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Profiling age-related muscle weakness and wasting:
neuromuscular junction transmission as a driver
of age-related physical decline
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Abstract Pathological age-related loss of skeletal mus-
cle strength and mass contribute to impaired physical
function in older adults. Factors that promote the devel-
opment of these conditions remain incompletely under-
stood, impeding development of effective and specific
diagnostic and therapeutic approaches. Inconclusive ev-
idence across species suggests disruption of action po-
tential signal transmission at the neuromuscular junction
(NMJ), the crucial connection between the nervous and
muscular systems, as a possible contributor to age-

related muscle dysfunction. Here we investigated age-
related loss of NMJ function using clinically relevant,
electrophysiological measures (single-fiber electromy-
ography (SFEMG) and repetitive nerve stimulation
(RNS)) in aged (26 months) versus young (6 months)
F344 rats. Measures of muscle function (e.g., grip
strength, peak plantarflexion contractility torque) and
mass were assessed for correlations with physiological
measures (e.g., indices of NMJ transmission). Other
outcomes also included plantarflexion muscle
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contractility tetanic torque fade during 1-s trains of
stimulation as well as gastrocnemius motor unit size
and number. Profiling NMJ function in aged rats iden-
tified significant declines in NMJ transmission stability
and reliability. Further, NMJ deficits were tightly corre-
lated with hindlimb grip strength, gastrocnemius muscle
weight, loss of peak contractility torque, degree of te-
tanic fade, and motor unit loss. Thus, these findings
provide direct evidence for NMJ dysfunction as a po-
tential mechanism of age-related muscle dysfunction
pathogenesis and severity. These findings also suggest
that NMJ transmission modulation may serve as a target
for therapeutic development for age-related loss of phys-
ical function.

Keywords Weakness . Grip strength . Dynapenia .

Sarcopenia . Neuromuscular junction . Aging . Synapse

Abbreviations
CMAP Compound muscle action potential
MUNE Motor unit number estimation
NMJ Neuromuscular junction
RNS Repetitive nerve stimulation
SFAP Single-fiber action potential
SFEMG Single-fiber electromyography
SMUP Single motor unit potential

Introduction

Physical function declines with aging, beginning as
early as the fifth decade of life in humans [1]. Reduced
physical functioning affects the ability to maintain inde-
pendence and predicts increased risk for future cardio-
vascular disease, mobility decline, and mortality [2].
Population aging has prompted increased interest in
identifying mechanisms that contribute to, and interven-
tions for, this loss of function.

Two important contributors to physical function de-
cline are pathological age-related losses of skeletal mus-
cle function and size [3–5]. These are associated with
increased risk for falls, reduced quality of life, and
increased risk for mortality in older adults [6–10].
“Sarcopenia” was coined by Rosenberg in 1989 to de-
scribe age-related muscle wasting; roughly two decades
later, Clark and Manini proposed the term “dynapenia”
to describe age-related loss of muscle strength and

power [9, 11]. The term sarcopenia is now commonly
used to describe the geriatric syndrome of pathological
skeletal muscle size and function deficit [12], but spe-
cific criteria for the clinical diagnosis of sarcopenia
continue to evolve. Sarcopenia arises through multifac-
torial pathophysiological mechanisms, but risk factors
that contribute to the pathophysiology are incompletely
understood and likely individually variable [13, 14].
Interestingly, while inadequate maintenance of muscle
mass exerts clear negative consequences during aging,
the negative consequences of skeletal muscle function
deficit on older adults are more severe [9, 15].

Existing studies of the pathophysiology of age-
related skeletal muscle dysfunction implicate a combi-
nation of neurologic and muscular factors [16–18]. Of
particular interest is the intersection between the ner-
vous and muscular systems: the neuromuscular junction
(NMJ) [19–30]. The NMJ couples these systems for
motor output and control and forms a link for bidirec-
tional trophic signaling [19, 24, 26]. Importantly, in
rodent models, age consistently alters NMJ morpholog-
ical integrity [31–36]; whether such changes have func-
tional implications is less clear (i.e., whether these alter-
ations in NMJ morphology are associated with reduced
physiological and physical function is poorly under-
stood). In fact, some studies in aged mice have found
no correlation between NMJ morphological changes
and synaptic function, as measured by isolated ex vivo
recordings in the diaphragm [37]. Further, while aging
might be expected to diminish function at the NMJ,
isolated recordings of endplate potentials or endplate
currents (i.e., measuring NMJ synaptic transmission)
are enhanced in older versus younger mice [37–39].
Ex vivo NMJ recordings, however, do not directly test
whether endplate responses are adequate to reach action
potential threshold and generate action potentials
[40, 41].

