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Abstract

Direct recordings from human motoneurons are not feasible; therefore, researchers have developed indirect methods to estimate
postsynaptic potential profiles, that is, the functional inhibition or excitation, on firing motor units. Surface and intramuscular electromy-
ography have shown that the duration of the functional inhibition varies depending on the neural circuit investigated and is influenced
by stimulus intensity and muscle activity level. This study aimed to standardize the estimation of functional inhibition durations across
three distinct spinal and brainstem circuits by leveraging the known dependence of inhibition duration on background motor unit dis-
charge rate. We analyzed data from previous rat brain slice experiments in which known currents were injected into regularly dis-
charging motoneurons. Regression of injected inhibition duration against discharge rate revealed a strong predictive relationship
when extrapolated, accurately converging on the known duration. Specifically, this regression yielded the actual inhibition duration at
a discharge rate of 0.98 imp/s (range: 0—5.91 imp/s). Building on these findings, we conducted three inhibition paradigms in human
volunteers, targeting the masseter inhibitory reflex, the cutaneous silent period and recurrent inhibition mediated by Renshaw cells.
Using extrapolated correlation plots of motor unit discharge rate versus functional inhibition duration, we derived discharge rate-inde-
pendent inhibition durations. All three circuits demonstrated longer inhibition duration ranges than previously reported. This standar-
dized approach enables more accurate estimation of inhibition duration across various circuits, independent of discharge rate. It holds
promise for clinical applications in the early diagnosis and monitoring of neurological disorders affecting inhibitory circuits.

NEW & NOTEWORTHY Direct recordings from human motoneurons are not feasible; therefore, synaptic inhibition must be esti-
mated indirectly. Experiments on rat brain slices allow accurate prediction of inhibition duration, independent of motor unit dis-
charge rate. Applying these predictions in human studies has revealed discharge rate-independent functional inhibitions across
various brainstem and spinal circuits. This approach offers robust estimates of functional inhibition, with potential clinical applica-
tions for monitoring neurological disorders that affect neural circuits.

brainstem circuits; electromyography; motoneurons; neurophysiology; spinal circuits

INTRODUCTION

Motoneurons, while representing the final common path-
way in motor control, are subject to tight regulation by local,
descending, ascending, and peripheral inputs. These inputs
vary in timing, type (e.g., tonic, phasic, or alternating), and
nature (e.g., excitatory, inhibitory, or modulatory), resulting
in considerable variability in efferent discharge patterns.
Such activity can be indirectly recorded using surface and
intramuscular electromyography (EMG), which is a valuable
tool for characterizing the properties of motoneuronal inputs
and has been consistently used in both basic and clinical
research settings.

Various animal, human, and in silico experiments have
aimed to characterize both stimulus-evoked local excitatory
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(e.g., F-wave or H-reflex) and inhibitory (e.g., recurrent or
reciprocal) inputs to motoneurons under healthy and patho-
logical conditions (1-4). Since the precise profiles of excita-
tory and inhibitory postsynaptic potentials (EPSPs and
IPSPs) in human motoneurons cannot be directly measured
using peripheral or motor cortical stimulation, several indi-
rect methods have been developed for their estimation.
Estimating the effect of IPSPs on firing motoneurons is
particularly challenging due to their dependence on volun-
tary background activity, which introduces high variability,
and the amplitude-dependent nature of motor unit silencing
(5). To address these challenges, various experimental para-
digms have been employed using both intramuscular and
surface EMG (6-8). These studies have demonstrated that
the recorded inhibition duration is influenced by both
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stimulus intensity and the level of background muscle activity
(9). Specifically, at a fixed stimulus intensity, this duration
shortens with increased muscle activity and lengthens with
lower activity levels (2, 10). Therefore, a standardized method
for estimating inhibition duration would be highly beneficial
in studies of disorders affecting inhibitory neural circuits.
Recently, using motor unit activity identified from high-den-
sity EMG decomposition and stimulus-triggered analysis
methods, Pascual-Valdunciel et al. (1) suggested the term
“functional inhibition” referring to a stimulus-evoked decrease
in motoneuron firing during voluntary contraction, measured
as a reduction in discharge probability and firing rate. This
term highlights the importance of accurately describing the
estimation of inhibition duration based on changes in motor
unit discharge rates. It also emphasizes that the recorded inhi-
bition does not solely reflect the IPSP, but instead serves as a
probe to gauge the general effect of IPSPs on active motoneur-
ons. In this manuscript, we also define the inhibition durations
observed through reductions in motoneuron discharge rates
as “functional inhibition.”

We aimed to develop a method for identifying discharge
rate-independent (DRI) functional inhibition by integrating
data from both animal and human studies, to characterize this
inhibition in human neuronal networks. To this end, we reana-
lyzed data from a previous study in which known current
waveforms were injected to mimic inhibition periods in regu-
larly discharging hypoglossal motoneurons in 3- to 4-wk-old
Sprague-Dawley rat brain slices, and the functional inhibition
durations were measured (11-13). We then constructed correla-
tion plots between motoneuron discharge rates and the dura-
tions of functional inhibition. Through extrapolation, we
estimated an optimal discharge rate range where inhibition
duration corresponded to the actual duration of the injected
inhibitory current. Notably, we found that when the discharge
rate reached 0.98 imp/s with a range between the intercept
(0 imp/s) and + 1 standard deviation, which is 5.91 imp/s, the
estimated functional inhibition duration aligned with the
duration of the injected inhibitory currents. We then con-
structed correlation plots between discharge rate and meas-
ured duration to determine the DRI functional inhibition
evoked by electrical stimulation of inhibitory pathways in
human motoneurons. We examined masseter inhibition, the
cutaneous silent period (CSP), and recurrent inhibition to esti-
mate DRI inhibition durations based on functional inhibition
measurements taken at varying background discharge rates of
single motor units (SMUs). We hypothesized that the DRI inhi-
bition durations derived from these correlation plots would
differ from those previously reported, which may have been
underestimated. This expectation was based on prior evidence
showing that inhibition duration scales with discharge rate
and background activity, potentially biasing variable esti-
mates. By correcting these factors, we aimed to obtain more
accurate DRI values. These findings are of clinical significance,
as accurate determination of inhibitory period durations is
essential for diagnosing and planning treatment for various
neurological disorders.

