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Highlights:

e Little is known about the consequences of disuse on the neural control of large
muscles and how these can be reversed.

e We studied changes in motor units properties in the vastus lateralis muscle after 10
days of unilateral lower limb suspension and after 21 days of active recovery.

e A short period of muscle unloading reduces the discharge rate of lower- but not of
higher-threshold motor units, suggesting a preferential impact of disuse on
motoneurons with a lower depolarization threshold.

e The restoration of neural control requires about twice the duration of the disuse

period.
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Abstract:

Background: To non-invasively test the hypothesis that (a) short-term lower limb unloading
would induce changes in the neural control of force production (based on motor units (MUs)
properties) in the vastus lateralis muscle and (b) possible changes are reversed by active

recovery.

Methods: Ten young males underwent 10 days of unilateral lower limb suspension (ULLS)

followed by 21 days of active recovery. During ULLS, participants walked exclusively on
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crutches with the dominant leg suspended in a slightly flexed position (15-20 degrees) and
with the contralateral foot raised by an elevated shoe. The active recovery was based on
resistance exercise (leg press and leg extension) and executed at 70% of each participant’s 1
repetition maximum, 3 times/week. Maximal voluntary contraction (MVC) of knee extensors
and MUs properties of the vastus lateralis muscle were measured at baseline, after ULLS, and
after active recovery. MUs were identified using high-density electromyography during
trapezoidal isometric contractions at 10%, 25%, and 50% of the current MVC, and individual

MUs were tracked across the 3 data collection points.

Results: 1428 unique MUs were identified, and 270 of them (18.9%) were accurately tracked.
After ULLS, MVC decreased by -29.77%, MUs absolute recruitment/derecruitment
thresholds were reduced at all contraction intensities (with changes between the 2 variables
strongly correlated), while discharge rate was reduced at 10% and 25% but not at 50% MVC.
Impaired MVVC and MUs properties fully recovered to baseline levels after active recovery.

Similar changes were observed in the pool of total as well as tracked MUs.

Conclusion: Our novel results demonstrate, non-invasively, that 10 days of ULLS affected
neural control predominantly by altering the discharge rate of lower- but not of higher-
threshold MUs, suggesting a preferential impact of disuse on motoneurons with a lower
depolarization threshold. However, after 21 days of active recovery, the impaired MUs
properties were fully restored to baseline levels, highlighting the plasticity of the components

involved in neural control.



Journal Pre-proof

Keywords:

Disuse; High-density EMG; Muscle disuse; Neural impairment; Neuromuscular degeneration

1. Introduction

Skeletal muscle disuse is a condition that can be experienced at any age and for a broad
variety of reasons, including injury, hospitalization (e.g., during disease and after surgery),
and even during space flight. In order to investigate the effects of disuse on neuromuscular
health, and to identify potential countermeasures, different experimental models have been
proposed’? (e.g., limb suspension, limb immobilization, and bed-rest). Regardless of the
implemented model or the investigated muscle, reduction in muscle force is considered a
primary consequence of disuse.® Currently, several mechanisms underlying disuse-induced
muscle force reduction have been proposed, such as muscle atrophy® and altered contractile
properties of muscle fibers* (i.e., excitation—contraction coupling) based on observations
following limb suspension ‘and Dbed-rest. However, these mechanisms are considered
insufficient to fully explain the loss of muscle force, suggesting that other key processes
might be involved.®*

Disuse has been also defined as a reduction in the number of action potentials delivered
by motoneurons;® in light of this, it is surprising how little attention has been given to the role
of neural signaling to the muscle in disuse conditions. Indeed, the available knowledge is
limited to the seminal works of Duchateau and Hainaut® and Seki et al,%” which are based on
intramuscular electromyographic (EMG) recordings in hand muscles (i.e., adductor pollicis
and first dorsal interosseous). These works consistently reported that hand cast
immobilization results in a reduction of the discharge rate (DR) of motor units (MUS) across

different contraction intensities, although discrepant conclusions were reached regarding
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whether the alterations in MUs DR were more pronounced for lower- or higher-threshold
MUs. Duchateau and Hainaut® directly observed that the gain in MUs DR was predominantly
reduced in lower-threshold MUs while the results of Seki et al” indirectly suggested that the
higher-threshold MUs might be more affected, based on a reduced slope in their force—
frequency relationship. These contrasting results may be attributed to different interpretations
of the data or, perhaps, to the pioneering approaches adopted in these investigations, which
only allowed for the manual identification of a small number of MUs so as to minimize
variability in the results. Additionally, it is unknown whether the findings of these studies
might be limited to small muscles since larger muscles use distinct neural strategies to control
force production® (hereafter referred to as neural control®).

