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ABSTRACT

MARTINO, G., G. VALLI, F. SARTO,M.V. FRANCHI,M. V. NARICI, andG. DEVITO. Neuromodulatory Contribution toMuscle Force

Production after Short-Term Unloading and Active Recovery.Med. Sci. Sports Exerc., Vol. 56, No. 9, pp. 1830-1839, 2024. Purpose: Prior

evidence has shown that neural factors contribute to the loss of muscle force after skeletal muscle disuse. However, little is known about the

specific neural mechanisms altered by disuse. Persistent inward current (PIC) is an intrinsic property of motoneurons responsible for

prolonging and amplifying the synaptic input, proportionally to the level of neuromodulation, thus influencing motoneuron discharge rate

and force production. Here, we hypothesized that short-term unilateral lower limb suspension (ULLS) would reduce the neuromodulatory in-

put associated with PIC, contributing to the reduction of force generation capacity. In addition, we tested whether physical exercise would

restore the force generation capacity by reestablishing the initial level of neuromodulatory input.Methods: In 12 young adults, we assessed

maximal voluntary contraction pre- and post-10 d of ULLS and after 21 d of active recovery (AR) based on resistance exercise. PIC was es-

timated from high-density surface electromyograms of the vastus lateralis muscle as the delta frequency (ΔF) of paired motor units calculated

during isometric ramped contractions. Results: The values of ΔF were reduced after 10 d of ULLS (−33%, P < 0.001), but were fully

reestablished after the AR (+29.4%, P < 0.001). The changes in estimated PIC values were correlated (r = 0.63, P = 0.004) with the reduction

in maximal voluntary contraction after ULLS (−29%, P = 0.002) and its recovery after the AR (+28.5%, P = 0.003). Conclusions: Our find-

ings suggest that PIC estimates are reduced by muscle disuse and may contribute to the loss of force production and its recovery with exercise.

Overall, this is the first study demonstrating that, in addition to peripheral neuromuscular changes, central neuromodulation is a major contrib-

utor to the loss of force generation capacity after disuse, and can be recovered after resistance exercise. Key Words: HIGH-DENSITY

ELECTROMYOGRAPHY, MOTONEURON EXCITABILITY, MOTOR UNIT, MUSCLE DISUSE, PERSISTENT INWARD

CURRENTS
Skeletal muscle disuse has a profound impact on the
health of the neuromuscular system. The reduced me-
chanical loading and physical activity associated with

muscle disuse can be a direct consequence of several conditions,
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such as musculoskeletal injuries, illness, aging, or prolonged
exposure to microgravitational environments (1). In contrast,
exercise countermeasures and restoration of physical activity
represent the best nonpharmacological strategies for promoting
neuromuscular system recovery after disuse (2). In this regard,
resistance training is usually the first choice of rehabilitation
to counteract the neuromuscular degeneration associated with
a period of reduced muscle activity (3).

A primary consequence of disuse is a reduction in muscle
force (4). Several experimental models, such as limb suspen-
sion or immobilization, dry immersion, step reduction, and
bed rest, have been adopted to investigate the impact of muscle
disuse (5–7). Prior reports investigating the mechanisms un-
derpinning this disuse-induced muscle weakness have been
primarily focused on the reduction in muscle mass (8),
changes in tendon stiffness (9), and alterations in skeletal mus-
cle fiber properties, including reduced oxidative capacity (10),
impaired mechanical properties (2), and altered intracellular
calcium handling (11). However, the amount of force pro-
duced cannot be explained only by peripheral muscle factors

mailto:giovanni.martino@unipd.it
http://creativecommons.org/licenses/by/4.0/


A
PPLIED

SC
IEN

C
ES

D
ow

nloaded from
 http://journals.lw

w
.com

/acsm
-m

sse by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dtw

nfK
Z

B
Y

tw
s=

 on 09/22/2024
and greatly depends on motor units (MU) properties and their
discharge rate (12). In a previous study, 48% of the loss in
force was attributed to alterations in neural function and only
39% to muscular factors, whereas the remaining 13% was at-
tributed to unexplained factors (13). In particular, the higher
contribution among the neural variables was attributed to
changes in central activation. In this regard, it is plausible to
think that the neuromodulatory input to motoneurons may
have an important yet uninvestigated role in muscle weaken-
ing after disuse.