MATERIALS AND METHODS

The experimental protocols were endorsed by the
Human Ethics Committee of Ko¢ University, aligning with
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the principles articulated in the Declaration of Helsinki
(Approval No. 2017.066.IRB2.038). Human trials were con-
ducted at Kog¢ University’s Neurophysiology Laboratory.
Each participant completed and provided signed informed
consent. Notably, the recruited subjects exhibited no neuro-
muscular or neurological disorders or any other physiologi-
cal issues that could potentially influence the experiment’s
outcomes.

Participants

Twenty-four subjects participated in the inhibition experi-
ments of this study (9 females and 15 males, aged 18-53 yr).
The details of the participants’ numbers, ages, and biological
sex in inhibition experiments are as follows: masseter inhibi-
tion experiments—five subjects (1 female and 4 males, aged
24-52 yr). Two subjects participated in the experiments
twice, and at least two SMU recordings were conducted in
each experiment. Cutaneous silent period experiments—
nine subjects (4 females and 5 males, aged 28-53 yr).
Recurrent inhibition experiments: 10 subjects (4 females and
6 males, aged 18-35 yr).

Setup

The Spike2 software, version 7.20, developed by
Cambridge Electronic Design in Cambridge, UK, was used
for recording and analysis. The recording process used a
CED 1902 Quad System MKIII amplifier and CED 3601 Power
1401 MKII DAC, both provided by Cambridge Electronic
Design. Electrical stimulation of the motor axons was carried
out using a constant current stimulator (model DS7A) manu-
factured by Digitimer Ltd in Welwyn Garden City, UK.

Surface EMG Recording

Bipolar surface (SEMG) recordings were conducted on the
specifically targeted muscle. The recordings used a bandpass
filter with a range of 20-2,000 Hz and a sampling rate of
20,000 Hz. After assessing the muscle, standard preparation
procedures were implemented. These procedures involved
gentle abrasion with sandpaper, cleansing with alcohol, and
application of ultrasound gel. Two conventional SEMG elec-
trodes (Ag/AgCl) were affixed to the muscle, with one placed
on the muscle belly and the other positioned 4 cm distal to
the muscle belly [for the masseter muscle and first dorsal
interosseous (FDI) muscle, the distance used was shorter], as
per the approach outlined by Tucker and Turker (14). Both
electrodes were secured with tape.

Intramuscular Recording

Fine wire silver electrodes, coated with Teflon (75 pm core
diameter; Medwire, Mt. Vernon, NY), except for the cut end,
were used to record single motor unit (SMU) activity. Two
25-cm-long wires were carefully inserted into a 25-G needle
and sterilized. This sterile needle was inserted near the mus-
cle belly, positioned between two SEMG electrodes, and
promptly withdrawn, leaving a pair of fish-hooked wires
within the muscle. The intramuscular recordings were
amplified (x1,000), bandpass filtered (100-10,000 Hz),
sampled at 20,000 Hz, and stored for subsequent offline
analysis. A sterile lip clip served as a ground electrode for
surface and intramuscular EMG recordings (10). When the
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subject contracted the muscle, one or more single motor units
were activated. Single motor units were identified using a
template-based algorithm in the Spike2 software and con-
verted into acceptance pulses for further analysis. We chose
the motor unit with the largest amplitude and used it for the
visual feedback to the subject. Acceptance pulses were used
as feedback to get the subject to fire the SMU at a given dis-
charge rate during the experiment. One to three SMUs per
person are recorded in each experimental protocol.

Experimental Protocols

Rat brain slice recordings.

Data used in this section of the study were obtained from the
research conducted by Tuirker and Powers (11) and the experi-
mental protocols were detailed in the publication. Briefly,
sharp microelectrodes were inserted into the somata of hypo-
glossal motoneurons from 400-pm-thick brainstem slices
obtained from twenty-six 18- to 24-day-old Sprague-Dawley
rats of both sexes to record membrane potential and inject
current waveforms. The excitatory current, injected with
superimposed noise, was designed to induce repetitive dis-
charge, simulating the synaptic drive typical of the physiolog-
ical activation of motoneurons in humans (11, 12). Although
these motoneurons were regularly discharging due to this
excitatory drive, we injected negative current transients (CTs)
to simulate synaptic currents giving rise to IPSPs with a wide
range of amplitudes (0.1-0.5 nA), resulting in 6 mV (in 4 cells),
8 mV (in 4 cells), 9 mV (in 14 cells), and 12 mV (in 4 cells)
hyperpolarization, with a yield of 1 cell/animal. Motoneurons
had approximately —70 mV resting potential, rheobase of
~0.28 nA, and steady-state input resistance of 23.5 MQ (15).
The CTs were specified by an alpha function with a modified
decay phase, and the parameters of these functions were var-
ied to produce a wide range of amplitudes (0.1-0.5 nA) and
time courses (rise times of 0.1-20 ms, half-widths of 1-50 ms)
(16). CT intervals were randomly distributed between 200 and
600 ms. For the current study, we analyzed the CTs that had a
duration of 50 ms. Discharge frequencies and spike times
were used to construct peristimulus frequencygrams (PSFs)
and peristimulus time histograms (PSTHs). PSTHs and PSFs
were constructed using three to six repetitions of the injected
current waveform (50 ms duration; containing 66 CTs). In
addition, cumulative sums were constructed based on PSTH
and PSF (17).

The comparison of the PSTH and PSF in reflecting the pro-
files of the injected currents was published in our earlier
papers (11-13, 18). In the current study, the data were reana-
lyzed to pinpoint the discharge rate that genuinely repre-
sents the duration of the injected inhibitory current (DRI-
IPSP).

