigue inducing contraction, cyproheptadine reduced 

motor unit discharge rate and RTD, where the effects of cyproheptadine on motor unit 

discharge rate and RTD increased with increasing contraction intensity. Overall, the results 

from Study 2 support the viewpoint that serotonergic effects in the central nervous system 

occur fast enough to regulate motor unit discharge rate during rapid powerful contractions. 

7.1.3 Study 3: Blockade of 5-HT2 receptors suppress motor unit firing and estimates of 

persistent inward currents during voluntary muscle contraction in humans 

Motor unit characteristics were successfully extracted from HD-EMG of 11 young adults pre- 

and post-ingestion of 8 mg cyproheptadine and a placebo. 5-HT2 antagonism caused a 

reduction in motor unit discharge rate during steady-state muscle activation that was 

independent of the level of contraction intensity, as well as an increase in motor unit 

derecruitment threshold, without change in force during MVC. A reduction in estimates of 

persistent inward current (PIC) amplitude was observed at 10% MVC and 30% MVC that 
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aligned with 5-HT changes in motor unit firing behaviour due to 5-HT2 antagonism. Overall, 

the findings from Study 3 indicate that 5-HT2 receptor activity has a role in regulating 

discharge rate in populations of spinal motoneurones when performing voluntary 

contractions. Reductions in estimates of PICs after 5-HT2 receptor antagonism support the 

viewpoint that the 5-HT2 receptor plays a critical role in regulating motor activity, where a 

PIC-based mechanism is involved in regulating the excitability of human motoneurones. 

7.1.4 Study 4: Antagonism of 5-HT2 receptors attenuates self-sustained firing of human 

motor units 

Motor unit activity was assessed from tibialis anterior in 10 healthy adults during two 

contraction protocols. Both protocols featured steady-state isometric contractions with 

constant descending drive to the motoneurone pool, however one protocol also included an 

additional phase of superimposed descending drive. Adding and then removing descending 

drive in the middle of steady-state contractions altered motor unit firing behaviour across the 

motor pool, where newly recruited units in the superimposed phase were unable to switch off, 

and units recruited prior to additional descending drive reduced their discharge rates. The 5-

HT2 receptor antagonist, cyproheptadine, was then administered to determine if changes in 

motor unit firing were mediated by serotonergic mechanisms. 5-HT2 receptor antagonism 

caused reductions in motor unit discharge rate, recruitment threshold, and self-sustained 

firing duration after the additional descending drive was removed in the middle of the steady-

state contraction. Study 4 findings indicate that serotonergic neuromodulation plays a key role 

in facilitating discharge and self-sustained firing of human motoneurones, where adaptive 

changes in motor unit recruitment must occur to meet the demands of the contraction. 
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7.2 Synthesis of findings 

7.2.1 5-HT2 antagonism reduces motor unit discharge rate across a variety of voluntary 

motor tasks  

There is converging lines of evidence that the 5-HT2 receptor is the likely motoneurone 

receptor candidate for serotonin mediated excitatory postsynaptic potentials in humans. A 

number of these studies have been able to mimic the excitatory effects of 5-HT via 

pharmacological agonism of 5-HT2 receptors, and/or abolished excitatory effects with 5-HT2 

receptor antagonism (Cotel et al., 2013; Elliott & Wallis, 1992; Hsiao et al., 1997; Jackson & 

White, 1990). In humans, a series of experiments have used transcranial magnetic stimulation 

and/or a collection of peripheral nerve stimulation techniques to assess the effects of 5-HT2 

receptor antagonism on corticospinal-motoneuronal output. 5-HT2 receptor antagonism was 

associated with a reduction in the amplitude of motor evoked potentials (Henderson et al., 

2024; Thorstensen et al., 2021), lengthened silent period during maximal effort contractions 

(Thorstensen et al., 2021), reduced superimposed twitch amplitude during moderate-intensity 

contractions (Thorstensen et al., 2021), and reduced amplitude and persistence of F-waves 

(Thorstensen et al., 2022). These studies broadly implicate the 5-HT2 receptor activity in the 

neuromodulation of corticospinal-motoneuronal outputs. However, the stimulation and EMG 

techniques used in these studies mean that the authors could only make indirect inferences 

about motoneuronal properties.  