To surmount this limitation, we have recently applied
single-fiber electromyography (SFEMG), a clinical
electrophysiological method for in vivo assessment of
NMJ transmission, in mouse models of aging [40]. Our
recent work using SFEMG demonstrated that aged (27-
month-old) mice show NMJ transmission failure in the
gastrocnemius muscle [40, 42]. SFEMG is an extracel-
lular technique that uses a selective electrode (i.e., a
specially constructed needle electrode with a very small
recording surface (25 micrometers)) to record action
potentials from individual muscle fibers and allows
sensitive detection of action potential generation failure
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[43, 44]. SFEMG is the most sensitive measure of
in vivo NMJ function [44]. Whether NMJ transmission
failure is associated with changes of muscle strength and
function during aging is unknown. As such, we aimed to
determine how NMJ transmission defects contribute to
loss of muscle strength and function in an aged rat
model. Our findings provide key new insight to guide
further preclinical and clinical studies of NMJ function
with aging.

Methods

Overview of study design and animal care

All procedures were approved and performed in accor-
dance with the Institutional Animal Care and Use Com-
mittee of The Ohio State University. A total of 8 young
F344 rats (6 months old, 3 females, 5 males) and 8 aged
rats (26 months old, 3 female, 5 male) were obtained
from the National Institutes of Health aging rat colony.
In rats, 26 months of age roughly corresponds to ~70
years of age in humans [45]. Rats underwent in vivo
assessments of grip strength, muscle contractility, NMJ
transmission, motor unit number, and terminal/endpoint
assessment of gastrocnemius muscle mass, as detailed
below.

Procedure for anesthesia

Rats were anesthetized during electrophysiological re-
cordings andmuscle contractility assessment via inhaled
isoflurane delivered at 3–5% for induction and 2–3% for
maintenance anesthesia using a SomnoSuite low-flow
anesthesia system (Kent Scientific, Torrington, CT).
Body temperature was maintained at 37°C with an
infrared heating pad (Kent Scientific). A petroleum-
based eye lubricant (Dechra, Northwich, UK) was ap-
plied to avoid corneal dryness and irritation. Hair of the
left forelimb and right hindlimb was shaved (model
VPG 6530, Remington, DeForest, WI).

Electrophysiological assessment of NMJ transmission

Repetitive nerve stimulation (RNS) and SFEMG were
performed to investigate sufficiency of NMJ transmis-
sion to elicit action potential. Decrement on RNS re-
flects reduction of the summated excitation of a muscle
following repetitive supramaximal stimulation of a

peripheral nerve [46]. During RNS, placement of elec-
trodes for stimulation, grounding, and recording were
the same as described below for compound muscle
action potential (CMAP). Repetitive CMAP amplitudes
were recorded following a train of 10 supramaximal
stimuli delivered to the sciatic nerve at 10, 20, 30, 40,
and 50 Hz. Change of CMAP amplitude between the
first stimulation and the 10th stimulation (decrement)
was calculated at each frequency (10, 20, 30, 40, 50)
with the following equation: % Amplitude decrement =
[(Amplitude of 10th response −Amplitude 1st response)/
Amplitude of 1st response] * 100%.

Stimulated SFEMG was performed similar to our
prior studies in mouse models using a clinical
electrodiagnostic system with Viking software (Natus
Neurology Inc., Middleton, WI, USA) [47]. SFEMG is
the most sensitive technique for interrogation of the
fidelity of NMJ transmission to generate an action po-
tential and is routinely used clinically [44, 46]. Individ-
ual muscle fiber action potentials are recorded using a
specialized electrode with a selective recording surface
and narrow filter settings during peripheral nerve stim-
ulation [44, 46]. Two isolated 28-gauge monopolar
needle electrodes (Natus Neurology Inc.) were inserted
subcutaneously at the proximal edge of the gastrocne-
mius muscle to stimulate the right tibial nerve at a
frequency of 10 Hz (constant current intensity 0.3–
10 mA with a pulse duration of 0.1 ms). Filter settings
were 1–10 kHz. Gain was adjusted from 200 to
1000 μV per division to visualize potentials. Sweep
speed was set at 500 μs, and a disposable strip ground
electrode (CareFusion, Middleton, WI, USA) was
placed on the left foot. The SFEMG recording electrode
(Natus Neurology Inc.) was inserted into the right gas-
trocnemiusmuscle parallel to the long axis of the muscle
fibers to record single-fiber action potentials (SFAPs)
and minimize muscle trauma. Stimulus was adjusted to
isolate SFAP for analysis. To consider a response as an
SFAP, the following criteria were required: rise time
from baseline peak to negative of <500 μs, minimum
amplitude (baseline peak to negative) of 200 μV, and a
stable all-or-nothing response. Jitter, or variability of
SFAP latency between discharges at a synapse, was
calculated from 50 to 100 consecutive shocks using
peak detection. Potentials with jitter <4 μs were not
included in the analyses to avoid potentials elicited by
direct muscle stimulation [48]. On average, 7 synapses
were assessed from each animal. A total of 50–100
consecutive discharges were assessed from each
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synapse to calculate jitter, and values were averaged by
animal. Blocking was calculated as the percentage of
junctions within each animal with evidence of NMJ
transmission failure to generate action potentials.