Previous studies have shown a reduction in MU discharge
rate after a period of disuse (14–19), suggesting a potential role
of neural drive (the ensemble of motoneuron output (20)) as an
early determinant of force loss (19). The changes in MU dis-
charge rate are strongly influenced by the neuromodulatory
contribution (21,22), associated with monoaminergic input
from brainstem-derived neurotransmitters (e.g., serotonin and
norepinephrine). These neurotransmitters act on G-proteins re-
ceptors altering the membrane potential and generating persis-
tent inward currents (PIC). PIC constitute an intrinsic source
of current, which prolong and amplify the excitatory synaptic
input tomotoneurons (23,24). Because the amplification of the
synaptic input provides a powerful gain control mechanism
over force generation (21), a reduction in the amplitude of
PIC may contribute to the force loss after muscle disuse. In
contrast, PIC amplitude has been shown to increase after resis-
tance training (25) and may be associated with a recovery of
muscle force capacity after disuse.

In our previous investigations (16,19), we found altered bio-
markers of axonal damage and neuromuscular junction (NMJ)
instability along with a decrease in the firing rates of low
threshold MU after short-term disuse. However, the NMJ
transmission remained largely unaltered, suggesting an early
impairment upstream to the NMJ (central nervous system or
motoneurons). Here, we aimed to investigate the potential role
of central neuromodulation as an early determinant of force
loss after disuse by assessing PIC. In humans, PIC can be in-
directly estimated by measuring the differences in MU firing
behavior during the ascending and descending phases of linear
isometric ramp contractions (26,27). This technique is com-
monly referred as the paired MU analysis (28,29) and consists
of calculating the delta frequency (ΔF) of a lower-threshold
control unit at the time of recruitment and derecruitment of a
higher-threshold test unit. Several studies have employed ΔF
as an estimate of PIC in humans (26,30–34) and have shown
its sensitivity in quantifying the neuromodulatory contribution
to MU self-sustained firing (i.e., prolongation of the synaptic
input) and its dependency on the monoaminergic drive
(32,34–36). Estimates of PIC have been recently demonstrated
to be reduced in older individuals both in upper and lower
limbs (31,33,37) contributing to the loss of neuromuscular
function with aging (38). However, whether muscle disuse is
associated with a decrease in PIC estimates has yet to be
determined.

In this study, we focused on quantifying the neuromodulatory
contribution to neural drive and muscle force generation after
NEUROMODULATION OF MUSCLE FORCE AFTER ULLS
short-term disuse and subsequent retraining. PIC were estimated
from high-density surface electromyography (HDsEMG) record-
ings in the vastus lateralis (VL) muscle during isometric
ramped contractions pre- and post-10 d of unilateral lower
limb suspension (ULLS), and after 21 d of active recovery
(AR). Values of bilateral maximal voluntary contraction
(MVC) were also taken at each time point. We hypothesized
that 10 d of ULLS would reduce MVC and PIC amplitude,
and that 21 d of AR would restore the initial levels of
neuromodulatory input and force capacity.

MATERIALS AND METHODS

The experimental data analyzed in this study were part of a
larger investigation designed to detect early neuromuscular
changes after a short period of muscle unloading (16,19).