Data from the current thesis details the effects of 5-HT2 receptor antagonism on the discharge 

characteristics of populations of human motor units, affording a more direct insight to 

motoneuronal activity. In Study 2, rate of torque development during rapid isometric 

contractions was lower in the cyproheptadine condition compared to the placebo condition, 

which aligned with a reduction in motor unit discharge rate. Similarly, in Study 3, motor unit 

discharge rate declined during steady state contractions after cyproheptadine administration 
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but did not change with the administration of a placebo. This decline in motor unit discharge 

rate post 5-HT2 receptor antagonism occurred in parallel with a reduction in the magnitude of 

PICs, as estimated via the paired motor unit method (i.e., �¨F). Finally, 5-HT2 receptor 

antagonism led to a reduction in the peak discharge rate, as well as a reduction in the 

instances and duration of self-sustained firing during sombrero shaped contractions in Study 

4. Collectively, the consistent decline in discharge rate of populations of motor units during a 

variety of voluntary contraction tasks following 5-HT2 receptor antagonism supports the 

assertion that the 5-HT2 receptor plays a crucial role in regulating human motor activity. 

Thus, the current thesis builds upon the knowledge garnered from stimulation work by 

showing that alterations in corticospinal-motoneuronal outputs can be explained, at least in 

part, by reduced firing of motoneurones. 

7.2.2 5-HT2 receptor activity regulates the excitability of human motoneurones via PIC-

based mechanism 

5-HT2 receptors on the soma and dendrites of motoneurones likely mediate excitatory effects 

via voltage sensitive PICs (D'Amico et al., 2013; Harvey et al., 2006a, 2006b; Murray et al., 

2011; Perrier & Delgado-Lezama, 2005; Perrier & Hounsgaard, 2003). Moreover, results 

from cellular studies have revealed that both sodium PICs (Harvey et al., 2006a, 2006b) and 

calcium PICs (Murray et al., 2011; Perrier & Delgado-Lezama, 2005; Perrier & Hounsgaard, 

2003) are facilitated by 5-HT2 receptor activation. In humans, 5-HT2 receptor antagonism 

using chlorpromazine was associated with a reduction in estimates of PICs to approximately 

60-65% of pre-drug values (D'Amico et al., 2013). However, it should be noted that this 

indwelling EMG experiment had a small cohort (n = 4 participants) and an unknown number 

of motor unit pairs. Moreover, in addition to 5-HT2 receptor antagonism, chlorpromazine is 

also known to antagonise NA receptors which are also implicated in facilitating PICs (Udina 

et al., 2010). This thesis provides evidence that the neuromodulatory effects of 5-HT in 
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human motoneurones are mediated by 5-HT2 receptor activity, whereby a PIC-based 

mechanism is involved in regulating the excitability of human motoneurones. 

The hallmark traits of PIC activity on motor unit firing patterns include the initial 

acceleration in firing as the PIC activates, onset-offset hysteresis, and the presence of self-

sustained firing that perpetuates beyond levels of ionotropic synaptic input required for initial 

depolarisation. During the rapid contractions performed in Study 2, the timing of the 

measured declines in motor unit firing rate after 5-HT2 antagonism align with the timing of 

activation for the fast sodium PIC as reported in the literature. Importantly, the extent of 

motoneurone firing acceleration is dependent on the levels of monoaminergic drive (Hultborn 

et al., 2003; Lee & Heckman, 2000). Thus, it is possible that antagonising 5-HT2 receptor 

activity impeded the activation of the sodium PIC, causing lower levels of firing rate 

acceleration which ultimately manifested as declines in motor unit discharge rate and rate of 

torque development. Furthermore, motor unit onset-offset hysteresis (as quantified in Study 3 

via �¨F calculation) and self-sustained firing (as quantified in Study 4 via calculation of motor 

unit firing duration after the removal of descending drive) also declined following 5-HT2 

receptor antagonism. Concurrent reductions in motor unit discharge, onset-offset hysteresis, 

and self-sustained firing following 5-HT2 receptor antagonism all support the notion that a 

PIC-based mechanism is involved in regulating the excitability of human motoneurones, 

where PIC activation is influenced by serotonergic neuromodulation. 