Over the last years, the development of EMG techriologies and the introduction of multi-
channel recording systems, namely high-density EMG (HD-EMG),” allowed for the non-
invasive detection of a large and representative population of MUs active in different regions

of the examined muscle.'®

Moreover, these unique features allow for the appropriate
investigation of MUs activity in large muscles® like the knee extensors, which are
fundamental for locomotion and independence in daily tasks and for the identification and
tracking of individual MUs over time.'! Besides, the concurrent recording of force might
provide additional insights on the discharge characteristics of the simultaneously activated
MUs and their common synaptic input, especially at lower intensities of contraction.?
Therefore, the aim of this study was to take advantage of HD-EMG to investigate how 10
days of unilateral lower limb suspension (ULLS), a well-established model of disuse induced
with limb unloading,® can alter the neural control in a large thigh muscle (i.e., vastus
lateralis). Furthermore, we also investigated the condition of neural control after 21 days of

active recovery (AR) based on moderate- to high-intensity resistance exercise. Our

hypotheses were that (a) 10 days of ULLS would be sufficient to induce detectable alterations
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of neural control, particularly via alterations of MUs DR, and (b) that 21 days of AR (about

twice the duration of the ULLS) would be sufficient to restore neural control.

2. Methods

2.1. Participants and experimental protocol

This study was part of a larger investigation aimed at detecting early biomarkers of
neuromuscular degeneration after short-term unloading.**

The investigation was conducted in accordance with the Declaration of Helsinki and
approved by the Ethics Committee of the Department of Biomedical Sciences of the
University of Padova (ltaly), reference HEC-DSB/01-18. Volunteers were enrolled in the
study after examination of medical history and signing the written consent form.

Twelve recreationally active young adults volunteered to participate in this study. To
reduce the risk of deep venous thrombasis associated with ULLS, which is more common in
females,™ only male individuals were accepted. Inclusion criteria were: 18-35 years of age,
body mass index 20-28 kg/m?, and involvement in recreational physical activities (1-3
times/week, self-reported). Exclusion criteria were: sedentary lifestyle, smokers, history of
deep venous thrombosis, and any other condition preventing safe participation in the study.

Prior to the beginning of the study, participants were familiarized with the study
procedures, and they practiced carrying out daily tasks while performing ULLS.'®
Measurements were conducted at baseline (Day 0 of limb suspension, LS0), after 10 days of
ULLS (LS10), and following 21 days of AR (AR21) (Fig. 1A). At LS10, participants were
tested immediately after the interruption of the limb suspension. At AR21, the tests were
executed 72 h after the last exercise session to avoid muscle fatigue.

The duration of the AR phase was based on previous observations that full recovery of

muscle function after a 2-week lower limb immobilization required an AR period lasting
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twice as long (4 weeks) as the disuse phase.” In this study, an intermediate measurement of
maximum voluntary isometric contraction (MVC) was also performed after 10 days of AR
(AR10) to monitor how much force had been recovered since LSO (Fig. 1A).

Participants were asked to refrain from intense exercise as well as coffee and alcohol
intake during the 24 h preceding data collection.
2.2. Intervention

2.2.1. ULLS

The dominant lower limb (right leg for all participants) was suspended in a slightly flexed
position (15-20 degrees of knee flexion) with straps cornnecting the shoulders and the
suspended foot (Fig. 1A) while the opposite foot was fitted with an elevated shoe (50 mm
sole) to prevent the suspended lower limb from touching the ground while moving, as

originally described by Berg et al.™®

Volunteers walked exclusively on crutches during the
whole ULLS period and avoided any loading or active contraction of the suspended limb.*
The straps were always worn when participants had the necessity to walk but were removed
while sitting or lying in bed. Participants were instructed on how to properly wear the straps
during the familiarization session.

Precautionary measures to prevent deep venous thrombosis have been taken as previously

described.'* Compliance was evaluated through daily calls and messages.

2.2.2. AR

The AR phase started 72 h after the end of the suspension period and was conducted for
the following 21 days. The AR program was based on unilateral resistance exercise
performed 3 times/week with at least 24 h of recovery between sessions. Every session was
composed of 3 sets of 10 repetitions of leg press and leg extension at 70% 1 repetition

maximum (RM) after a warm-up period at 30% 1RM. Both exercises were executed from full
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knee extension (0 degrees) to ~90 degrees limb flexion. Sets were separated by a 2-min rest.
The time under tension was set at ~2 s both in the concentric and eccentric phases.

1RM was estimated from the 4-6RM during the first exercise session'® of each week, and
the load employed was adjusted accordingly.

The choice of the intensity and the decision to indirectly estimate the 1RM were based on
the participant characteristics (i.e., not previously involved in resistance exercise and coming
from 10 days of complete unloading of the lower limb).

2.3. Measurements

2.3.1. Maximal voluntary isometric contraction

MVC was assessed during maximal voluntary isometric contraction of the knee extensor
muscles at a 90° knee angle using a custom-made knee dynamometer fitted with a load cell
(RS 206-0290; Tedea Huntleigh, Selb, Germany) and attached above the ankle with straps
(Fig. 1B), as previously described***,

In order to ensure correct assessment of MVC,*® participants practiced the task during the
familiarization session supervised by an experienced operator. They were instructed to “push
as hard as possible” by pushing the dominant leg against the load cell and maintaining the
contraction for 3-4 s. After a standardized warm-up executed up to 70% of their perceived
maximum, participants practiced the maximal task until they became able to consistently
reach their maximum force values. During every contraction, participants were stabilized to
the seat by straps at the waist in order to prevent any compensatory movement. Loud verbal
encouragement was provided to encourage the maximum voluntary effort. At each data
collection point, the test was repeated 3 times with 60 s of rest, and only the contraction with
the maximum value was considered for the MV C calculation.