Study Participants

Twelve recreationally active young male adults participated
in this study (mean ± SD; age, 22.1 ± 2.9 yr; height,
1.78 ± 0.03 m; mass, 72.1 ± 7.1 kg). The inclusion criteria
were individuals aged between 18 and 35 yr, with a bodymass
index ranging from 20 to 28 kg·m−2, and participation in
recreational physical activities (one to three times a week,
self-reported). Because females have a higher risk of venous
thrombosis associated with ULLS (6), we only enrolled male
individuals. None of the participants reported a history of neu-
rological, circulatory, or neuromuscular disorders. All partici-
pants provided written informed consent before participation
according to the protocols approved by the local Ethics Com-
mittee (HEC-DSB/01-18, Department of Biomedical Sciences,
University of Padova, Italy).

Experimental Design

Participants underwent a familiarization phase before the
beginning of the study. During this phase, we explained the
study procedures and instructed the participants on how to per-
form daily tasks while undergoing the ULLS (6). Experimen-
tal measurements were collected at baseline (day 0 before limb
suspension, LS0), after 10 d of ULLS (LS10), and after 21 d of
AR (AR21) (Fig. 1A). The duration of ULLS was based on
our hypothesis that changes in neural drive could be early de-
terminants of muscle force loss after disuse, and a marked
strength loss was already shown after only 10 d of unilateral
unloading (39). The duration of the AR period was determined
by prior observations, indicating that achieving full muscle
function recovery required a training period lasting twice the
disuse phase (40). We also asked participants to abstain from
intense activity, caffeine, and alcohol use during the 24 h pre-
ceding the data collection.

Unilateral lower limb suspension. We adopted the
ULLS model originally described in Berg et al. (41). Briefly,
participants wore a harness sling connecting the shoulder with
the foot and suspending the leg in a slightly flexed position
(15° to 20° of knee flexion) to prevent the dominant lower
limb (right leg for all participants) from weight bearing. The
Medicine & Science in Sports & Exercise® 1831



FIGURE 1—Study design (A) and example of delta frequency (ΔF) calculation using the paired MU analysis (B). (A) Experimental measurements were
collected at baseline (day 0 before limb suspension, LS0), after 10 d of unilateral limb suspension (LS10), and after 21 d of AR (AR21). (B) Example of
the torque profile from a single participant during isometric ramp contractions at 25% of maximum voluntary contraction (MVC, top panel ). Subsequent
panels show the smoothed instantaneous discharge rate of a test unit (top trace) and three control units. Each test-control unit pair was determined using the
following criteria: the test unit was recruited at least 1 s after the control unit; the test unit was derecruited at least 1.5 s before the control unit; the control
unit discharge rate modulation was >0.5 pps; the test unit was active continuously during the steady-state phase. ΔF was calculated as the difference in the
smoothed instantaneous discharge rate (horizontal dashed lines) of each control unit at the time of recruitment and derecruitment (vertical dashed lines) of
the test unit. The ΔF of each test-control unit pair was then averaged to obtain a unitwise ΔFuw value per test unit.
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shoe of the opposite leg was equipped with an elevated sole
(50 mm) to avoid contact between the ground and the
suspended leg. Participants used crutches to ambulate during
the whole ULLS period, refraining from loading or actively
contracting the suspended limb. Precautionary measures were
also taken to prevent venous thromboembolism (16).

Active recovery. The AR phase consisted of a resistance
training program starting ~72 h after the end of ULLS period.
1832 Official Journal of the American College of Sports Medicine
The training program comprised 3 sets of 10 repetitions of uni-
lateral leg presses and leg extensions (both from ~0° to ~90° of
knee flexion) at 70% of one repetition maximum (1 RM) per-
formed 3 times per week (at least 24 h apart). Both concentric
and eccentric phases of each single exercise lasted ~2 s, and
sets were separated by 2-min rest. The 1 RMwas estimated in-
directly from the 4 to 6 RM and reassessed at the beginning of
each training week (42).
http://www.acsm-msse.org
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Experimental Protocol

Participants sat comfortably with their hips, knees, and an-
kles at 90° of flexion in the sagittal plane. The ankle of the
dominant leg was secured with straps to a custom-made knee
dynamometer incorporated with a load cell (RS 206-0290).
The waist of each participant was secured with a strap to the
seat to prevent compensatory movements during the trials.
Each experimental session began with the assessment of the
maximal voluntary isometric contraction (MVC) of the knee
extensors muscles. After a warm-up period consisting of sub-
maximal voluntary isometric contractions, participants were
instructed to reach their maximum effort by pulling their dom-
inant leg “as hard as possible” against the load cell and main-
taining the contraction for 3 to 4 s.MVCwas considered as the
maximum tension value reached across three contractions sep-
arated by 1 min of rest.