Masseter inhibition experiments. Surface and intra-
muscular EMG recordings were conducted on the right
masseter muscle. Bilateral SEMG electrodes were positioned,
with one located ~2 cm above the mandibular angle and the
other 2 cm above the temporomandibular level. The intra-
muscular EMG was inserted between the SEMG electrodes,
as detailed in Intramuscular Recording. Subjects were seated
upright in an armchair. The electrical stimulus was adminis-
tered using a specialized electrode developed and used by
Turker and Miles (19) in a previous study. The stimulation
probe, with a U-shaped holder, was securely attached to the

right lower lip. The cathode part of the probe featured a
2-mm? diameter silver disk tightly clipped to the oral
mucosa. The anode of the probe was placed on the lip skin
(3.7-mm? silver), with ultrasound gel applied to facilitate the
passage of direct current through the lip. To prevent jaw col-
lisions, small dental cotton was placed bilaterally between
the upper and lower jaws at the molar region of the mouth.
The stimulation pulse was a 0.05-ms square wave, with the
intensity set at eight times the sensory threshold (20).
Stimulations were randomly delivered with 1-3 s interstimu-
lus intervals to avoid reflex habituation (21). The criterion for
selecting eight times sensory threshold was to induce mildly
painful stimuli and consistent inhibition. The number of
stimulations delivered was 165 = 36 (means * SD). Maximum
voluntary contraction (MVC) was recorded three times, each
lasting for 5 s with a 10-s rest period, to determine the con-
traction level during the experiment. Reaction time was also
measured to ensure that subjects did not influence natural
inhibition by anticipating painful stimuli. Upon completing
these protocols, subjects were instructed to slightly contract
their masseter muscle to activate an identifiable single motor
unit (SMU), at ~2%-9% MVC. Immediately thereafter, the
predetermined stimulus intensity was delivered randomly,
and subjects continuously monitored their SMU activity
using a feedback monitor.

Cutaneous silent period experiment. Surface and intra-
muscular EMG recordings were conducted on the right first
dorsal interosseous (FDI) muscle. Participants were instructed
to bring their thumb and index finger together, exerting pres-
sure to activate the FDI muscle. Following the muscle prepa-
ration procedures outlined in Surface EMG Recording, two
standard SEMG electrodes (Ag/AgCl) were strategically placed
2 cm apart on the FDI muscle due to its diminutive size. The
intramuscular EMG electrodes were inserted into the muscle
as described in Intramuscular Recording.

The electrical sensory threshold was determined to estab-
lish stimulus intensity. We used 10x threshold intensity to
induce a CSP during the experiments. A total of 178 + 82 stim-
uli were delivered randomly at 1-2-s intervals, using a pulse
width of 0.2 ms (22-24), whereas the chosen SMU was regu-
larly discharging at the desired rate.

Throughout the experiments, subjects were seated upright
on a comfortable chair with their elbows at ~90° of flexion.
The electrical stimulus was administered to their fifth digit
using two ring-shaped adjustable electrodes 2 cm apart. The
fifth digit was selected for stimulation due to its location in
the C8 dermatome, which encompasses cutaneous innerva-
tions supplying the FDI muscle (25). All recordings were con-
ducted on the right-hand FDI muscle.

The recurrent inhibition. The data presented in this
study were partly obtained from our previously published
research (2). SEMG recordings were conducted on the right
soleus muscle. Participants performed plantar flexion to
ensure accurate placement of the SEMG electrodes on the sol-
eus muscle. Following the preparation procedures detailed in
Surface EMG Recording, SEMG electrodes were positioned on
the lateral aspect of the soleus, 4 cm apart from each other.
Intramuscular electrodes were then inserted into soleus mus-
cle, as described in Intramuscular Recording. During the
experiments, subjects lay comfortably in a prone position on
a bed, with their right foot securely fixed to a constant panel

J Appl Physiol « doi:10.1152/japplphysiol.00912.2025 641

Downloaded from journals.physiology.org/journal/jappl (095.183.203.130) on July 22, 2026.


https://doi.org/10.1152/japplphysiol.00912.2025

() INHIBITORY REFLEX DURATION IN HUMANS

using hook-and-loop tape around the sole. The constant cur-
rent stimulator’s anode (10 x 12 cm) was positioned just proxi-
mal to the patella, and a cathode (3 x 3 cm) was placed
slightly laterally in the popliteal fossa (26). The anode and
cathode were secured with a tight knee pad to prevent move-
ment. Electrical stimuli were randomly delivered to the tibial
nerve, with a 1-2-s interstimulus interval and a 1-ms pulse
width. After determining the optimal stimulation point, sub-
jects were instructed to perform three MVCs with a 1-min rest.
Threshold to evoke direct motor response and intensity for
the maximum direct motor response were determined. The
threshold was identified by decreasing the stimulus intensity
until the smallest detectable motor response was observed. To
obtain the maximal motor response, stimulus intensity was
increased until no further increment in the response ampli-
tude was noted. The stimulus intensity used in the experi-
ments ranged from ~0% (just above the motor threshold) to
20% maximum motor response and did not generate any
H-reflex response. Once these protocols were completed, sub-
jects were asked to perform slight plantar flexion to activate
SMUs and to continuously monitor its discharge rate. On
average, 476 +152 stimuli (means + SD) were delivered when
the subject was activating their soleus muscle with a small
MVC that generated up to a few detectable SMUs. The aver-
aged sEMG channel was tracked online to ensure the stimulus
did not evoke any H-reflex (with the motor response expected
in 5-20 ms and H-reflex in 30-40 ms).

Analysis

The Spike2 program was used to recognize the action
potential configuration for a SMU. The motor unit’s shape
was aligned with a predefined template that generated accep-
tance pulses. The acceptance pulses were used to construct
PSF and PSTHs centered on the stimulation time. The PSTH
histogram illustrates the timing of spikes, overlaying them on
the stimulus time. At the same time, the PSF represents the
superimposed instantaneous discharge rates of a motor unit
around the stimulus time. A 600-ms time window (300 ms
before and 300 ms after the stimulus) with a bin width of 0.1
ms was chosen for constructing PSTHs and PSFs.