Assessment of grip strength and muscle mass

Bilateral forelimb and hindlimb grip strength were
assessed using a force transducer (Model GT3, Bioseb
SAS BP32025-F-13845 Vitrolles Cedex, Pinellas Park,
FL, USA). A researcher grasped the rat’s body, and once
the rat clasped the transducer bar, the researcher tugged
with a steady and constant motion until the rat lost grip.
Three trials of forelimb and hindlimb grip strength were
completed, and the average of the three trials was cal-
culated for forelimb and hindlimb grip and used for
analyses. Following completion of all in vivo assess-
ments, rats were euthanized with CO2 and decapitated,
and gastrocnemius muscles were removed and weighed.

Assessment of muscle contractile torque
and maintenance of contractile during stimulus trains

In vivo plantar flexion muscle contractility was assessed
using methods similar to those previously described in
mouse and rat models [49–51]. Briefly, an anesthetized
rat was placed in the supine position, and the right
hindlimb paw was affixed to a force plate using
Transpore medical tape (3M, Maplewood, MN). The
knee/distal femoral condyles were fixed to the platform
using blunt clamps. The right hindlimb and foot were
positioned with the tibia and foot at a 90° angle. A pair
of disposable monopolar electrodes (Natus Neurology
Inc.) was placed subcutaneously in the region of the
medial posterior leg near the tibial branch of the sciatic
nerve. Peak twitch torque was visualized during single
stimulations (0.20-ms square wave pulse), and stimulus
intensity was adjusted until eliciting maximal twitch
response. Subsequently, maximum torque production
was assessed by delivering trains of supramaximal stim-
uli (~120–150% of maximal stimulus level) at 5, 15, 30,
45, 90, and 150 Hz. For frequencies 5, 15, 30, 45, and
90, a 1-s train of stimuli was delivered, and for 150 Hz, a
900-ms train was delivered. The order of stimulation
trains was 150, 5, 15, 30, 45, and then 90 Hz. Thirty-
second rest periods were given between each stimulus
train. For comparisons between groups, we used peak
absolute maximal torque values and peak torque values
normalized to body mass and muscle mass.

Additionally, the % decline of plantar flexion torque
during the 1-s train at 90 Hz and the 900-ms train at
150 Hz (tetanic fade: % change between maximum and
minimum during tetanic stimuli) was compared between
young and aged rats [52].

Other neuromuscular outcomes

In vivo electrophysiological measures of CMAP ampli-
tude, average single motor unit potential (SMUP) am-
plitude, and motor unit number estimation (MUNE)
were acquired from the hindlimb and forelimb as previ-
ously described using a Sierra Summit clinical
electrodiagnostic system (Cadwell, Kennewick, WA)
[49]. For forelimb recordings, rats were positioned su-
pine, and the left paw was affixed to the stage with
Transpore medical tape (3M). A pair of TECA 6030-
TP surface disk electrodes (Natus Neurology) was light-
ly coated with electrode gel (Parker Labs, Fairfield, NJ)
and placed on the skin overlying the ventromedial fore-
limb muscles (E1) and the left paw (E2). An adhesive
electrode (Natus Neurology) was attached to the tail. A
pair of 28-gauge monopolar needle electrodes was used
as the cathode and anode for nerve stimulation and
placed subcutaneously over the mid-left pectoralis mus-
cle and just rostral to the left pectoralis muscle, respec-
tively, separated by approximately 1 cm. For hindlimb
recordings, the rat was placed in the prone position. The
right hindlimb was affixed to the stage with Transpore
medical tape (3M). A pair of TECA 6030-TP surface
disc electrodes (Natus Neurology) was lightly coated
with electrode gel and placed over the bulk of the
gastrocnemius muscle (E1) and on the calcaneus (E2).
A pair of 28-gauge monopolar needle electrodes was
used as the cathode and anode for nerve stimulation and
placed subcutaneously in the region of the sciatic nerve
at the proximal thigh.