2.3.2. HD-EMG matrix placement
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The HD-EMG signal was recorded from the vastus lateralis muscle (Fig. 1B) using a
matrix of 64 equally spaced electrodes (GRO8MM1305; OT Bioelettronica, Torino, Italy)
filled with conductive cream (Ac cream, OT Bioelettronica) and arranged over 5 columns and
13 rows with 8 mm interelectrode distance, which corresponded to 30.72 cm? of recording
area.

The matrix was placed following the muscle fascicle orientation (detected with B-mode
ultrasound; Mylab70; Esaote, Genoa, Italy)?® and with the central electrodes of the last 2 rows
of the matrix over the innervation zone.?* The ultrasound recordings were used also to detect
muscle borders and avoid the placement of the matrix across adjacent muscles.

The innervation zone was detected between 35% and 20% of femur length® with low-
intensity percutaneous electrical stimulation using a pen electrode with an electrical current
of 8-16 mA (Digitimer Ltd, Welwyn Garden, Hertfordshire, UK).'*

Before placing the matrix, the skin was shaved, cleaned with 70% ethanol, and then with
abrasive-conductive paste (Spes medica, Salerno, Italy). Reference electrodes were placed on
the malleolus and patella bones.

After the recordings, the matrix border was marked with a permanent marker and
emphasized by the operator at every meeting with the participants to allow the reproducible
placement of the matrix in the following data collection points.*

2.3.3. HD-EMG recordings

The HD-EMG signal was recorded during trapezoidal contractions (Fig. 1C) at 3 different
submaximal intensities (10%, 25%, and 50% MVC). All the contractions had a total duration
of 30 s. The ramp-up and ramp-down phases were performed with a linear force
increase/decrease set at 5% MVC/s,”® and the duration of the steady-state phase was adjusted
accordingly (e.g., at 25% MVC, the ramps lasted 5 s each and the steady-state 20 s for a total

30 s contraction) (Fig. 1C). All the trapezoidal contractions were repeated twice with 60 s of
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rest in between, and the different intensities were proposed in random order. Participants
received real-time visual feedback of the force produced and were instructed to match the
trapezoidal template as precisely as possible.

EMG and force signals were sampled at 2048 Hz with the EMG-Quattrocento (OT
Bioelettronica). The EMG signal was recorded in monopolar configuration, amplified (x150),
and band-pass filtered (10-500 Hz) at source.”® Force was recorded synchronously with the
EMG signal, and the offset was removed before starting the recording.

2.3.4. Force and HD-EMG signal analyses

The force signal was converted to newton (N) and low-pass filtered (fourth-order, zero-
lag, Butterworth, 15 Hz cut-off).” Force steadiness was computed as the coefficient of
variation of force recorded during the steady-state phase (COVswaqy) Of the trapezoidal
contractions and expressed as percentage (i.e., the ratio of the standard deviation (SD) to the
mean).?!

The HD-EMG signal was band-pass filtered between 20 Hz and 500 Hz (second-order,
Butterworth) and decomposed into discharge times of the MUs with the validated convolutive
blind source separation technique (Fig. 1D) (OTBioLab+, OT Bioelettronica).?® After the
decomposition, the pattern of discharge times for each MU was visually inspected and
manually edited.?® Only the identified MUs with a pulse to noise ratio (PNR) > 28 decibel
(dB) (sensitivity > 85%) were maintained for further analyses.”’

All MUs decomposed from the 2 trapezoidal contractions recorded at the same intensity
during the same data collection point (for each participant) were pooled and analyzed
together after the removal of duplicated MUs (as explained in Section 2.3.5). This approach
allowed us to increase the number of unique MUs, to reduce variability induced by the
inability of a participant to reproduce the trapezoidal path, and to avoid results biased by the

duplication of values, which would occur if duplicated MUs were not removed.
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For each identified MU, we computed the absolute and relative (as percentage of MVC)
recruitment threshold (RT) and derecruitment threshold (DERT) as well as the average DR at
recruitment, derecruitment, and during the steady-state phase.

MUs DR was calculated over the first and last 4 discharges at recruitment and
derecruitment and during the entire steady-state phase.?®

DR modulation was defined as the difference between the DR at recruitment and the DR
at the start (first 10 discharges) of the steady-state phase (delta DR from recruitment to target,
ADRRg_1). The difference between the target force (i.e., 10%, 25%, and 50%) and the force at
recruitment (AForceg 1) Was also computed.

MUs properties were first analyzed based on contraction intensity and then by recruitment
threshold. In particular, MUs with an RT < 25% MVC were compared to those with an RT >
25% MVC; they were then defined as lower- and higher-threshold MUs, respectively. The
analyses comparing lower- and higher-threshold MUs have been performed both in the pool
of total MUs and that of tracked MUs.

Signal processing and analyses were performed with custom Python scripts (Release
3.9.7; Python Software Foundation, Fredericksburg, VA, USA).