Synaptic variability introduces fluctuations in both PSF
and PSTH analyses. To capture subtle yet persistent changes,
a cumulative sum (CUSUM)-error box (18, 27) was constructed
using data from both PSF and PSTH. The prestimulus average
bin value (based on the number of events for PSTH and dis-
charge rate for PSF) was determined and subtracted from
each bin value across the analysis period (—300 to + 300 ms).
The resulting residual values in each bin were then summed
to calculate the CUSUM (17). Poststimulus CUSUM deviation
determined whether it increased or decreased relative to the
average; an increase indicated higher values than the presti-
mulus average bin value, whereas a decrease indicated lower
values. The maximum deflection during the prestimulus
period was identified, and a symmetrical error box was gener-
ated around this maximum prestimulus deflection. A signifi-
cant event was determined if the poststimulus CUSUM
deviation exceeded the limits of the error box, as per the crite-
ria established by Tirker et al. (27).

PSTHs serve as practical tools for accurately revealing the
latency of the responses. At the same time, PSFs are better
suited for capturing the profile of the entire duration, as

642

indicated by Turker and Powers (11-13). Consequently, in
this study, PSTHs were used to determine the latency of the
functional inhibition, whereas PSFs were used to capture the
duration of the functional inhibition. The functional inhibi-
tion duration was computed by subtracting these two values.
The background discharge rate of SMUs was assessed
through PSF analysis. The prestimulus discharge rates, span-
ning from —200 to —10 ms, were averaged. Linear regression
was used to explore the relationship between the back-
ground firing frequency of SMUs and the duration of IPSPs.
The extrapolation approach was previously applied to esti-
mate the duration of functional inhibition when no motor
neurons were discharging, incorporating the “0 Hz” back-
ground firing rate into the linear regression formula (2).

To align with human experiments, corresponding data
(background discharge rate and measured functional inhibi-
tion duration at a particular discharge rate) were extracted
from rat brain slice experiments. Linear regression analysis
was conducted on these data, mirroring the approach used in
human analysis. The duration of the injected inhibition in rat
brain slice experiments was predetermined and set to 50 ms
(11). The background rat motoneuron discharge rate and the
measured inhibition duration were correlated to find the
exact discharge rate that corresponds to the injected current’s
actual duration. This value, obtained directly from rat brain
slice experiments, was deemed more accurate than indirect
results from human recordings and was consequently used in
the human linear regression analysis to determine the corre-
sponding functional inhibition duration, which is DRI.
Bootstrapped (10,000 times) slopes and their coefficient of
variation, normality tests, linear regression, outlier analyses,
and post hoc power analysis (Cohen’s f?) were done using
OriginPro 2024b and MATLAB R2024a. Masseter circuit draw-
ing has been adapted from Biolcons (head-neck-veins icon by
Servier, https://smart.servier.com/, is licensed under CC-BY
3.0 Unported https://creativecommons.org/licenses/by/3.0/).
The outliers, one point for rat slice experiment and two points
for human recurrent inhibition, were identified and removed
based on interquartile range method.

RESULTS

IPSP Duration Estimation in Rat Hypoglossal
Motoneurons

Given the inherently controlled nature of brain slice prep-
arations, where parameters such as input amplitude and
duration can be precisely manipulated, they serve as a valua-
ble experimental model for exploring the fundamental prop-
erties of inhibitory input to motoneurons. Unlike in vivo
human studies, where variability in voluntary muscle activ-
ity and external factors can complicate interpretation, slice
recordings allow for a high degree of experimental precision.
Furthermore, computational simulations based on animal
data have demonstrated that IPSPs exert comparable effects
on firing motoneurons across species, supporting the trans-
lational relevance of animal models to human physiology (1).
In addition, motoneuron firing rates were also comparable
for the similar motor unit types between rat and human
brainstem (means + standard deviation; 12.16 + 3.25 imp/s vs.
13.35+2.59 imp/s, respectively). Building on these insights,
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we used data from rat brain slice experiments (Fig. 14) to
establish a reference framework for estimating the optimal
duration of inhibitory activity in human neural circuits.

The data used in this section were originally reported by
Turker and Powers (11, 12), in which studies IPSPs of known
duration were injected into regularly discharging hypoglossal
motoneurons in rat brain slices (Fig. 1A). Although the ampli-
tude varied across trials, the injected inhibition duration was
consistently set to 50 ms. However, the pooled mean duration
measured was 35.1+ 6.8 ms, representing an underestimation
of ~25%-30% relative to the actual inhibition duration. To
approximate the measured functional inhibition to the real
injected IPSP, we performed a linear correlation between the
inhibition durations and background discharge rates. This
approach allowed us to determine the specific rate at which
the observed duration matched the actual injected duration
(Fig. 1B). Because the inhibition duration in these experi-
ments was consistently set at 50 ms, identifying the back-
ground discharge rate that matches this value would allow us
to define the DRI duration.

Data from 26 motoneurons were included in the correla-
tion analysis. Regression analysis revealed a significant

negative relationship between discharge rate and functional
inhibition duration [slope = —1.33 ms/imp-s, 95% confidence
interval (CI) (-1.91, —0.81)], with achieved power of 0.979.
The bootstrap median slope (—1.34 ms/imp-s) closely
matched the original estimate, with a coefficient of variation
0f 0.206, indicating a decent robustness to resampling vari-
ability. These results confirm that inhibition duration sys-
tematically decreases with increasing discharge rate. The
extrapolation revealed that the actual inhibition duration,
that is, the DRI inhibition, was observed when the moto-
neuron background discharge rate was 0.98+4.93 imp/s
(Fig. 1C; P = 0.0212). This value/range was designated the
“optimal” firing rate range and was subsequently used to
infer DRI functional inhibition durations in human experi-
ments, offering a standardized reference point across differ-
ent inhibitory circuits.