During CMAP recordings, a supramaximal stimulus
(120% of maximum) was delivered to the left brachial
plexus and right sciatic nerves. Screen sensitivity and
duration were set as sensitivity of 200 mV, 20mV per
division, and duration of 10ms, 1 ms per division. Peak-
to-peak CMAP values were recorded in mV. Incremen-
tal stimulation was used to obtain 10 incremental CMAP
responses, which were averaged to determine average
SMUP size. MUNE values for the forelimb and
hindlimb were calculated as MUNE = CMAP / Average
SMUP.
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Statistical analysis

Statistical analyses were performed using GraphPad
Prism 8.4.3 (GraphPad Software Inc., San Diego, CA,
USA). All data were analyzed for normality with the
Shapiro-Wilk test. SFEMG jitter, grip strength, CMAP,
SMUP, and MUNE data were normally distributed and
were compared using unpaired t-tests. Body mass was
compared for age and sex using two-way ANOVA.
Muscle contractility and RNS were compared using
repeated measures, two-way ANOVA to investigate
effects of stimulation frequency and age. Sidak’s multi-
ple comparisons were used to compare RNS at each
frequency between young and aged rats. The Mann-
Whitney test was used to compare % blocking on
SFEMG and tetanic fade because these data were not
normally distributed. The Pearson correlation coeffi-
cients were calculated between data with normal distri-
bution and data with non-normal distribution The Spear-
man correlation coefficients were calculated. Simple
linear regression lines were added to all X-Y plots for
correlations between variables with normal distribu-
tions. A p-value of <0.05 was considered statistically
significant.

Results

Aged rats show overt NMJ transmission defects

We assessed NMJ transmission in two ways: SFEMG
and RNS. The RNS data demonstrated significantly
greater reduction of CMAP amplitudes during trains of
stimuli in aged versus young rats (~13% at 50 Hz) (Fig.
1a,b). Of note, RNS in young rats typically showed a
slight incremental response as is expected with stimulus
rates that do not allow interstimulus muscle relaxation
and thus muscle shortening [53]. Therefore, we exam-
ined the relative CMAP amplitude reduction in aged rats
(Fig. 1b). SFEMGwas also performed to investigate for
increased jitter and blocking. In Fig. 1c–d, SFEMG
recordings from a normal and a failing synapse are
shown. SFEMG jitter, a measure of NMJ transmission
variability, was significantly higher (~2-fold) in aged
rats (Fig. 1c). Similarly, NMJ blocking on SFEMG was
significantly higher in aged animals (~27% of synapses
showed blocking in aged rats versus only 1 synapse in
young rats (<2%)) (Fig. 1d).

Age-related increases of body mass and age-related
losses of muscle strength, mass, and contractility torque

Body mass was compared between aged rats ((aged
females, n=3, 259±22 grams and aged males, n=5, 444
±22 grams) and young rats (females, n=3, 197±23
grams; males, n=5, 349±12 grams) and showed signif-
icant differences for age (p<0.0001) and sex
(p<0.0001), but no interaction between age and sex
(p=0.1253) (two-way ANOVA). Hindlimb grip testing
revealed significant loss of muscle strength (both abso-
lute and normalized to bodymass) (Fig. 2a–b). Forelimb
grip testing revealed no difference between young and
aged rats when comparing absolute values (young, n=8
(5 males/3 females), 435±109 gram versus aged, n=8
(5 males, 3 females) 455±126 grams, p=0.7350) or
normalized values (young, n=8 (5 males/3 females),
1.6±0.7 grams/gram of body mass versus aged, n=8
(5 males, 3 females) 1.3±0.4 grams/gram of body mass,
p=0.2291) (data not shown).

In vivomuscle contractility assessment demonstrated
significantly reduced peak plantarflexion torque, both
absolute and normalized to body mass (Fig. 2c–d). At
endpoint, absolute muscle mass was significantly lower
in aged males versus young males but not in aged
females versus young females, and there were signifi-
cant reductions of muscle mass when normalized to
body mass and comparing across all sexes (Fig. 2e). In
contrast to peak absolute torque and peak torque nor-
malized to body mass, in vivo plantarflexion torque
normalized to gastrocnemius mass demonstrated no
significant differences between aged and young rats
(Fig. 2f).

In addition to peak torque production, we also inves-
tigated the ability of hindlimb plantarflexion muscles to
maintain torque during a single 1-s train of stimuli at 90
Hz. Similar to observations by Fogerty et al. in the
diaphragm muscle of aged rats, we observed increased
loss of torque production in aged rats during trains of
tetanic stimuli (i.e., tetanic fade) [52]. Therefore, we
compared the ability to maintain torque production dur-
ing 1-s train of 90-Hz stimulation between age groups
by calculating the % decline between peak torque and
minimum torque during the 1-s train of stimuli.
Figure 2g shows an example of an aged rat with features
of tetanic fade versus a young rat with stable torque
production. When examining % torque decline during a
1-s train of stimuli at 90 Hz, aged rats demonstrated a
four-fold greater loss of torque compared with young
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rats (Fig. 4h). Similarly, tetanic fade at 150 Hz was also
increased by roughly two-fold in aged rats (−55±32%)
compared with young rats (−26±19%) (unpaired t-test,
p=0.0485) (data not shown).