After determining the MVC, participants performed two
30-s trapezoidal isometric contractions to 25% of MVC at a
rate of torque development and decline of 5% MVC per sec-
ond. Each trial was separated by 1 min of rest. A visual feed-
back with a trapezoidal template indicated the target force to
be reached. For each trial, we collected the force signal from
the load cell synchronized with the HDsEMG signal at
2048 Hz using a multichannel amplifier (Quattrocento;
OTBioelettronica, Torino, Italy). The HDsEMG signal was
collected from the VL muscle using a semidisposable 64-
channel grid (13 × 5) with an 8-mm interelectrode distance
(GR08MM1305, OTBioelettronica) and filled with a conduc-
tive cream (Ac cream, OTBioelettronica). After skin prepara-
tion (consisting of shaving, cleansing with 70% ethanol, and
abrading), the grid was placed over the innervation zone of
the muscle (43) and parallel to the muscle fascicle orientation
(44). A low-intensity (8 to 16 mA) percutaneous electrical
stimulation (Digitimer Ltd., Welwyn Garden, Hertfordshire,
UK) was used to detect the innervation zone with the highest
muscle twitch in the distal area of the muscle. Ultrasound im-
aging (Mylab70; Esaote, Genoa, Italy) was used to detect
muscle fibers orientation. To ensure reproducibility in grid
placement across data collection points, we marked the area
of the skin surrounding the grid using a permanent marker.
A
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HDsEMG Analysis

After band-pass filtering (20 to 500 Hz, second-order
Butterworth filter), the HDsEMG signal was decomposed into
individual MU action potentials using the convolutive blind
source separation technique (OTBioLab+; OTBioelettronica)
(45). All decomposedMU spike trains were visually inspected
and manually edited by an experienced investigator following
previously published protocols (19), and only MU trains with
a pulse-to-noise ratio (PNR) >28 dB were retained for further
analysis (46). Because PIC are meant to prolong and amplify
the synaptic input to motoneurons, for each identified MU,
we computed the peak discharge rate and the total firing dura-
tion. In addition, we assessed the hysteresis property of PIC by
NEUROMODULATION OF MUSCLE FORCE AFTER ULLS
computing the duration of the ascending and descending
phases of the MU firing.

Estimation of PIC

We estimated PIC amplitude using the paired MU analysis
(26) and following the recommendations for standardized pa-
rameters described in Hassan et al. (30). The paired MU tech-
nique (Fig. 1B) consists of calculating the delta frequency
(ΔF) of every possible combination pair of a lower threshold
MU (control unit) at the time of recruitment and derecruitment
of a higher thresholdMU (test unit). First, we calculated the in-
stantaneous MU discharge rate from the inverse of the
interspike intervals. Then, the instantaneous discharge rate
was smoothed using a 2-s Hanning window (31). The maxi-
mum value of the smoothed firing pattern was considered
the peak discharge rate. The time from the first to the last firing
event was considered the MU firing duration. Thus, low re-
cruitment threshold MU (control units) were paired with
higher recruitment threshold MU (test units) using the follow-
ing criteria: 1) the test unit was recruited at least 1 s after the
control unit; 2) the derecruitment of the control unit occurred
at least 1.5 s after the derecruitment of the test unit; 3) the con-
trol unit discharge rate modulation was >0.5 pps; 4) the test
unit was active continuously during the steady-state phase of
the trapezoidal contraction. Finally, the delta frequency (ΔF)
of each test-control unit pair was averaged to one per test unit
(“unitwise” (31)). These criteria have previously been adopted
to estimate PIC during trapezoidal contractions at intensities
<30% of MVC (35).