Inhibition Duration Estimation in Human Motoneurons

Using the findings from the controlled rat slice experi-
ments, we then investigated three spinal/brainstem circuits,
which are 1) masseter inhibition in brainstem, 2) cutaneous
silent period (CSP) in cervical motoneurons (FDI), and
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Figure 1. Relationship between inhibitory period duration and background discharge rate in rat motoneurons. A: schematic representation of the experi-
mental protocol used for recordings from rat hypoglossal motoneurons in brain slices. B: example analysis illustrating the effect of background discharge
rate on the representation of the IPSP profile. The influence of discharge rate on the peristimulus frequencygram (PSF) is shown for a single motoneuron
receiving an IPSP of fixed amplitude. As the background discharge rate increases, the frequency datapoints more closely follow the IPSP profile.
Notably, the duration of the inhibitory period (defined as the spike-free interval) shortens with increasing discharge rate. In all four conditions shown, 198
stimuli were applied. C: each symbol represents one measured IPSP duration at a particular discharge rate [single cell data reanalyzed, partly published
in Tlrker and Powers (11)], a total sum of 26 motoneurons. 95% confidence interval of the extrapolated line, upper limit for the discharge rate (+ 1x SD),
and the linear fit are depicted on the plot. IPSP, inhibitory postsynaptic potentials.

J Appl Physiol « doi:10.1152/japplphysiol.00912.2025

643

Downloaded from journals.physiology.org/journal/jappl (095.183.203.130) on July 22, 2026.


https://doi.org/10.1152/japplphysiol.00912.2025

() INHIBITORY REFLEX DURATION IN HUMANS

3) recurrent inhibition in lumbar motoneurons (soleus), to
estimate the DRI functional inhibition for each of these cir-
cuits. Given that the negative firing rate is not a realistic phe-
nomenon, we used 0 imp/s, the intersect, to infer about the
larger range of functional inhibition duration in human
experiments. Then, to identify the overall inhibition dura-
tion, we used the optimal firing rate (0.98 imp/s), and to
identify the lower end of inhibition, the optimal rate +1
standard deviation (5.91 imp/s) was used.

Masseter inhibition in brainstem motoneurons.

The first inhibitory circuit we investigated was masseter
inhibition (Fig. 24), chosen for its physiological relevance,
the functional and SMU discharge rate (rat: 12.16 + 3.25 imp/s
vs. human: 13.35+2.59 imp/s) similarities to that of hypo-
glossal motoneurons studied in rat brainstem slices. This
resemblance makes it a valuable model for translational
comparisons between animal and human inhibitory mecha-
nisms. Furthermore, the masseter inhibitory reflex is critical
for assessing the integrity and stability of brainstem neural
networks and has been widely used in both clinical and
experimental settings (28).

Intramuscular recordings were obtained from the mass-
eter muscle during high-intensity electrical stimulation,
involving 14 single motor units recorded from five partici-
pants (2 of whom participated in the study on 2 separate
occasions). In certain experiments, both short- and long-
latency inhibitory responses were observed and quantified
together as compound inhibitions.

As in the animal recordings, an inverse correlation was
found between the duration of masseter inhibition and the
background motor unit discharge rate (Fig. 2B), with
achieved power of 0.682. The bootstrap median slope
(—6.08 ms/imp-s) had a coefficient of variation of 0.4, indi-
cating acceptable robustness to resampling variability. By
applying the optimal discharge rate range of 0.98 imp/s (0O-
5.91imp/s) as previously determined from rat slice experi-
ments, the estimated DRI functional inhibition duration for
the masseter inhibition was calculated to be 185.4 ms
(range: 156.0-191.2 ms) (Fig. 2C; P = 0.0212).

Cutaneous silent period in cervical motoneurons.
Following the investigation of the masseter inhibitory cir-
cuit, we next examined a second key inhibitory pathway: the
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Figure 2. Relationship between the duration of masseter inhibition and background discharge rate in brainstem motoneurons. A: schematic representa-
tion of the masseter inhibitory circuit, elicited by lip stimulation and recorded from the masseter muscle. Key anatomical structures involved include the
trigeminal ganglion (V Gang), supratrigeminal nucleus (Supr V N), trigeminal spinal nucleus (V Spin N), reticular formation (Ret F), and trigeminal motor
nucleus (V Mot N). B: representative analysis showing the effect of varying background discharge rates on the duration of masseter inhibition. Red dou-
ble-headed arrows denote the estimated duration of inhibition for each condition. C: correlation between background discharge rate and masseter inhi-
bition duration across 14 single motor units (n = 14). 95% confidence interval of the extrapolated line, the linear fit, and the predicted durations at upper
and lower limit discharge rates are depicted on the plot. Part of A was adapted from Biolcons (see MATERIALS AND METHODS for licensing details), and the

circuit schematic was based on Ugincius et al. (20).
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Figure 3. Relationship between the duration of the cutaneous silent period (CSP) and background discharge rate in cervical motoneurons. A: schematic
representation of the CSP circuit, elicited by stimulation of the fifth digit and recorded from the first dorsal interosseous (FDI) muscle. B: representative
analysis demonstrating how varying background discharge rates influence the functional inhibition. Red double-headed arrows indicate the estimated
duration of the inhibitory period for each condition. C: correlation between functional inhibition duration and background discharge rate across 20 single
motor units. 95% confidence interval of the extrapolated line, the linear fit, and the predicted durations at upper and lower limit discharge rates are

depicted on the plot.

CSP evoked in the FDI muscle (Fig. 3A). This circuit was
selected due to its distinct functional and anatomical profile,
allowing for comparative insight into spinal inhibitory
mechanisms. The CSP is elicited by the stimulation of thinly
myelinated Ad sensory afferents and plays a crucial role in
the nociceptive withdrawal reflex, facilitating rapid hand
withdrawal from painful stimuli. To study this pathway,
intramuscular EMG recordings were collected from 20 single
motor units across nine human participants.