NMJ transmission defects correlate with muscle mass
and strength

To understand the relationship between NMJ defects
and muscle size and function, jitter and blocking on
SFEMG and CMAP amplitude decrement on RNS were
analyzed for correlations with gastrocnemius muscle

mass and normalized hindlimb grip strength. SFEMG
jitter and blocking significantly correlated with muscle
weight but showed only a trend for normalized hindlimb
grip strength (Fig. 3a–d). RNS was significantly corre-
lated with both muscle weight and normalized hindlimb
grip strength (Fig. 3e–f).

Peak contractile torque and torque fade correlate
with NMJ transmission defects

Associations between plantarflexion contractile torque
(peak and tetanic fade) were analyzed versus jitter and

Fig. 1 Aged rats demonstrate significant deficits in neuromuscu-
lar junction transmission. a–b Repetitive nerve stimulation dem-
onstrated significant reduction of compound muscle action poten-
tial (CMAP) amplitudes in aged versus young rats during trains of
10 stimuli delivered at 10, 20, 30, 40, and 50 Hz. (a Absolute in
aged and young rats. b Aged shown relative to young.) (Repeat
measure two-way ANOVA: frequency, p=0.6070; age, p=0.0099;
interaction, age × frequency, p=0.0695; Sidak’s multiple compar-
isons demonstrate significantly reduced amplitudes at 50-Hz stim-
ulation in aged versus young rats, adjusted p=0.0007.) c Repre-
sentative single-fiber electromyography traces showing single
muscle fiber action potentials recorded from a healthy synapse

with no blocking and normal jitter (scale: amplitude, 0.5 mV/
division and 500 μs/division). d Representative single-fiber elec-
tromyography traces showing single muscle fiber action potentials
recorded from a failing synapse with evidence of action potential
blocking and increased jitter (scale: amplitude, 1 mV/division and
500 μs/division). e NMJ jitter on single-fiber electromyography
showed increased variability of transmission (jitter) in aged versus
young rats (t-test: p=0.0023). e NMJ % blocking on single-fiber
electromyographywas increased in aged versus young rats (Mann-
Whitney test: p=0.0025). Young rats, n=8 (3 females, 5 males),
and aged rats, n=8 (3 females, 5 males). ** p<0.01, *** p<0.001
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blocking on SFEMG and CMAP amplitude decrement
on RNS. Peak plantarflexion torque (125 Hz stimula-
tion, normalized to body mass) did not correlate signif-
icantly with SFEMG jitter but was significantly corre-
lated with both SFEMG NMJ blocking and CMAP

amplitude decrement on RNS (Fig. 4a–c). In contrast,
associations with peak tetanic torque at 125 Hz normal-
ized to gastrocnemius mass did not show significant
correlation with mean jitter (Spearman, rs= −0.3363,
p=0.2191), NMJ blocking (Spearman, rs= −0.4902,

Fig. 2 Hindlimb grip strength, plantarflexionmuscle contractility,
and muscle mass in aged rats. Absolute hindlimb (a) and normal-
ized hindlimb (b) showed reduced muscle strength in aged rats
(p=0.0228 and p=0.0168, respectively). Grip: young rats, n=8 (3
females, 5 males), and aged rats, n=8 (3 females, 5 males) (females
filled circles, males empty circles). c During stimulation at 5, 15,
30, 45, 90, and 150 Hz, absolute plantar flexion torque was lower
in aged rats compared to young rats (stimulation rate p<0.0001,
age p=0.0260, and stimulation rate × age p=0.0004). d Similarly,
plantar flexion torque normalized to body mass was lower in aged
rats (stimulation rate p<0.0001, age p=0.0135, and stimulation rate
× age: p<0.0001). e Right: Absolute gastrocnemius muscle mass
was not significantly reduced in aged female (AF) versus young
female (YF) rats (unpaired t-test, p=0.2209, young females n=3,
aged females n=3) but was significantly reduced in aged male

