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ABSTRACT 

Serotonin (5-HT) is a neuromodulator that is critical for regulating the excitability of spinal 

motoneurons and the generation of muscle torque. However, the role of 5-HT in modulating 

human motor unit activity during rapid contractions has yet to be assessed. Nine healthy 

participants (23.7 ± 2.2 yr) ingested 8 mg of the competitive 5-HT2 antagonist cyproheptadine 

in a double-blinded, placebo-controlled, repeated-measures experiment. Rapid dorsiflexion 

contractions were performed at 30%, 50% and 70% of maximal voluntary contraction (MVC), 

where motor unit activity was assessed by high-density surface electromyographic 

decomposition. 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 and motor unit analysis. Motor unit discharge rate (p < 0.001) and rate 

of torque development (RTD; p = 0.019) for the unfatigued muscle were both significantly 

lower for the cyproheptadine condition. Following the fatigue inducing contraction, 

cyproheptadine reduced motor unit discharge rate (p < 0.001) and RTD (p = 0.024), where the 

effects of cyproheptadine on motor unit discharge rate and RTD increased with increasing 

contraction intensity. Overall, these results support the viewpoint that serotonergic effects in 

the central nervous system occur fast enough to regulate motor unit discharge rate during rapid 

powerful contractions. 

 

  



New and noteworthy 

We have shown that serotonin activity in the central nervous system plays a role in regulating 

human motor unit discharge rate during rapid contractions. Our findings support the viewpoint 

that serotonergic effects in the central nervous system are fast and are most prominent during 

contractions that are characterised by high motor unit discharge rates and large amounts of 

torque development. 
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INTRODUCTION 

Neuromodulatory pathways that project to the ventro-lateral spinal cord regulate the state of 

excitability of motoneurons. Serotonin (5-HT) is an example of a neuromodulator which can 

regulate the gain of spinal motoneurons by binding to somato-dendritic 5-HT2 receptors on 

motoneurons to facilitate discharge rates (1-4). 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 

motoneurons (5, 6). The degree of amplification positively correlates with the amount of 

neuromodulatory drive to the motoneurons. In the case of 5-HT, this is the amount of release 

of 5-HT onto motoneurons from the raphe-spinal pathway in the brainstem, which aligns with 

the intensity of motor activity being performed (7).   

Although 5-HT effects on motoneurons 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 motoneuron 

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 motoneuron excitability occurs ~ 0.5 s after the onset of stimulation (3). 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 (7), and stimulation of the 

mesencephalic locomotor region causes fictive locomotion in decerebrate cats that aligns with 

5-HT release to the lumbar spinal cord (8). Given that 5-HT release occurs quickly with the 

commencement of motor 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 motoneuron 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) (9-11). The first 35ms of motor unit activity, which correlates well to 

explosive force estimates, is presumably determined by the strength of corticospinal inputs to 

the motoneuron pool (11). Moreover, the latency of motor unit activation following the cortical 

command to move suggests that rapid contractions are controlled by descending inputs to the 

motoneuron pool and not by afferent feedback from the contracting muscle (12-14). 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 (15). 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 

protocols. The first protocol involved unfatigued muscle contractions, where rapid dorsiflexion 

of 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 motoneurons is most 

likely high, it was hypothesised that 5-HT2 receptor antagonism would reduce motor unit 

discharge rate for all rapid contraction intensities. 

 

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 

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 (16, 17). 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 (18, 19), as well as the testing window reported in previous 

cyproheptadine studies (20). 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 hr 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 

aluminium frame, which was secured to a large, motorised, therapy chair (Figure 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, 

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 

familiarisation, participants performed 5 maximal effort dorsiflexions lasting 3-5 seconds in 

duration with a rest period of up to 3 minutes 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 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. 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 seconds 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 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 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 (21). 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 

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 (22). 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 (11, 23-25). 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 

(24), 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 activity peak motor unit activity over very brief windows (first 3-4 spikes) (11, 26). 

5-HT2 antagonism has the capacity to 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 (27). 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 

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 α 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. 

 

RESULTS 

Baseline characteristics 

The age and anthropometric characteristics of participants are described in Table 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 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.  

 

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 3A). Post hoc comparisons revealed that rate of torque development was significantly 

higher for 70% MVC compared to 30% MVC (p < 0.001), for 50% MVC compared to 30% 

MVC (p < 0.001), and for 70% MVC compared to 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). 

 

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 ~ 50ms. Figure 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 5A). Post hoc comparisons revealed that motor unit discharge rate was 

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). 

 

Protocol 2: Rapid isometric contractions following a fatigue-inducing contraction 

Rate of torque development 

Post-fatigue rate of torque development was lower for the cyproheptadine condition by an 

average of 6.1 ± 19.8% compared to the placebo condition. 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 

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 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 lower during the cyproheptadine condition than the placebo 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 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 = 

0.039) were identified (Figure 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). 

 

The relationship of motor unit discharge rate between the placebo condition and the 

cyproheptadine condition are presented for both protocols in Figure 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 

rate of 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. 

 

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 



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 (28-31). 

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 number of individual firings at peak 

ballistic force increased as the contraction became stronger (10). Although the primary 

neurophysiological determinants of RFD are motoneuron recruitment speed and discharge rate 

of motor units during the first milliseconds of motor activity (9-11), 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 (3, 7, 

32-36).  

 

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 

motoneuron excitability. 5-HT2 receptors modulate this excitatory effect via Ca2+ and Na+ 

channel facilitation on motoneuron dendrites (2, 3, 18, 35), and also by the inhibition of after-

hyperpolarisation (AHP) following action potentials (3, 33, 34). However, it is important to 

note that these findings are based on animal preparations without descending neural drive to 

motoneurons, 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 motoneurons, 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 motoneurons, 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 motoneurons 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 (20). 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 

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 (37). Instead of using a sustained contraction ~ 25% 

MVC for 3-4 s (37), 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 motoneurons 

are saturated (15, 35, 38). 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 

motoneuron (39). 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 motoneurons 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 (40), treadmill walking cats (41), and freely 

walking rats (42), 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 (43), 

and more prominent with strong contractions (15). 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 motoneuron AHP and single muscle 

twitch share an almost identical time course and duration (44), it has been suggested that 

contraction velocity and maximal initial force are dependent on the summation of the AHP 

conductance changes (45). Moreover, 5-HT can directly reduce the duration of the slow 



afterhyperpolarisation (33, 34), which in turn will cause an increase in firing frequency (46). 

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 motoneurons 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 

from previous literature in which the knee is fixed at either 90o (10, 47) or 0o of flexion (11). 

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. 

 

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 effects on 

motoneurons, occur fast enough to regulate motor unit discharge rate during strong rapid 

contractions.  
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Figure 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. 



 

 

  

 
Figure 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.  

  



 

 

  

 

Figure 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). 

 

 



 

Figure 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). 

  



 

 

  

 
Figure 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.  

 



 

 

 

  

 
Figure 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. 



Table 1. Baseline characteristics, peak torque and sEMG amplitude during maximal voluntary 
dorsiflexion contractions 

 Placebo Cyproheptadine 
 
Age (yrs) 

 
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).  

 

 