As with masseter inhibition, we observed a consistent
inverse relationship between the functional inhibition dura-
tion of CSP and the ongoing discharge rate of the motor unit
(Fig. 3B), with achieved power of 0.940. The bootstrap
median slope (—9.38 ms/imp-s) had a coefficient of variation
of 0.27, indicating a decent robustness to resampling vari-
ability. When inhibition data from all motor units were
pooled, linear regression analysis confirmed a significant
relationship (P = 0.0016). Using the previously determined
optimal discharge rate of 0.98+4.93 imp/s (0-5.91 imp/s)
from rat slice experiments, extrapolation of the regression
line yielded an estimated DRI functional inhibition duration
0f 210.7 ms (range: 164.5-219.9 ms) (Fig. 3C).

Recurrent inhibition in lumbar motoneurons.

Building upon our findings from masseter inhibition and CSP
circuits which demonstrated a clear relationship between
inhibitory duration and background discharge rate, we next

J Appl Physiol « doi:10.1152/japplphysiol.00912.2025

turned our attention to recurrent inhibition, a fundamentally
different yet highly studied inhibitory mechanism. Although
CSP and masseter inhibition are externally evoked via sensory
afferents, recurrent inhibition is an intrinsic spinal circuit,
activated by collateral branches of motor axons that synapse
onto Renshaw cells, which in turn inhibit the motoneurons
from which they originated or their synergists (Fig. 4A). In
addition to the homonymous connectivity, recurrent inhibi-
tion is wired in a complex way between muscles groups that
are not directly synergists. For example, motoneurons inner-
vating intrinsic hand muscles receive little to no recurrent
inhibition, whereas motoneurons innervating arm extensors
exhibit larger amounts of heteronymous recurrent inhibition
(29). For the lower limb, majority of the motoneurons inner-
vating leg muscles receive heteronymous recurrent inhibition
depending on the nerve stimulated (30).

Despite its prominence in neurophysiological literature,
the functional role of recurrent inhibition in human motor
control remains incompletely understood.

To explore this circuit, intramuscular and SsEMG record-
ings were performed from the soleus muscle in response to
low-intensity tibial nerve stimulation, designed to evoke
M-wave only responses (2). A total of 27 single motor units
were recorded from 10 healthy subjects.

Consistent with patterns observed in the CSP and masseter
circuits, we identified a significant inverse correlation between
the functional inhibition duration originated from Renshaw
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cells and the motor unit background discharge rate (Fig. 4B),
with achieved power of 0.588. The bootstrap median slope
(—1.60 ms/imp-s) had a coefficient of variation of 0.43, indicat-
ing a low-to-moderate robustness to resampling variability.
Linear regression analysis confirmed this relationship (P =
0.0322), supporting the hypothesis that inhibition duration is
modulated by discharge rate across various spinal and brain-
stem circuits. When extrapolated to the optimal background
discharge rate of 0.98+4.93 imp/s (0, 5.91 imp/s), as deter-
mined in the rat hypoglossal slice model, the estimated DRI
functional inhibition duration for recurrent inhibition was
found to be 44.8 ms (range: 32.6-47.2 ms) (Fig. 4C).

DISCUSSION

This study presents two key findings that help our estima-
tion of functional inhibition duration in active motoneurons.
First, by reanalyzing data from previously published experi-
ments on regularly discharging rat hypoglossal motoneurons

Table 1. Summarized findings for each circuit investigated

in brain slices, we demonstrated that the true, predeter-
mined injected inhibition duration can be accurately identi-
fied by constructing correlation plots relating measured
functional inhibition durations to varying background dis-
charge rates. This approach revealed a specific discharge
rate range, termed the “optimal firing rate range”, at which
the measured inhibition duration approaches the injected
inhibitory current. Second, we extended this concept to
human neurophysiology experiments, showing that DRI
functional inhibition durations can similarly be derived by
correlating the duration of inhibitory periods with the back-
ground discharge rates of SMUs (Table 1). Our findings align
with recent simulation study (1), where this inverse relation-
ship has also been reported using high-density SEMG.
Together, these insights provide a standardized framework
for estimating functional inhibition durations in human
motor circuits without the confounding influence of varying
muscle activity levels. This methodology promises to yield
more accurate and reliable measurements of inhibitory

Mean Duration

Circuit (Means + SD)

Lower Estimation of DRI
Inhibition (95% CI)

Mean Predicted DRI
Inhibition (95% CI)

Higher Estimation of DRI
Inhibition (95% CI)

Masseter reflex, ms M.6+25.4 191.2 (124-258)
CSP, ms 136.5+28.6 219.9 (172-268)
Recurrent inhibition, ms 31.0+4.7 32.6 (30-35)

185.4 (123-247)
210.7 (167-254)
44.8 (32-58)

156.0 (117-194)
164.5 (146-185)
47.2 (32-62)

CI, confidence interval; CSP, cutaneous silent period; DRI, discharge rate-independent; SD, standard deviation.
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function, which could enhance the diagnosis and monitor-
ing of neurological disorders and improve the evaluation
of pharmacological interventions targeting inhibitory
pathways.

Rat Brain Slice Experiments

Our linear regression analysis of rat brain slice data
revealed a significant and robust inverse relationship between
motoneuron background discharge rates and the measured
duration of the functional inhibition. Specifically, as the back-
ground discharge rate decreased, the measured inhibition
duration systematically increased. This rat motoneuron
observation aligns with prior findings in human studies, con-
firming that motor units with lower discharge rates tend to
exhibit longer inhibitory periods (1, 2, 9).

Importantly, by correlating the measured inhibition
durations at various discharge rates in regularly firing
rat hypoglossal motoneurons, we identified an extrapo-
lated functional inhibition duration at a discharge rate of
~0.98 imp/s that precisely matched the predetermined dura-
tion of the injected IPSP, which was otherwise underesti-
mated by ~25%-30%. We refer to this value as the DRI
inhibition, signifying that functional inhibition durations
estimated/extrapolated near this firing rate reflect the full,
undistorted inhibitory time course evoked by the stimulus.
To translate these findings into human physiology, we
applied a similar analytical approach to human experiments
involving electrical stimulation of inhibitory pathways. In
these experiments, the duration of the inhibitory period was
quantified across a range of background discharge rates of
SMUs. We used PSFs and PSTHSs to characterize inhibitory
durations with greater precision (11). Combining these two
complementary methods enabled us to derive more accurate
and detailed profiles of functional inhibition duration both in
rat slices and human experiments.