(AM) rats compared with young males (YM) (t-test, p=0.0061,
young males n=5 and aged males n=4). e Left: Gastrocnemius
mass normalized to body mass was significantly reduced in aged
versus young rats (t-test, p<0.0001). Muscle weights: young rats,
n=8 (3 females, 5 males), and aged rats, n=8 (3 females, 4 males). f
Plantarflexion contractility normalized to gastrocnemius mass
demonstrated no difference between young and aged rats (stimu-
lation rate p<0.0001, age p=0.0.1018, and stimulation rate × age
p=0.2054). g Representative superimposed tetanic torque tracings
during a 1-s train of stimuli at 90 Hz from an aged and a young rat,
showing loss of torque (fade) in an aged rat versus stable torque
production in the young rat. h Aged rats demonstrated significant-
ly greater fade of torque production during a 1-s train of tetanic
stimulations at 90 Hz (Mann-Whitney, p=0.0499). * p<0.05, **
p<0.01, **** p<0.0001
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p=0.0656), or CMAP amplitude decrement on RNS
(Pearson, r=0.4208, p=0.1183) (data not shown). Tetan-
ic fade at 90 Hz was significantly correlated with
SFEMG jitter and blocking and CMAP amplitude dec-
rement on RNS (Fig. 4e–f).

Age-related motor unit defects correlate with NMJ
transmission defects

NMJ dysfunction is one of many possible defects in the
neuromuscular system that may contribute to age-
related decline. We explored other potential pathophys-
iological mechanisms of muscle decline including loss
of muscle excitation, motor unit number, and motor unit
size to investigate the relationship to NMJ dysfunction.
CMAP responses recorded from the gastrocnemius and

forelimb flexor muscles did not significantly differ be-
tween aged and young rats; there was, however, a trend
for lower amplitude in the hindlimb (Fig. 5a and d). In
contrast, MUNE was significantly lower in both mus-
cles in aged versus young rats (22% in the forelimb and
32% in the hindlimb) (Fig. 5c and f). SMUPs also
differed significantly between groups in the hindlimb
(Fig. 5e), but not the forelimb (Fig. 5b).

To investigate potential interrelationships between
NMJ transmission and motor unit changes, we explored
the correlations between SFEMG measures of jitter and
blocking and RNS CMAP amplitude decrement versus
CMAP amplitude, average motor unit size (SMUP), and
motor unit number estimation. SFEMG jitter and blocking
showed significant inverse correlations with CMAP am-
plitude and MUNE but not SMUP (Fig. 6a–f). RNS

Fig. 3 NMJ transmission defects correlate with normalized grip
strength. a–b Increased single-fiber electromyography jitter (NMJ
variability, mean consecutive delay) was correlated with lower
normalized gastrocnemius weight (a Pearson r=−0.6924,
p=0.0042) but not normalized grip (b Pearson r=−0.3430,
p=0.1934). c–d Similarly, increased single-fiber electromyogra-
phy blocking (NMJ failure) correlated with lower muscle weight
(c Spearman rs=−0.5738, p=0.0278) but not normalized grip (d

Spearman rs= −0.4598, p=0.0745). e–f Greater RNS CMAP am-
plitude decrement (loss) correlated with lower gastrocnemius mus-
cle weight normalized to body weight (e Pearson r=0.6147,
p=0.0148) and lower grip strength normalized to body weight (f
Pearson r=0.6009, p=0.0138). Muscle weights: young rats, n=8 (3
females, 5 males), and aged rats, n=7 (3 females, 4 males). Grip:
young rats, n=8 (3 females, 5 males), and aged rats, n=8 (3
females, 5 males)
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Fig. 4 Peak plantarflexion torque and torque fade correlate with
measures of NMJ transmission defects. Peak plantarflexion torque
(normalized to bodymass) demonstrated no significant correlation
with a single-fiber electromyography (SFEMG) jitter (Spearman
rs = −0.4948, p=0.0532) but significant correlations with b
SFEMG NMJ blocking (Spearman rs = −0.6418, p=0.0091) and
c CMAP amplitude decrement on RNS (Pearson r=0.6941,

p=0.0029). Young rats, n=8 (3 females, 5 males), and aged rats,
n=8 (3 females, 5 males). Tetanic fade % demonstrated significant
correlations with d. SFEMG jitter (Spearman rs=−0.6406,
p=0.0089), e blocking % (Spearman rs=−0.6777, p=0.0053), and
f RNS decrement (Spearman rs=0.5088, p=0.0464). Young rats,
n=8 (3 females, 5 males), and aged rats, n=8 (3 females, 5 males)

Fig. 5 Motor unit connectivity is reduced in forelimb and
hindlimb muscles of aged rats. In the forelimb, a compound
muscle action potential (CMAP) and b single motor unit (SMUP)
amplitudes were not significantly altered (p=0.4917 and
p=0.1216, respectively), but c motor unit number estimation
(MUNE) was significantly lower in aged versus young rats

(p=0.0134). In the hindlimb, dCMAPwas not significantly altered
(p=0.0655), but both e SMUP amplitudes and f MUNE were
significantly lower in aged versus young rats (p=0.0074 and
p=0.0010, respectively). Young rats, n=8 (3 females, 5 males),
and aged rats, n=8 (3 females, 5 males). Unpaired t-test. *p<0.05,
**p<0.05
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showed correlation with SMUP and MUNE but not
CMAP (Fig. 6g–i).