2.3.5. MUs tracking and duplicates removal

MUs action potential waveforms and their spatial distribution (Fig. 1E) were used to
recognize the same MUs across different recording sessions, as previously described.***?®
Briefly, the tracking method is based on the normalized 2-dimensional cross-correlation value
(XCC) between the waveforms of individual MUs generated by spike-triggered average on a
25 ms time-window; this accounts for both the shape and the location of the waveforms.**?®
Different thresholds of similarity were set based on whether MUs tracking was used to

remove duplicated MUs within the same recording session or to track them across the

different data collection points. Pairs of MUs from the same recording session with XCC >
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0.9 were considered duplicates®® and, therefore, the MU with the lowest PNR was removed

from the following analyses.?’ To track the MUs longitudinally, the XCC threshold was set at

>0.8 to account for minor differences in the matrix placement.n’28
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Fig. 1. Schematic representation of (A) the study design and (B—E) procedures of data collection and analysis. (A) Data were
collected at baseline (Day 0 of limb suspension), after 10 days of ULLS, and after 21 days of active recovery (data collection
points were named LSO, LS10, and AR21, respectively). MVC was recorded also after 10 days of active recovery (AR10). (B)
HD-EMG was recorded from the vastus lateralis muscle during ramp contractions at 10%, 25%, and 50% MVC. (C) Ramp
slope was standardized at 5% MVC/s. The recorded electrical activity of the muscle was decomposed to obtain (D) the
pattern of discharge times of the MUs and (E) the MUs action potential shape was used to track the MUs longitudinally
across the different data collection points. XCC is the measure of similarity between the MUs action potential shape. AR =
active recovery; HD-EMG = high-density electromyography; LS = limb suspension; MUs = motor units; MVC = maximal
voluntary contraction; ULLS = unilateral lower limb suspension; XCC = cross-correlation coefficient.
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2.4. Statistical analysis

Concerning MVC and force steadiness, normality of the distribution of variables was
assessed through the Shapiro—-Wilk test. Since the normality assumption was satisfied, a one-
way repeated measure analysis of variance was used. Sphericity was tested with Mauchly’s
test, and when the assumption of sphericity was violated, the correction of Greenhouse-
Geisser was applied. Post hoc pairwise t tests were conducted with Holm's correction when
the overall model had a p < 0.05.

All the MUs properties were analyzed using linear models (time as fixed effect, random
intercept, and clustered by participant) as multiple MUs were recorded from each
participant.*** Normality for the residuals of each variable was assessed through visual
inspection of the Q—Q plot and histogram. If normality of the residuals was not confirmed, a
generalized linear mixed effect model was used instead. Post hoc comparisons were
conducted with Holm’s correction when the overall model had a p < 0.05.

Repeated measures correlation was used to determine the common within-individual
association for paired measures assessed at the 3 data collection points.®* For this analysis,
participants’ average values were used as a representation of the clustered values (i.e., MUs
properties), as is commonly done in studies with HD-EMG.*** Fixed slopes were employed
to estimate a single correlation coefficient for all subjects, which simplifies the model and
improves the stability and accuracy of the estimates.*

Mixed models were computed with Jamovi 2.2.2 (The Jamovi project, Sydney, Australia)
while the other analyses were performed using Python (Release 3.9.7; pingouin package;

Python Software Foundation®¥). Statistical significance was accepted at p < 0.05. The results

are reported and plotted as mean £ SEM for linear models and as mean + SD for the analyses

of variance. Partial eta squared (#,?) was also reported for analyses of variance.
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3. Results
3.1. Participants
Out of 12 participants, 1 dropped out after baseline measures for personal reasons. All the

others successfully completed the study without any adverse event. Participants

characteristics were as follows: age = 22.1 + 2.9 years; height =178 + 3.1 cm; body mass =

72.1 + 7.1 kg; BMI = 22.9 + 2.1 kg/m? (mean + SD). Due to the inability to decompose MUs

with a PNR above 28 dB at LS10 and AR21, 1 participant was excluded from the analyses.
Hence, a total of 10 participants were included in the final analyses.
3.2. Maximal voluntary isometric contraction and force control
Complete statistical summary of MVC and COVeaqy is available as Supplementary
Table 1.

For MVC, a main effect of time was observed (1,2 = 0.842, p < 0.001). Compared to LSO,
MVC decreased at LS10 (-29.77%, p < 0.001), remained lower at AR10 (-15.28%, p =
0.002), and returned to LSO values at AR21 (Fig. 2A).

COVieady Showed a main effect of time at all contraction intensities (p = 0.017 and 7,2 =
0.364 at 10%, p = 0.001 and #,? = 0.656 at 25%, p = 0.001 and #,? = 0.699 at 50% MVC).
Compared to LSO, COVseaqy increased at LS10 at 25% MVC (+54.95%, p = 0.008) and
decreased at-AR21 for all contraction intensities (-16.77%, p = 0.020 at 10% MVC; —

22.43%, p = 0.002 at 25% MVC; and —15.36%, p = 0.033 at 50% MVC) (Fig 2B).
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Fig. 2. Bar plots representing (A) the MVC and (B) the COV of the steady state phase at the different data collection points.
COV of the steady state phase is also represented at the 3 different submaximal contraction intensities (i.e., 10%, 25%, and
50% MVC). Data are displayed as mean * SD, and the changes for every participant are highlighted by a connected point
plot. Significance levels are: * p < 0.05, ** p < 0.01, *** p < 0.001. AR = active recovery; COV = coefficient of variation of
force; SD = standard deviation; LS = limb suspension; MVC = maximal voluntary isometric contraction; N = newton.