Functional Inhibition Duration in Masseter Inhibition
Experiments

Electrical stimulation of the trigeminal nerve produces a
transient suppression of ongoing SEMG activity in the mass-
eter muscles, known as the masseter silent period (31). This
silent period has been established as a sensitive biomarker
for diagnosing and guiding treatment in various neurological
and orofacial disorders. For example, in patients with tempo-
romandibular disorders, alterations in masseter reflexes
have been documented (32, 33). Specifically, the short-
latency spinal reflex is more pronounced and less resilient
to increased motoneuron activity in affected individuals,
whereas the long-latency spinal reflex tends to be more
robust in healthy subjects (28). These differences reflect
altered inhibitory control within brainstem circuits that
regulate jaw muscle activity.

In our study, we examined the duration of masseter
inhibition by recording SMUs during electrical stimulation
of the trigeminal nerve and analyzing the silent period at
varying background discharge rates. By applying the
method derived from rat brain slice experiments, we
aimed to define the full course of the inhibitory period
affecting the motoneurons. Our results indicate that the
masseter DRI inhibition duration is ~185 ms, which likely
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represents the full inhibitory impact on the motoneuron
during masseter inhibition that is almost double when
estimated with all data pooled (20).

Given the estimation of full course of functional inhibi-
tion, DRI inhibition measurement could become a valuable
tool for investigating orofacial motor control and dysfunc-
tion in clinical conditions such as temporomandibular disor-
ders, bruxism, or other craniofacial neuropathies.

Functional Inhibition Duration in Cutaneous Silent
Period Experiments

The CSP is a transient suppression of ongoing muscle
activity evoked by electrical, mechanical, or laser stimula-
tion of the skin, leading to inhibition in neighboring muscles
(23, 34). The duration of the CSP has been widely used as a
clinical biomarker in diagnosing and monitoring various
neurological disorders, including;:

o Parkinson’s disease: CSP parameters have been used
both for diagnosis and to monitor the efficacy of phar-
macological treatments (35).

o Pyramidal pathway syndrome: Patients exhibit pro-
longed CSP latency compared with healthy individuals,
reflecting altered inhibitory control (36).

o Diabetes mellitus (type 1 and type 2): CSP has demon-
strated sensitivity in early detection of diabetic neuropa-
thies, with evidence suggesting that CSP characteristics
can differentiate between type 1 and type 2 diabetes (37).

o Amyotrophic lateral sclerosis (ALS): Studies report
increased CSP duration and reduced latency in the first
dorsal interosseous (FDI) muscle of ALS patients, indi-
cating disrupted inhibitory circuits (38).

In this study, DRI analysis revealed CSP duration of
~210 ms, which is longer than previously reported values
(38, 39), suggesting that traditional methods may underes-
timate the true inhibitory period by not accounting for
variations in motoneuron discharge rates. These discrep-
ancies underscore the importance of considering dis-
charge-rate-dependent factors when interpreting CSP
duration. As such, refining the duration estimation techni-
ques is critical to ensure accurate comparisons across
studies and populations.

Given the clinical importance of CSP duration, we caution
against directly pooling and comparing raw CSP durations
across patient groups, particularly when neurological condi-
tions affect motoneuron firing rates or excitability.

Functional Inhibition Duration in Renshaw Circuit
Experiments

Recurrent inhibition, mediated by Renshaw cells, has
traditionally been studied in humans using the paired
H-reflex technique developed by Pierrot-Deseilligny and
Bussel (40) (1975). This method involves graded activation
of Ia afferents to evoke the H-reflex (41) followed by supra-
maximal peripheral nerve stimulation to assess recurrent
inhibitory responses via sEMG. Using this approach,
numerous studies have characterized various aspects of
Renshaw cell function (42, 43). However, this technique
has been criticized for its limited specificity in isolating
pure Renshaw-cell-mediated inhibition (44-46).
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More refined insights into recurrent inhibition have
been gained through SMU recordings, where responses are
recorded from low threshold, voluntarily activated moto-
neurons while stimulating large diameter axons of high
threshold motoneurons. However, isolating pure motor
axon stimulation remains technically challenging (2) and
occasionally results in mixed activation of afferent fibers.
This complicates interpretation and can introduce vari-
ability in inhibitory measurements. Therefore, detailed
analyses, such as the discharge rate-informed approach
used in this study, are essential to account for discharge-
rate-dependent effects on functional inhibition duration.

The properties of recurrent inhibition serve as a critical
marker in understanding the pathophysiology of ALS. Studies
reveal a complex, multiphasic alteration in recurrent inhibi-
tion in ALS: early reductions in recurrent inhibition have
been observed in mice due to impaired quantal size (47),
whereas in humans, transient increases at early disease stages
(48) are followed by later reductions in inhibitory duration
(3). These findings underscore the pivotal role of recurrent
inhibitory circuits in ALS progression, highlighting the impor-
tance of precisely quantifying the DRI inhibition duration to
track disease-associated changes.

In this study, we investigated recurrent inhibition by ana-
lyzing motor unit discharge rates to extrapolate for obtaining
the full course of functional inhibition on active motoneur-
ons. We found that the DRI duration of recurrent inhibition
was ~45 ms on motoneurons. However, despite the signifi-
cance in the inverse relationship between the discharge rate
and inhibition duration, this set of experiments should be
interpreted carefully due to the relatively low R? and power.

Speculation on the Duration of the Inhibitory Periods

We suggest that the effect of background activity on the
duration of the inhibitory periods may reflect the signifi-
cance of the pathway. If an inhibitory path is crucial for the
animal’s survival, it resists intense background muscle activ-
ity, such as the cutaneous and masseter silent periods. These
inhibitory periods protect the skin and teeth from damage
during painful stimuli, even when the subject strongly con-
tracts agonist muscles. However, when an inhibitory path-
way is part of several inhibitory systems, such as recurrent
inhibition, volitionally and strongly contracting a muscle
can overcome the inhibition completely, allowing the mus-
cle to be fully activated (Fig. 5).