5-HT2 receptor antagonism was not associated with reductions in MVC force production in 

any of the four studies within this thesis. This is in direct contrast with upper limb serotonin 

investigations which have used cyproheptadine, were a significant reduction in elbow flexion 

MVC has consistently been identified (Henderson et al., 2024; Thorstensen et al., 2021; 

Thorstensen et al., 2022). Changes to motor unit discharge in the absence of changes to 

maximal force production initially seems counterintuitive. However, it is important to 
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consider that drug effects on force were assessed only at MVC, whereas motor unit activity 

was assessed only during submaximal contractions. Theoretically, with an overall reduction 

in motor unit firing rate, maintaining a prescribed level of force following 5-HT2 receptor 

antagonism could only be achieved with changes in motor unit recruitment. Additionally 

recruited higher threshold units may not have been detected during Study 2 and 3, where units 

were tracked from pre-drug to post-drug during a fixed contraction intensity. During Study 4, 

the contraction task contained two plateau phases at 10% of MVC as well as a superimposed 

ramp to 30% of MVC, which allowed for the identification of motor units recruited into 

Plateau 1 as well as additional units recruited during the superimposed ramp. Noticeably, 

motor units recruited by the additional descending drive of the superimposed ramp during the 

pre-drug sombrero became active within Plateau 1 of the post-drug sombrero (i.e., recruited 

earlier into the contraction). With no detected changes in MVC force, the submaximal force 

targets also remain unchanged from pre-drug to post-drug. Given the overall reduction in 

firing rates of the motor pool observed after 5-HT2 receptor antagonism, the recruitment of 

more units into the post-drug Plateau 1 seems necessary to ensure the same force output 

could be achieved as pre-drug. Therefore, data from Study 4 supports the notion that reducing 

the influence of serotonergic neuromodulation in the motor system leads to adaptative 

changes in motor unit recruitment to meet the task demands. 

7.2.3 The magnitude of 5-HT effects is greatest during high intensity motor activity  

It has long been hypothesised that 5-HT release onto motoneurones, and thus the magnitude 

of 5-HT neuromodulatory effects at motoneurones, is dependent on the intensity of motor 

activity (Jacobs & Fornal, 1993, 1997). In cat-based experiments, in which extracellular 

recordings of brainstem raphe neurons were obtained during motor tasks, the magnitude of 

increase in raphe-spinal activity was positively correlated with the speed of locomotion 

during a treadmill walking task (Jacobs et al., 2002; Veasey et al., 1995). Furthermore, a 
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series of elegant studies involving the adult turtle spinal cord revealed that motoneurone 

behaviour is modified by serotonergic drive. Stimulation of descending serotonergic 

pathways in the turtle spinal cord caused 5-HT to be released onto motoneurones, whereby 

the magnitude of 5-HT effects on motoneurones depended on the duration of stimulation 

(Cotel et al., 2013; Perrier & Delgado-Lezama, 2005; Perrier et al., 2018). Finally, computer 

simulations, built on data from cat motoneurone experiments, have demonstrated that there is 

a marked increase in motoneurone input/output gain when there is neuromodulatory drive 

from the brainstem (Heckman et al., 2009). Functionally, this means that at high levels of 

neuromodulatory drive the generation of larger muscle forces can be achieved with smaller 

ionotropic input currents. 

It must be highlighted that the evidence for scaling effects of 5-HT release on motoneurone 

activity has largely come from in vitro studies, animal models, or computer simulations using 

animal data. As such, recent efforts have been made to translate these findings into human 

models. In human investigations which exogenously increase serotonin availability via the 

administration of selective serotonin reuptake inhibitor, 5-HT effects have been observed to 

be minimal during weak contractions (Thorstensen et al., 2020), and more prominent with 

strong contractions (Kavanagh et al., 2019). In human investigations which have used 

cyproheptadine to antagonise serotonergic neuromodulatory effects, no drug effects were 

detected during resting measurements of motoneuronal excitability (Thorstensen et al., 2022). 