3.3. MUs decomposition and tracking

A total of 1428 unique MUs (616 at 10% MVC, 541 at 25% MVC, and 271 at 50%

MVC) were identified, with an average PNR of 35.04 + 2.23 dB at 10%, 33.00 + 1.87 dB at

25%, and 31.80 + 1.36 dB at 50% MVC (mean * SD). Of these, 270 MUs (18.90% of the

total pool) were tracked (Fig. 1E) across the 3 data collection points with an average XCC of

0.88 + 0.04 at 10% MVC, 0.92 + 0.03 at 25% MVC, and 0.93 * 0.03 at 50% MVC (mean *

SD). The obtained values are in line with the methodological validation of the technique.**
3.4. MUs properties
A complete statistical summary of MUs properties is available in Supplementary Tables
2-4.
3.4.1. Total pool of MUs
MUs absolute RT (Fig. 3A) and DERT (Fig. 3B) were reduced at LS10 (compared to
LSO) for all contraction intensities (-20.69% at 10% MVC, -15.15% at 25% MVC, and —

19.56% at 50% MVC; all p < 0.001 for RT; —18.93% at 10% MVC, —25.43% at 25% MVC,
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and —22.34% at 50% MVC; all p < 0.001 for DERT) and completely recovered to LSO values
at AR21 at 10% and 50% MVC. On the other hand, at 25% MVC, the RT at AR21 exceeded
the LSO level (+10.61%, p = 0.002).

Compared to LSO, MUs relative RT (Supp. Fig. 1A) was increased at LS10 at 10% and
25% MVC (+11.10%, p = 0.008 at 10% MVC; +19.10%, p < 0.001 at 25% MVC). At AR21,
relative RT returned to baseline values at 10% but not at 25% MVC (+11.10%, p = 0.003).
MUs relative DERT (Supplementary Fig. 1B) was increased at LS10 at 10% MVC
(+16.10%, p < 0.01) and returned to baseline values at AR21.

Compared to LSO, MUs DR at recruitment (Fig. 4A) was reduced at LS10 at 10% and
25% (-12.25% at 10% and —12.53% at 25% MVC; both p < 0.001) but increased at 50%
MVC (+10.09%, p = 0.039). At AR21, DR at recruitment returned to baseline values at 10%
and 50% while exceeding the LSO values at 25% MVC (+7.05%, p < 0.001). At 10% MVC,
DR at derecruitment was reduced at LS10 (~5.65%, p = 0.002) and returned to baseline
values at AR21. At 25% and 50% MVC, DR at derecruitment did not change between LSO
and LS10 (Fig. 4B). The DR of the steady-state phase (Fig. 4C) decreased at LS10 at 10%
MVC (-12.54%, p < 0.001) and 25% MVC (-9.80%, p < 0.001) and exceeded the LSO values
at AR21 (+5.51%, p = 0.006 at 10% MVC and +7.35%, p < 0.001 at 25% MVC). At 50%
MVC, the DR of the steady-state phase increased at LS10 (+5.98%, p = 0.044) and returned
to LSO values at AR21.

Changes in the total pool of MUs classified as lower- and higher-threshold reflected
closely what we observed for MUs at 10% and 25% MVC and those at 50% MVC, and they
are presented in detail in the supplementary material (Supplementary Fig. 3 and
Supplementary Table 3). Briefly, ULLS affected the RT and DERT of both lower- and

higher-threshold MUs while DR was affected only for lower-threshold MUs.
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Fig. 3. Swarm plots representing the (A) absolute MUs RT and (B) DERT at the 3 data collection points. From left to right,
MUs properties are presented for the 3 different submaximal contraction intensities (i.e., 10% MVC, 25% MVC, and 50%
MVC). Individual MUs are represented by dots and clustered by subject. Summary data are presented as mean + SEM, and
the direction of the changes is highlighted by a connection line. Significance levels are: ** p < 0.01, *** p < 0.001. DERT =
derecruitment threshold; MUs = motor units; MVC = maximal voluntary isometric contraction; N = newton; RT =
recruitment threshold; SEM = standard error of the mean.
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Fig. 4. Swarm plots representing the MUs DR at (A) recruitment, (B) derecruitment, and (C) during the steady-state phase
at the 3 data collection points. From left to right, MUs properties are presented for the 3 different submaximal contraction
intensities (i.e., 10%, 25%, and 50% MVC). Individual MUs are represented by dots and clustered by subject. Summary data
are presented as mean + SEM, and the direction of the changes is highlighted by a connection line. Significance levels are: *
p < 0.05, ** p < 0.01, *** p < 0.001. DR = discharge rate; MUs = motor units; MVC = maximal voluntary isometric
contraction; pps = pulses per second; SEM = standard error of the mean.
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3.4.2. Correlations

Repeated-measures correlations were used to describe the strength of the association
between 2 variables of interest and whether these associations were statistically significant.