Renshaw circuitry typically reduces the discharge rate
of smaller motoneurons when large motoneurons are acti-
vated (49). However, they are aided by Golgi tendon
organs (2) and cutaneous and joint receptors that monitor
the level of force development on the limb and reduce the
activity of the homonymous motoneurons. Therefore,
overcoming recurrent inhibition via increased discharge
rate of active motor units is desirable when one voluntarily
wishes to activate a muscle to its full capacity. This finding
aligns well with an earlier study on reducing primary affer-
ent transmission during voluntary contractions, particu-
larly at higher cortical drives (3). This reduction in
primary afferent transmission to motoneurons allows for
less inhibited conscious motor control (50-53), a finding
consistent with the current one.
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Clinical Significance

The findings of this study indicate that, regardless of
whether the inhibitory circuit is located in the spinal cord or
brainstem, the duration of functional inhibition acting on
firing motoneurons is closely linked to the background
discharge rate. This suggests that the functional inhibition
duration is not a fixed value but is instead dynamically
modulated by ongoing motoneuron activity. Given that
background discharge rates can vary widely even among
homonymous motor units within the same muscle, the
inhibition durations may also exhibit considerable vari-
ability in an activity-dependent manner.

This variability becomes particularly relevant in clinical
contexts where motoneuron firing properties are altered, such
as in neurodegenerative conditions, peripheral neuropathies,
or central motor disorders (47, 54-56). Changes in discharge
rate, firing variability, or recruitment patterns could all influ-
ence the apparent duration of inhibition, potentially obscur-
ing true circuit properties when assessed using conventional
methods. Therefore, we propose that applying the DRI dura-
tion approach can yield more accurate and comparable meas-
ures of inhibitory function across individuals and conditions.
This could improve the sensitivity and specificity of electro-
physiological assessments used in the diagnosis, monitoring,
and treatment planning of various neurological disorders.

Limitations, Methodological Considerations, and Future
Directions

This study has several limitations. First, our reanalysis of
rat brain slice experiments was constrained by the use of a
single, fixed IPSP duration (50 ms). Although this allowed for
controlled observations of the relationship between back-
ground discharge rate and inhibition representation, it limits
the generalizability of our findings to inhibitory postsynaptic
potentials of longer or more variable durations. In addition,
we pooled injected IPSPs of varying amplitudes (6-12 mV) to
derive a composite DRI inhibition value. Although this
approach helped capture a broader trend, it may obscure
amplitude-specific effects on inhibition duration, which could
be biologically meaningful.
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Furthermore, extrapolating findings from in vitro rat
brain slices to human motoneuron circuits assumes a
degree of cross-species and cross-context similarity that
may not fully hold. Although rodent motoneuron studies
provide invaluable mechanistic insight into inhibitory and
excitatory control, extrapolating these findings to human
systems must be done cautiously. There are some degrees
of similarity between animals and human MUs. For exam-
ple, in our previous research, we have used simulations
derived from cat MUs, which successfully replicated human
findings, supporting some correspondence in inhibitory
dynamics and cross-species similarities (1). In addition,
motoneuron firing rates in rat slices and masseter experi-
ments are remarkably similar, supporting the translational
aspect of this study. On the other hand, significant differen-
ces between motoneuron properties should also be taken
into account while generalizing the findings. Rats and
humans exhibit notable differences in motoneuron size,
dendritic morphology, synaptic input organization, and
electrophysiological properties, all of which influence how
synaptic inputs are integrated (57). These structural distinc-
tions are accompanied by species-specific variations in
neuromodulatory systems, particularly serotonergic and
noradrenergic pathways, which modulate motoneuron
excitability through persistent inward currents (58). Such
neuromodulatory influences are more extensively charac-
terized in rodents compared with humans and could be sig-
nificantly different between species (59, 60). Consequently,
the same inhibitory or excitatory synaptic input may yield
quantitatively different postsynaptic effects across species
due to disparities in input density, receptor expression, and
intrinsic properties of the motoneurons.

Although the DRI approach offers a promising standard-
ization method, its utility in clinical populations with
highly variable or unstable discharge properties (e.g., ALS,
Parkinson’s disease, or Lewy body diseases) remains to be
validated. We reported both the range of functional inhibi-
tion (0 imp/s to means + SD) and the 95% CI at each point,
to highlight the variability inherent in the data and the
influence of fit quality on the derived estimates. Future
studies should evaluate the reproducibility of DRI inhibi-
tion values across different neuromuscular conditions and
assess whether this method can distinguish pathological
from normal inhibitory function more sensitively than
traditional duration measures. Similarly, using a linear
regression may oversimplify the relationship between dis-
charge rate and inhibition duration, particularly near the
physiological extremes such as motoneuron at rest (0 imp/
s). In practice, the majority of motor units in our dataset
fired within a range where the linear approximation is
reasonable. Future work could incorporate nonlinear mod-
eling approaches (e.g., polynomial regression or logistic-
type functions) to test whether other models could accu-
rately capture saturation effects at very low or very high
discharge rates. Also, it must be noted that the MUs
recorded in this study are low threshold, slower type MUs.
It is known that different types of MUs may receive vary-
ing degrees of synaptic inputs (61, 62) and express differ-
ent complements of voltage-gated ion channels (63, 64).
Thus, further validation of this method is required, espe-
cially when implementing the findings in this study to
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disorders exclusively affect fast MUs. Finally, our regres-
sion analyzes treated individual motor units as independ-
ent observations, even when multiple units were recorded
from the same participant. Although control analyses
using subject-averaged data yielded similar slopes and
DRI estimates, this hierarchical structure may lead to a
slight underestimation of uncertainty and should be con-
sidered when generalizing the findings, especially consid-
ering relatively low power for masseter and recurrent
inhibitory circuit.
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