Statistical Analysis

All statistical tests were performed in R (version 4.1.0)
using the RStudio environment (version 1.4.1717). Differ-
ences in MVC were investigated using one-way ANOVA
and paired t-tests. Differences in ΔF and MU firing character-
istics (peak discharge rate, firing duration, duration of the as-
cending and descending phases) across data collection points
were assessed with separate linear mixed models using the
lmerTest package. EachMUwas treated as repeatedmeasures,
with the conditions (LS0, LS10, and AR21) as fixed factor and
a random intercept for each participant. The estimated mar-
ginal mean at 95% confidence interval was computed using
the emmeans package. Significance level was set at α = 0.05.
Repeated-measures correlation (47) was used to quantify the
within-individual association of paired measures averaged
values at each condition (LS0, LS10, and AR21). Fixed slopes
were used to estimate a single correlation coefficient for all
participants. Correlation values were interpreted as moderate
within 0.40 and 0.59, and strong within 0.60 and 0.79 (48).

RESULTS

Of the 12 recruited participants, one withdrew from the
study for personal reasons after baseline measures. Further-
more, for one participant, we were unable to identify MUwith
a PNR greater than 28 dB at LS10 and AR21. Another
Medicine & Science in Sports & Exercise® 1833
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participant was excluded from the analysis because none of the
identified MU at LS10 met the inclusion criteria required for
the paired MU analysis. Hence, the final analysis included a
total of 9 participants, 490 identified MU (183 at LS0, 159 at
LS10, and 148 at AR21), and 237 test unit (99 at LS0, 63 at
LS10, and 75 at AR21) along time.

MVC torque. ULLS affected the maximal knee extensors
torque. In all the participants, the MVC decreased at LS10
with respect to LS0 (−29%, P = 0.002, Fig. 2) and AR21
(−28.5%,P = 0.003, Fig. 2).MVC returned to the initial values
of LS0 at AR21 (P = 0.99, Fig. 2).

PIC estimates and MU firing characteristics. Linear
mixed models showed an effect of ULLS and AR in PIC esti-
mates and MU firing characteristics. Specifically, the unitwise
delta frequency (ΔF) values significantly decreased from LS0
to LS10 (−33.2%, P < 0.001, Fig. 3A). At AR21, unitwise ΔF
values significantly increased with respect to LS10 (+29.4%,
P < 0.001, Fig. 3A) and were restored at LS0 values
(P = 0.35, Fig. 3A). Similarly, peak discharge rate was signif-
icantly lower at LS10 compared with LS0 (−15.6%,P < 0.001,
Fig. 3B) and AR21 (−17.6%, P < 0.001, Fig. 3B). No signifi-
cant differences in peak discharge rate were found at AR21
with respect to LS0 (P = 0.59, Fig. 3B). Similarly, the MU fir-
ing duration decreased significantly at LS10 with respect to
LS0 (−4.1%, P < 0.002, Fig. 3C). At AR21, the MU firing du-
ration increased significantly with respect to LS10 (+3.2%,
P < 0.001, Fig. 3C) and was restored to LS0 values
(P = 0.62, Fig. 3C). The ascending phase of the MU firing
was shorter at LS10 compared with LS0 (−41.9, P < 0.001,
Fig. 3D) and AR21 (−47.9, P = 0.009, Fig. 3D), whereas no
differences were found at AR21 with respect to LS0
(P = 0.85, Fig. 3D). Similarly, the descending phase of the
MU firing was shorter at LS10 compared with LS0 (−19.1%,
P = 0.018, Fig. 3E) and AR21 (−19.6%, P = 0.021, Fig. 3E)
but not at AR21 compared with LS0 (P = 0.99, Fig. 3E).
Repeated-measures correlations showed a positive association
between the mean values of ΔF and the mean values of peak
discharge rate, MU firing duration, and MVC across times.
FIGURE 2—Bar plots illustrating the changes in maximum voluntary
contraction (MVC) torque at baseline (day 0 before limb suspension,
LS0), after 10 d of unilateral limb suspension (LS10), and after 21 d of
AR (AR21). Data are displayed as mean ± SD values, and each dot refers
to a single participant (n = 9). Asterisks denote significant values
(***P < 0.001).