Discussion

While loss of muscle mass and strength confer risk for
adverse health outcomes in aging populations [54–59],
key mechanistic underpinnings and major pathophysio-
logical drivers of these have remained elusive. Here we
report novel findings that aging results in NMJ trans-
mission defects in rat hindlimb muscles, specifically the
gastrocnemius, and perhaps more importantly, these
NMJ functional defects are correlatedwith grip strength,
muscle mass, peak muscle contractile torque produc-
tion, and tetanic contractile torque fade.

Aged rats demonstrate striking NMJ defects

Using different techniques, NMJ transmission can be
assessed on the level of an isolated synapse, a single
muscle fiber, and a muscle or group of muscles (Fig. 7).
In the current study, we used two in vivo methods,
SFEMG and RNS, to demonstrate that reliability of
NMJ transmission to trigger action potentials is reduced
in hindlimb muscles of aged rats. SFEMG and RNS are
standard clinical electrophysiological methods that as-
sess NMJ transmission at the level of individual muscle
fibers and muscle, respectively [44, 46]. SFEMG as-
sesses two parameters of NMJ reliability, jitter and
blocking, and RNS assessed CMAP amplitude change
or decrement. In Fig. 7, the physiological underpinnings
of increased jitter and blocking on SFEMG and CMAP
amplitude decrement on RNS are shown. The safety

Fig. 6 NMJ transmission defects correlate with motor unit con-
nectivity (a–c). Jitter showed significant inverse correlation with
CMAP amplitude (Pearson r=−0.7022, p=0.0024), nonsignificant
direct correlation with SMUP (Pearson r=0.4134, p=0.1114), and
significant indirect correlation with MUNE (Pearson r=−0.5507,
p=0.0271). d–f Similarly, blocking showed significant inverse
correlation with CMAP amplitude (Spearman rs = −0.7760,
p=0.0008), nonsignificant direct correlation with SMUP

(Spearman rs = 0.4051, p= 0.1200), and significant indirect corre-
lation with MUNE (Spearman rs = −0.6289, p=0.0110). g–i RNS
showed no significant correlation with CMAP amplitude (Pearson
r=3896, p=0.1357) but significant indirect correlation with SMUP
(Pearson r=−0.5241, p=0.0372) and significant direct correlation
with MUNE (Pearson r=0.6284, p=0.0091). Young rats, n=8
(3 females, 5 males), and aged rats, n=8 (3 females, 5 males)
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factor at the NMJ describes sufficiency of the endplate
response to reach threshold for action potential genera-
tion (Fig. 7a). Loss of the safety factor (i.e., insufficien-
cy of synaptic function to trigger muscle fiber action
potential) can be related to reduction of the endplate
response (Fig. 7b) as well as altered muscle fiber thresh-
old (Fig. 7c). Interestingly, the majority of the available
data support that endplate responses are maintained or
even accentuated in aged rodents [37–39, 60]. These
prior findings of endplate response maintenance in aged
rodents could suggest no loss of NMJ transmission
reliability in aged rodents, but this possibility is based
on the assumption that muscle fiber threshold for action
potential generation is not altered as shown in Fig. 7c.

NMJ transmission failure maps to muscle size, strength,
and contractility

We investigated the relationships between NMJ trans-
mission defects and muscle mass, grip strength, and
muscle contractile torque production to understand
how NMJ defects may be involved in age-related skel-
etal muscle dysfunction. Perhaps one of the most strik-
ing findings we noted was that aged rats not only dem-
onstrated losses of peak torque but also demonstrated
rapid fade of torque production Hz (tetanic torque fade)
during trains of stimuli at 90 Hz and 150 compared with
young rats. These findings are consistent with inability
of aged rats to maintain force production during trains of
stimuli akin to sustained muscular tasks and power
output. Tetanic torque fade was strongly correlated with
RNS and SFEMG findings, suggesting that NMJ trans-
mission defects likely contribute to this maintenance of
contractility dysfunction. Similar results were reported
by Fogarty and colleagues in the diaphragm of aged
F344 rats [52]. A limitation of the current study, unlike
the study by Fogarty and colleagues, is that muscle
contraction following nerve stimulation was not com-
pared to contraction following direct muscle stimulation
[52]. Additionally, here we only tested isometric con-
tractions with the hindlimb at a fixed 90° position, and
therefore investigating different types of contractions
and muscle lengths and positions with indirect and
direct stimulation approaches could provide important
and novel insights in regard to neuromuscular function
deficits in aging.