During voluntary elbow flexions of varying intensity, corticospinal-motoneuronal excitability 

(as assessed by TMS) was reduced after 5-HT2 receptor antagonism, whereby the largest 

cyproheptadine reductions in MEP amplitude were with high-intensity motor cortical 

stimulation (Thorstensen et al., 2021). Thus, it appears that strong motor activity is needed to 

reveal serotonergic effects in humans. 
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In both Studies 2 and 3, 5-HT neuromodulation was assessed in humans during voluntary 

contractions of varying intensity, and therefore in motor units across a wide range of 

recruitment thresholds. When data were stratified by contraction intensity, no drug by 

contraction intensity interaction effect was observed in either study. Thus, it appears that the 

impact of cyproheptadine on motor unit firing is independent of the contraction intensity 

being performed. Although no direct evidence of 5-HT effects scaling to contraction intensity 

emerged from Study 2 or 3, regression analyses were performed on pooled data across the full 

recruitment range of successfully decomposed units to investigate the relationship between 

motor unit firing rate and the associated drug effects. Motor unit discharge rates were plotted 

with pre-drug values on the ordinate and post-drug values on the abscissa. Consistently across 

Study 2 and Study 3, motor units firing at higher discharge rates were more affected by 5-HT 

dynamics than motor units firing at lower discharge rates. Presumably, motor units firing at 

high discharge frequencies pre-drug are doing so in the presence of high levels of synaptic 

drive, inclusive of ionotropic and neuromodulatory inputs. Thus, the relationship between 

high discharge frequency and greater drug effects seems to align with existing human work, 

whereby the greatest serotonergic effects are observed during strong motor activity.  

7.3 Considerations 

The studies presented in this thesis are the first to assess the effects of 5-HT2 receptor 

antagonism in populations of human motor units across a wide range of isometric contraction 

tasks and intensities. However, some methodological and theoretical challenges are worth 

considering when interpreting the findings of each study. 

7.3.1 Electromyography considerations 

Identification of changes in motor unit recruitment as a strategy to maintain a prescribed level 

of force following 5-HT2 receptor antagonism has implications for several investigations that 

have examined the role of the serotonergic system in generating motor activity. For example, 
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there are several reports from human upper limb investigations where MVC force is 

compromised with 5-HT2 antagonism (Henderson et al., 2024; Henderson et al., 2022; 

Thorstensen et al., 2021; Thorstensen et al., 2022). Limitations on generating higher 

contraction forces seems logical in the context of motor units which discharge slower, have a 

lower peak discharge rate, and are recruited earlier into the contraction. However, this 

assumes that the effects of PIC activity, 5-HT2 activity, and 5-HT release onto motoneurones 

is ubiquitous across all motor units and contraction forces. Indeed, estimates of PIC activity 

and self-sustained firing for motor units recruited in contractions up to 30% MVC presented 

in Study 3 and Study 4 align with this assumption. Nonetheless, it remains unclear how PIC 

activity, 5-HT2 activity, and 5-HT release interact in humans when strong voluntary 

contractions are performed. Future investigations could look to investigate the effects of PIC 

activity over a broader range of contraction intensities. For example, advances in implantable 

high-density array electrodes in combination with improving decomposition software could 

afford the identification of lower threshold motor units during stronger contractions. This 

would begin to resolve the challenge of superimposition, and therefore allow for estimation 

of PIC magnitude at higher contraction intensities than is possible with surface electrodes. 

7.3.2 Neuromodulatory considerations 

The number of motor units that can be identified by decomposition of HDsEMG typically 

decreases with increasing contraction intensity (Del Vecchio, Holobar, et al., 2020; McNeil et 

al., 2005), which is likely due to increased superimposition of motor unit action potentials 

(MUAPs), rather than physiological changes in the number of recruited motor units (Gallina 

et al., 2022). Superimposition of MUAPs also causes decomposition of  HDsEMG to be less 

successful at identifying low threshold motor units during high intensity contractions, 

ultimately biasing the sample of successfully decomposed motor units towards higher 

threshold units (Goodlich, Del Vecchio, Horan, et al., 2023). Data from Study 1 illustrated 
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that the poorest reliability typically occurred at the highest contraction intensity, whereby the 

greatest variability in motor unit discharge, recruitment, and derecruitment also occurred at 

the highest contraction intensity. This finding was consistent across both the placebo and 

cyprohepdatine conditions within Study 1. Although Study 1 confirmed that the specific 

tracking method (i.e., blind source separation filters or waveform cross-correlation) may not 

impact interpretation of motor unit data at lower contraction intensities, caution should be 

used when tracking units during higher intensities. In order to more robustly study effects at 

higher contraction intensities, it is likely that more measurements are required from a larger 

sample of participants. 

Targeted pharmacological interventions to manipulate 5-HT activity provide a sound 

paradigm within which the serotonergic control of motoneurone activity in humans can be 

investigated. This thesis explored the influence of 5-HT2 receptor activation on motoneurone 

behaviour via pharmacologically induced competitive antagonism of the 5-HT2 receptor. 