1834 Official Journal of the American College of Sports Medicine
In particular, the changes in ΔF were moderately associated
with the changes in peak discharge rate (r = 0.53, P = 0.018,
Fig. 4A) and MU firing duration (r = 0.49, P = 0.047,
Fig. 4B) and strongly associated with the changes in MVC
(r = 0.63, P = 0.004, Fig. 4C).
DISCUSSION

This is the first study assessing the contribution of PIC esti-
mates (ΔF) to the loss in muscle force induced by a short pe-
riod of muscle unloading in young healthy adults and its re-
covery after a resistance training program. Our results showed
that, in the VL muscle, the amplitude of ΔF decreased after
10 d of ULLS, suggesting a reduction in neuromodulatory in-
put to motoneurons with muscle disuse. Moreover, 21 d of AR
restored the initial values of ΔF, further suggesting an increase
in neuromodulatory input with resistance exercise. The ob-
served changes inΔF also correlated with changes in peak dis-
charge rate and MU firing duration, consistently with an am-
plified and prolonged response of motoneurons proportionally
to the level of neuromodulatory input. Overall, our findings
suggest that changes in neuromodulatory input may contribute
to the loss of force production capacity after disuse and its re-
covery with resistance-based exercise.

The notion that the loss of muscle strength after muscle disuse
is largely due to neural factors has been postulated by several
authors (41,49). In particular, previous studies have attributed
most of the decrease in muscle strength to changes in central
activation (50–52). Our findings suggest that the reduction in
PIC estimates contributed to the loss of force production after
muscle disuse, negatively regulating the MU firing rates, as
previously shown in this cohort (19). PIC plays a major role in
the enhancement of the synaptic input to motoneurons and is de-
pendent on the neuromodulatory input associated with monoam-
inergic drive (24). Here we found that at the same relative levels
of muscle force, ΔF decreased by about 30% after ULLS, sug-
gesting that a decrease in neuromodulatory input may have con-
tributed to the reduction of the MVC (r = 0.63). Evidence of the
influence of neuromodulation on maximal force production has
also been previously reported both in experimental data (53,54)
and on simulations (55). These studies have suggested that, in ab-
sence of neuromodulatory input, the ionotropic inputs alone
could not provide sufficient drive to reach the maximum force
output, whereas increasing the concentrations of serotonin im-
proves the ability to sustain higher MVC.

Decreased values of ΔF after ULLS suggest a lower mono-
aminergic drive onto motoneurons with disuse. Consistently
with our results, a previous modeling study (56) showed a re-
duction of persistent Na + currents in mice that underwent
8 wk of hindlimb unloading, a well-established animal model
of disuse. Similarly, 2 wk of hindlimb unloading reduced the
excitability of motoneurons in rats (57). Further evidence of
reduced monoaminergic drive with disuse comes from a leg
immobilization study in humans (58). After 5 d of leg immo-
bilization, the plasma concentration level of tryptophan in-
creased, suggesting a decrease in serotonin synthesis with
http://www.acsm-msse.org
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FIGURE 3—Swarm plots representing delta frequency (ΔF, A), peak dis-
charge rate (B), firing duration (C), and durations of the ascending (D)
and descending (E) phases of MU firings at baseline (day 0 before limb
suspension, LS0), after 10 d of unilateral limb suspension (LS10), and af-
ter 21 d of AR (AR21). Data are displayed asmean ± SEM.Each dot refers
to the averaged ΔF value per test unit (A, 99 at LS0, 63 at LS10, and 75 at
AR21) or individual MU (B and C, 183 at LS0, 159 at LS10, and 148 at
AR21) colored by participants. Asterisks denote significant differences
(*P < 0.05, **P < 0.01, and ***P < 0.001).
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muscle disuse. Indeed, despite that several metabotropic re-
ceptors can be responsible for neuromodulation (59,60), many
studies have focused their attention on the primary role of se-
rotonin in generating PIC (35,61,62). Tryptophan is the only
precursor involved in the synthesis of serotonin, and serotonin
release has been shown to vary readily with alteration in tryp-
tophan availability (63,64). Thus, an increase in tryptophan
availability with muscle disuse could be associated with a de-
crease in serotoninergic drive and, consequently, with a de-
crease in PIC. However, no studies have directly related the
plasma concentration levels of tryptophan or other markers
of serotonergic activity to PIC estimates.