A moderate-to-strong positive correlation was observed between MVC and absolute RT
at 10%, 25%, and 50% MVC (r = 0.80, 0.69, and 0.89, respectively) (Fig. 5A) as well as
between MVC and absolute DERT (r = 0.78, 0.73, and 0.96, respectively) (Fig. 5B) and
between absolute RT and DERT (r = 0.75, 0.89, and 0.90, respectively) (Fig. 5C). For all the

correlations, significance was p < 0.001.
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Fig. 5. Plots of the repeated-measures correlation describing the common within-individual association between (A) MVC
and absolute RT, (B) MVC and absolute DERT, as well as (C) absolute RT and DERT across the different data collection
points. From left to right, correlations are presented at the 3 different submaximal contraction intensities (i.e., 10%, 25%,
and 50% MVC). r value is reported in the upper left of each figure. Significance level is p < 0.001 for all correlations. DERT =
derecruitment threshold; MVC = maximal voluntary isometric contraction; N = newton; RT = recruitment threshold.
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3.4.3. DR modulation

A reduced ADRg 1 between LSO and LS10 was observed at 10% MVC (-21.19%, p =
0.035) and 25% MVC (-41.6%, p < 0.001), but not at 50% MVC. The ADRg 7 returned to
LSO at AR21 at 10% MVC and 25% MVC but exceeded the LSO values at 50% (+23.73%, p
= 0.039) (Supplementary Fig. 2A). The relative AForcer v (Supplementary Fig. 2B) was
reduced at LS10 compared to LSO at 10% MVC (-23.50%, p = 0.005) and at 25% MVC (-
35.00%, p < 0.001), but not at 50% MVC. The AForcer 1 returned to LSO at AR21 at 10%
MVC but not at 25% MVC (-20.10%, p = 0.003).

3.4.4. Pool of tracked MUs

Absolute RT (Fig. 6A) was reduced at LS10 compared to LSO (—24.95%, p = 0.017 for
lower- and —21.17%, p = 0.003 for higher-threshold MUs) and returned to the LSO values at
AR21. The same trend was observed for DERT (—31.55%, p = 0.003 for lower- and —29.48%,
p < 0.001 for higher-threshold MUs) (Fig. 6C). Neither the relative RT and DERT of the
tracked MUs (Fig. 6B and 6D) differed at any measurement.

Comparing LS10 with LSO, DR at recruitment (—8.86%, p = 0.051; Fig. 6E) and during
the steady-state (—7.27%, p = 0.057; Fig. 6G) phase approached the borderline of a significant
reduction for lower- but not for higher-threshold MUs that did not change. DR at
derecruitment was not affected by the interventions (Fig. 6F). For both lower- and higher-
threshold MUs, ADRg 1 was not affected by the intervention (Supplementary Fig. 4A). A
visual representation of the between- and within-participants variability of tracked MUs is

available in Supplementary Fig. 5.
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Fig. 6. Swarm plots representing the MUs properties obtained from the pool of tracked MUs. (A and C) MUs RT and DERT
are presented in both absolute and (B and D) relative terms (as percent of the MVC). MUs DR is shown at (E) recruitment,
(F) derecruitment, and (G) during the steady-state phase, at the 3 data collection points. From left to right, MUs properties
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Individual MUs are represented by dots and clustered by subject. Summary data are presented as mean + SEM, and the
direction of the changes is highlighted by a connection line. Significance levels are: * p < 0.05, ** p < 0.01, *** p < 0.001.
DERT = derecruitment threshold; DR = discharge rate; MUs = motor units; MVC = maximal voluntary isometric contraction;
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3.5. Summary of MUs properties
In the total pool of MUs, absolute RT and DERT were reduced at LS10 at all contraction

intensities and recovered to baseline levels at AR21. In contrast, MUs DR was reduced at
LS10 but only at 10% and 25% MVC while, at 50% MVC, DR increased compared to LSO.
At AR21, DR returned to baseline levels at 50% MVC while it exceeded the baseline levels
at 10% and 25% MVC. The changes in MUs absolute RT, DERT, and DR were confirmed in
the pool of tracked MUs.

At LS10, relative RT was increased at 10% and 25% but not at 50% MVC. At AR21, it
recovered to baseline levels at 10% but not at 25% MVC. Relative RT did not change in the
pool of tracked MUs.

The range of DR (ADRg.1) and force modulation (AForcer 1) was reduced at LS10
compared to LSO at 10% and 25% but not at 50% MVC. At both 10% and 25% MVC, ADRg_
T returned to baseline levels at AR21. At AR21at 10% but not at 25% MVC, AForcer 1

returned to baseline levels. No changes were identified in the pool of tracked MUs.

4. Discussion

The main finding of this study was that a short period of unloading of the dominant lower
limb (i.e., 10 days of ULLS) in young healthy men is sufficient to induce a detectable
alteration of the neural strategies used to control muscle force production (referred to here as
neural control®*®) in the vastus lateralis muscle predominantly by reducing the DR of lower-
but not higher-threshold MUs. Moreover, 21 days of AR (about twice the duration of ULLS)
based on resistance exercise is sufficient to restore neural control and even to suggest the
beginning of an exercise-induced overcompensation, highlighting the remarkable functional
plasticity of the neural components.