Future investigations could compliment this work via the administration of a 5-HT2 receptor 

agonist, such as lysergic acid diethylamide or psilocybin. However, it is critical to note that 

human 5-HT studies must operate within a boundary of safety, thus limiting the dosage and 

types of medications that can be administered to healthy individuals. A standard 8mg does of 

cyproheptadine was administered to all participants across each study, irrespective of their 

body composition or previous exposure to cyproheptadine. To optimise the emergence of 

drug effects, cyproheptadine dosage should be tailored to the individual. However, this would 

require quantification of individual participants’ raphe nuclei activity (i.e., CNS 5-HT 

release), as well as the efficacy of their motoneuronal receptor binding of 5-HT. As a result, 

heterogeneity of response cannot be assessed without significant improvement in the 

temporal resolution and financial burden of neuroimaging techniques. 
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Although it is tempting to attribute the drug effects identified in this thesis exclusively to 

antagonism of the 5-HT2 receptor, this issue must be approached with caution. It is highly 

likely that the descending noradrenergic system was still operating in the background of each 

study. Though the 5-HT2 receptors were competitively antagonised, it is unclear to what 

extent other neuromodulatory systems were influencing motoneuronal output. In addition to 

antagonism of the 5-HT2 receptor, cyproheptadine also has antihistaminergic and 

anticholinergic effects via the antagonism of the H1 and M1 receptors, respectively. In slice 

preparations of rat motoneurones, there is some evidence of histamine directly depolarising 

motoneurones (Wu et al., 2012) and modifying locomotor behaviour via spinal mechanisms 

(Coslovich et al., 2018). Thus, it is possible that some effects may be, in part, the result of 

antagonism of histamine receptors. Nonetheless, the drug-affected patterns of motor unit 

discharge presented within this thesis aligned with known effects of reducing 5-HT 

neuromodulation in animal and cellular preparations, as well as realistic computer 

simulations. To date, there is no human evidence of histaminergic influence over the non-

linearities present in motor unit firing patters (i.e., acceleration, saturation, and onset-offset 

hysteresis).  

Of the available options for 5-HT2 antagonism in human experimentation, cyproheptadine 

minimises (but does not abolish) the risk of adverse health events with administration, and 

interaction with other neurotransmitter activity. Alternative drugs that manipulate 5-HT2 

receptor activity, such as quetiapine and olanzapine, are anti-psychotic agents which increase 

the risk of adverse events. Furthermore, these alternatives have secondary action in dopamine 

receptor antagonism, which has been shown to be influential in muscle activation 

(Thorstensen, Tucker, & Kavanagh, 2018). Moreover, cyproheptadine has repeatedly been 

used for the antagonism of the serotonergic system during peer-reviewed neurophysiological 

investigations (D'Amico et al., 2013; Goodlich, Del Vecchio, Horan, et al., 2023; Goodlich et 
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al., 2022; Henderson et al., 2024; Murray et al., 2010; Murray et al., 2011; Thorstensen et al., 

2021; Thorstensen et al., 2022; Wei et al., 2014). Findings from these investigations, as well 

as the studies presented within this thesis, have closely aligned with animal and cellular 

preparations which have used more precise methods of antagonising the serotonergic system. 

7.4 Thesis conclusions 

Studies performed in vitro or with animals have demonstrated the importance of serotonergic 

neuromodulation in regulating the intrinsic excitability of motoneurones. 5-HT release onto 

motoneurones via raphe-spinal projections, and subsequent binding to somato-dendritic 5-

HT2 receptors, appears to be critically important for facilitating motoneurone output during 

strong motor activity. This thesis has built upon in vitro and animal work by studying the 

effects of 5-HT2 receptor antagonism on the output of humans motoneurones via the 

observation of motor unit discharge characteristics. In doing so, this thesis provides novel 

human evidence that 5-HT2 receptor activity plays a key role in regulating motor activity, 

whereby a PIC-based mechanism is involved in regulating the excitability of motoneurones. 

5-HT2 receptor antagonism consistently reduced motor unit discharge rate, irrespective of the 

contraction speed, intensity, and shape. Importantly, reductions in motor unit discharge rate 

aligned with reductions in estimates of PIC activity, as well as incidence and duration of self-

sustained motor unit firing. 
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