Alternatively, the decrease in ΔF values might be related to
an increase in central inhibition. Indeed, a concurrent mecha-
nism of central modulation to PIC is represented by the extent
and pattern of inhibition to excitation. Experiments on decerebrated
cats have shown a reduction in PIC to be proportional to themagni-
tude of an inhibition stimuli applied nerve afferents of antagonist
muscle (65). A reduction in PIC with reciprocal inhibition induced
by vibration or electrical stimulation of antagonist muscles has also
been shown in humans (32,34). However, several studies on disuse
provided evidence of an increase in H-reflex amplitude (13,50,66),
supporting a reduction rather than an increase of presynaptic inhibi-
tion after muscle disuse.

The effect of PIC on muscle activation was also evident
from the correlation between peak discharge rate and MU
firing duration. Indeed, PIC modulates the motoneuron dis-
charge rate by amplifying the synaptic input (36,55). The corre-
lation (r = 0.53) between the changes in ΔF and peak discharge
rate across time further confirms this association and the influ-
ence of disuse on PIC. In addition, PIC are known to prolong
the sustained MU firing (23). We found a moderate correlation
(r = 0.49) between the changes in ΔF and MU firing duration
across time. The ΔF scores are an estimation of contribution
of PIC to MU firing rate hysteresis (26). In this regard, we also
found a reduction in the duration of the ascending and de-
scending phases of MU firing. Furthermore, the reduction in
PIC estimates is consistent with the alterations in absolute
MU recruitment and derecruitment thresholds previously re-
ported in this cohort (18). In addition, the moderate values of
correlation betweenΔF and peak discharge rate andMU firing
duration suggest that other factors, such as other alterations in
the biophysical properties of the motoneurons, may contribute
to the observed changes in MU firing rates. However, this is
the first study demonstrating the contribution of PIC to altered
MU discharge rates after disuse.

Twenty-one days of resistance training restored the baseline
values of ΔF. The effect of physical activity on the monoaminergic
Medicine & Science in Sports & Exercise® 1835



FIGURE 4—Repeated-measures correlation plots illustrating the association between delta frequency (ΔF) and peak discharge rate (A), firing duration (B),
andMVC torque (C). Each parallel line fits the averaged data from an individual participant across data collection points colored by participant and with
different shapes by condition. r and P values are reported in the lower right corner of each panel.
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system is well known. Increases in PIC estimates have previously
been reported in soleus muscle after 6 wk of high-intensity resis-
tance training in older adults (25). Higher discharge rate during
the plateau phase of submaximal ramp contraction was observed
in tibialis anterior muscle after 4 wk of strength training in young
adults (67). Several other studies have shown that resistance training
is effective in promoting neuromodulatory activity and increasing
motoneuron excitability in both animals and humans (68,69).
However, this is the first study investigating the changes in
neuromodulatory drive after resistance training as a countermea-
sure to short-term unloading. A period of 21 d of resistance train-
ing was sufficient to reestablish the baseline values of ΔF. Based
on our results, we could speculate that the increase in ΔF at AR21
was associated with a recovery inmonoaminergic drive after resis-
tance exercise and essential for higher force generation.