The threshold-specific alterations of MUs DR demonstrate a different impact of disuse on

the motoneurons innervating lower- and higher-threshold MUs in the large vastus lateralis
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muscle. This finding shows a similarity with the seminal work of Duchateau and Hainaut® on
small hand muscles and suggests that the preferential impact of disuse on the motoneurons
innervating lower-threshold MUs is a general phenomenon. In other words, this response
appears as a fundamental mechanism independent from the size or the anatomical location
and characteristics of the considered muscle.®*

Unveiling the effects of unloading on the neural control of vastus lateralis, a large
component in the group of knee extensor muscles that are fundamental for daily life motor
tasks and with key metabolic roles, may have relevance for developing practices aimed at
preventing or recovering disuse-induced neuromuscular impairments. For example, knowing
the preferential deterioration of the motoneurons innervating lower-threshold MUs, and the
rapid onset of this alteration, might drive the development of rehabilitation protocols
specifically designed to target these motoneurons (low intensities of exercise) and suitable to
be carried out shortly after the cause of disuse (e.g., injury or surgery).

4.1. MUs DR is affected by ULLS

Our data indicate a difference hetween the ULLS-induced changes in absolute RT and
DERT, observed both in lower- and higher-threshold MUs, and the changes in DR that
differed for lower- and higher-threshold MUs. Notably, all these changes were confirmed in
the pool of tracked MUs, where there are no confounding effects due to different populations

of decomposed MUs, 2

thereby strengthening the reliability of the results.

The strong correlation between absolute RT and DERT suggests that the order of
recruitment and derecruitment was not altered by disuse; in other words, short-term disuse
seems to not cause deviations from the Henneman’s Size Principle.®* Additionally, the
correlation between MVC and absolute RT and DERT highlights a synergic change of the 2

parameters and indicates that the reduced RT observed at LS10 at all contraction intensities

should be a consequence of internal muscular impairments equally affecting all MUs. Indeed,
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recent evidence suggests that short periods of bed rest and ULLS are sufficient to impair
muscle fibers contractility by altering intracellular calcium handling* and muscle fibers
specific force.*” Interestingly, these changes were identified evenly in slow and fast muscle
fibers. In this case, the recruitment of MUs with altered contractile properties will generate
lower contractile force and, therefore, all MUs will be recruited at lower absolute intensities.
Regarding the different effect of ULLS on DR of lower- and higher-threshold MUs, we
hypothesized the possibility of alterations specific to the motoneurons with a lower
depolarization threshold (which are expected to innervate smaller MUs possibly composed by

a prevalence of slow-type muscle fibers?2%63839

). Indeed, it was demonstrated that 3 weeks of
knee immobilization induced a phenotype shift from slow to fast fibers.*>*! This phenomenon
might be related to, and anticipated by, a different functional preservation of lower- and
higher-threshold motoneurons. In this case, although higher-threshold motoneurons might
retain largely unaltered DR activity (at least for 10 days), muscle fibers are unable to
effectively translate the neural signaling in force production due to impaired contractile
properties.*

In addition, mechanisms such as the recurrent inhibition** (i.e., motoneuron inhibition

mediated by the Renshaw cells) or synaptic noise**

(i.e., random disturbing synaptic
activity in neurons that can alter the common input to the motoneurons) could contribute to
the modulation of the lower-threshold motoneurons’ activity. Indeed, the reduced force
steadiness that we observed at LS10 at 25% MVC suggests the presence of synaptic noise
induced by ULLS, in light of recent evidence suggesting that altered synaptic noise might be
responsible for altered steadiness at lower intensities of contraction.***

We hypothesized that as a consequence of peripheral impairment of the muscle fibers

mechanical contractile properties after disuse, MUs are recruited at lower absolute

intensities. At the same time, the reduced DR for the lower-threshold MUs introduces an
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additional neural limitation to force production. By increasing contraction intensity and
recruiting higher-threshold MUs, the higher-threshold motoneurons with preserved
functionality may in principle try to compensate for the loss of force caused by impaired
lower-threshold motoneurons (already recruited and sustaining force production); in practice,
however, they would have little or no effect due to mechanical constraints of muscle
fibers.**" This last hypothesis suggests that DR reduction of lower-threshold MUs, alongside
impaired muscle fibers mechanical contractile properties* and other factors, could be
responsible for the reduction in muscle force commonly observed after disuse.
4.2. Reduced DR, but not DR modulation, might be responsible for reduced muscle force

To further investigate the changes in MUs DR, we analyzed the DR modulation (ADRg_1)
of single MUs. In the total pool of MUs, the DR modulation was reduced for lower- but not
higher-threshold MUs. However, in the same pool, lower-threshold MUs were recruited at a
higher intensity in relative terms (i.e., the relative RT of the MUs decomposed at 10% and
25% MVC at LS10 was higher than at LS0O). Therefore, we concluded that DR modulation
was only partially affected by ULLS and that the observed difference was mainly a
consequence of a differently balanced population of MUs decomposed at LS10 compared to
LSO0. This was also confirmed in the pool of tracked MUs, where no significant difference in
DR modulation was observed. It should be noted, however, that tracked MUs showed a trend
similar to that observed in the total pool, suggesting that significant alteration of DR
modulation might become apparent with longer-term unloading or more severe models of
disuse, as previously suggested.® Indeed, the work of Duchateau and Hainaut® on hand
muscles reported a larger reduction in DR modulation for lower- compared to higher-
threshold MUs after 6-8 weeks of hand cast immobilization. This finding suggests that the
preferential impact of disuse on the motoneurons innervating lower-threshold MUs should be

expected for both smaller and larger muscles, despite different utilization of MUs recruitment
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strategies and DR modulation to sustain force production (i.e., compared to large muscles,
smaller muscles are expected to achieve the full MUs recruitment at lower intensity of
contraction and to rely more on DR modulation to achieve the MVC®*). Unfortunately, this
information is not available in the study of Seki et al,” which also reported a reduction in DR
modulation after 6 weeks of cast immobilization but did not investigate whether this was
more pronounced in lower- or higher-threshold MUs.