Limitations. The analysis proposed in this study was lim-
ited to the total amount ofMU that we were able to decompose
1836 Official Journal of the American College of Sports Medicine
fromVL at 25% ofMVC. Thus, our interpretationmay not ap-
ply to MU recruited at higher forces and/or in different mus-
cles. However, forces close to 25% of MVC are extensively
used for ΔF calculation (32,34) and are functionally relevant
to common daily activities such as walking (70). Furthermore,
ramps were performed at relative rather than absolute values of
muscle torque. Because the monoaminergic drive increases
proportionally to the level of voluntary drive (33), the reduc-
tion of ΔF after ULLS may be a consequence of the reduced
contraction intensity rather than a contributor to the total muscle
force generation capacity. However, we think that the use of the
same absolute torque values would have overestimated the
maximal contractile capacity after ULLS, because many neural
and muscle factors concur with the loss of muscle force (4,13).
Therefore, similarly to other longitudinal studies on MU
(35,67), the changes in ΔF were assessed at the same relative
levels of muscle torque. In addition, we used 30-s trapezoidal
http://www.acsm-msse.org

http://www.acsm-msse.org


D
ow

nloaded from
 http://journals.lw

w
.com

/acsm
-m

sse by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

1y0abggQ
Z

X
dtw

nfK
Z

B
Y

tw
s=

 on 09/22/2024
contractions in this study. Despite that the estimation of PIC
has been successfully performed on long contractions
(35,71), another mechanism known as spike-frequency ad-
aptation could be altered by the level of physical activity
(72,73) and may contribute to the changes in PIC estimates
with muscle disuse (27). Finally, we did not include a rate–
rate correlation threshold among our criteria for MU
pairing. This threshold ensures the physiological assump-
tion for PIC estimation that paired MU receive common
synaptic input (26), but it dramatically decreases the num-
ber of MU pairs. However, a previous work showed that
the removal of rate–rate correlation threshold did not affect
ΔF values or variance (30). Also, estimating PIC only re-
quires the reporter unit to reflect the relative synaptic drive
of the test unit during recruitment and derecruitment (29),
whereas the rates might vary independently over prolonged
contractions as in our protocol. However, further studies are
needed to address these limitations.

CONCLUSIONS

It is well known that muscle force loss during disuse and re-
covery after exercise countermeasures are influenced by changes
in structural components (such as muscle mass, tendon stiffness,
NEUROMODULATION OF MUSCLE FORCE AFTER ULLS
fibers properties) and neural factors (NMJ transmission, oxida-
tive capacity, intracellular calcium handling), which are mostly
regulating muscle force production at the local/peripheral level.
Here we demonstrated that, at a central level, PIC could be one
of the factors contributing to muscle force loss and recovery after
lower limb unloading and reloading. In particular, we found that
the amplitude of PIC estimates in VL was reduced by ULLS,
contributing to the loss of force generation capacity. We also
found that 21 d of AR were sufficient to restore the initial values
of PIC estimates, highlighting the importance of exercise in
reactivating the neuromodulatory system. Understanding the role
of neuromodulation as a contributor to muscle force tuning with
disuse may have important implications for the preservation/
recovery of muscle functionality in several conditions such as
prolonged limb unloading due to musculoskeletal injuries or dis-
eases, or as a consequence of space flight in astronauts.
The present study was funded by the Italian Space Agency (ASI),
MARcatori biologici e funzionali per la biomeccanica aStronautica di
PREcisione (project number: DC-VUM-2017-006). None of the authors
has any conflicts of interest. The results of the study are presented
clearly, honestly, and without fabrication, falsification, or inappropriate
data manipulation. The results of the study do not constitute endorse-
ment by the American College of Sports Medicine.
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