Altogether, our findings suggest reduced DR, but not DR modulation, as an early
determinant of force loss after short periods of unloading. It also suggests that impaired DR
modulation might become a limiting factor at later stages.

4.3. Neural control is restored by an AR period

Twenty-one days of AR (about twice the duration of the ULLS intervention) with a
resistance-exercise protocol executed at 70% 1RM completely restored the LSO levels of
muscle force and neural control. Our hypothesis is that increased neural drive to the muscle
during the AR period, induced by increased demand of motor tasks,*® stimulated both the
recovery of intrinsic properties of the motoneurons and of the contractile muscle tissue.
Additionally, some parameters (e.g., force steadiness and MUs DR) also exceeded the LSO
levels, suggesting the early onset of some exercise-induced overcompensatory adaptations.*®
In particular, the improved force steadiness might suggest an enhanced adaptive response of
the superior centers of neuromuscular control.*

The complete recovery observed after 21 days of AR, at least in young and healthy men,
highlights the plasticity of the components involved in the regulation of neural control and
the complete reversibility of the changes induced by short periods of unloading. It should be
noted, however, that although the full recovery was achieved, a longer time (compared to the
duration of unloading) was necessary, likely suggesting a sort of unloading-induced

hysteresis in the recovery process. Notably, the necessity of a prolonged recovery period for
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the restoration of the neural control in young and healthy men could have profound
implications for fragile populations (e.g., older people), for which the recovery after a period
of disuse could be difficult and further delayed.*’

4.4. Methodological considerations

In line with previous studies,****’

potential alterations in MUs behavior could not be
assessed during very high contraction intensities or at the MVC due to a progressive increase
in the number of superimposed and overlapping MUs action potentials in the recorded EMG
signal. Nevertheless, the range of intensity analyzed in this study is crucial for most of the
daily tasks and has, therefore, clinical and physiological relevance.

The differences in relative RT and DERT between LS0 and LS10 in the total pool of MUs
indicate that the populations of MUs decomposed at the 2 data collection points might differ

slightly, suggesting that alterations in the MUs action potential properties'*434°

(e.g., shape,
complexity?) might have affected the results of the decomposition favoring the detection of
MUSs with a higher RT. This observation carries at least 2 implications: (a) the decomposition
algorithm successfully identified active MUs even after an unloading period, and (b) while
comparing MUs properties before and after severe interventions, close attention has to be
paid to the comparability of the decomposed pool of MUs.>® Therefore, longitudinal tracking
of the same MUs provides stronger evidence of changes affecting the single MUs, although it
significantly reduces the number of investigated MUs (about 20% of the total pool) and the
statistical power. In addition, MUs tracking might preferentially identify MUs with a better-
preserved action potential shape and, therefore, those less affected by the intervention.®® For
this reason, the discussion of the paper focused mainly on the interpretation of the results

obtained from the total pool, while analysis of the tracked pool of MUs was used to validate

and support the results.
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We acknowledge as a limitation in the study design the absence of a control group, which
could have been useful for experimentally demonstrating the maintenance of the MUs
properties across the study period and for verifying the performance of decomposition and
MUs tracking in absence of intervention.

Finally, even though 10 days of ULLS were sufficient to induce noticeable impairments
in neural control, longer duration,” more severe models of disuse,* or different populations

(e.g., older adults)®® might highlight different adaptations.

5. Conclusion

Our novel results demonstrate, for the first time in large muscles, that ULLS induces a
preferential deterioration of motoneurons innervating lower-threshold MUs; they also suggest
this deterioration is one of the early determinants of force loss after periods of disuse.
Furthermore, integrating our findings with the available literature, we propose that the
preferential impact of disuse on the motoneurons innervating lower-threshold MUs is a
fundamental physiological mechanism independent from the size, location, and function of
the considered muscle.

Additionally, the ability to non-invasively investigate the changes in neural control after
ULLS and ‘AR with HD-EMG could have relevance for the development of prospective

countermeasures aimed at delaying or recovering the disuse-induced impairments.
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investigated in response to 10 days of unilateral v v
lower-limb suspension (ULLS) and 21 days of active
recovery based on resistance exercise.
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Motor units’ (MUs) activity was
detected with High-Density EMG
during submaximal isometric
contractions, and individual MUs
were tracked across the data-
collection points.

After ULLS, MUs discharge rate was reduced L0 1510 AR21

only for the MUs with a lower recruitment
threshold, suggesting a preferential impact of
disuse on lower-threshold motoneurons,
Restoration of muscle force and neural
control requires twice the duration of the
disuse period.
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