We found that hindlimbmuscle strength was reduced
in aged rats and also showed significant associations
with measures of NMJ transmission defects, but perhaps

as expected, as grip strength only assesses peak strength,
these relationships were moderate. Future work could
potentially explore these relationships by using more
comprehensive assessment that includes measures of
muscle power. Importantly, muscle power has been
shown to be a strong predictor of physical function in
older adults [61–63]. The fact that SFEMG assesses
individual muscle fibers rather than summated muscle
fiber action potentials (CMAP) makes SFEMG more
sensitive as compared with RNS [44, 46, 64]. Yet,
SFEMG interrogates only a subpopulation of synapses
in a muscle and thus may not provide an accurate
summation of functional status of the muscle assessed,
and the findings in some instances of stronger correla-
tions with RNS as compared with SFEMG in our studies
may be related to this difference between the techniques.
An important point worth mentioning regarding
SFEMG is that it cannot be performed to selectively
record from selected muscle fiber types, and thus the
SFEMG recordings will likely be from a variable mix of
muscle fiber types. This may be important as older
adults have been shown to be predisposed to greater
losses of type II fibers [65]. In this study we focused on
the gastrocnemius, and in future studies investigating
different muscles with differing compositions of muscle
fiber types should be considered. It is also important to
point out that SFEMG or RNS cannot ascertain the
mechanism underlying a defect in neuromuscular trans-
mission (Fig. 7b–c).

In addition to muscle contractile torque and strength,
we showed that NMJ defects on SFEMG and RNS also
correlated with wet muscle mass. The link between
altered NMJ transmission and muscle weight may be
related to changes in trophic signaling or possibly im-
proved muscle activation and therefore improved mus-
cle size maintenance integrity [66, 67]. Together, these
findings provide preliminary evidence that NMJ trans-
mission loss may be an important contributor to age-
related physical function decline due to a link to muscle
weakness and wasting.

Other age-related neuromuscular defects
and the relationship with NMJ defects

Defining the cellular mechanisms of sarcopenia is nec-
essary to improve technologies for diagnosis and mon-
itoring and to inform the development of effective ther-
apeutic interventions. Here, similar to prior rodent stud-
ies, we identified age-related loss of motor unit numbers
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Fig. 7 Abnormal NMJ transmission and single-fiber electromy-
ography (SFEMG) and repetitive nerve stimulation (RNS) corre-
lates of synaptic alterations. Synaptic responses: a normal NMJ
with normal endplate potential and action potential threshold
(dotted line) in the top trace and action potential (AP) responses
in the bottom trace. Since the endplate potential is large, the
variability in endplate potential amplitude normally present at the
NMJ has little effect on the timing of the muscle fiber action
potential. b Abnormal NMJ with reduced endplate potential am-
plitude. Because the endplate potentials are smaller (top trace),
their variability in amplitude introduces variability in muscle AP
latency and failure (bottom trace). c NMJ with normal synaptic

function, but reduced muscle fiber excitability, which causes in-
creased threshold. The increase in muscle fiber action potential
threshold causes the same increase in muscle AP latency and
failure (bottom trace) as seen with reduced endplate potential
amplitude. Single muscle fiber responses: d normal single-fiber
electromyography (SFEMG) showing normal jitter and no action
potential blocking. e–fAbnormal SFEMG showing increased jitter
and blocking. Muscle responses: g normal repetitive nerve stimu-
lation (RNS) showing no compound muscle action potential
(CMAP) amplitude decrement. h–i Abnormal RNS showing
CMAP amplitude decrement. (Created with BioRender.com)
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in the gastrocnemius of aged rats [35, 50, 68–70]. There
are various MUNE techniques employed preclinically
and clinically with different limitations, but spike-
triggered approaches are often considered a standard in
aging research [71, 72]. The spike-triggered approaches
require voluntary contraction which preclude preclinical
application, and therefore here we used a variation of the
incremental technique [72]. We have shown this ap-
proach to have good test-retest reliability in the hindlimb
and forelimb with low mean coefficient of variation
(~11%), correlate with retrograde labeled motor neuron
counts, and detect motor unit losses in a genetic model
of motor neuron degeneration, the G93A SOD1 rat [49].
Similar to a prior study in aged rats, we showed that
functional deficits appear more severe in the hindlimb as
compared with the forelimb [35]. In contrast to forelimb
and hindlimb MUNE, CMAP amplitudes recording
from the forelimb and hindlimb were not significantly
reduced in aged rats, but the hindlimb CMAP did show
a trend toward reduction. These CMAP amplitude find-
ings combined with the findings on SMUP amplitude in
the forelimb and hindlimb suggest that age-related mo-
tor unit losses were relatively well compensated for by
collateral sprouting. This was indicated by a significant
38% increases in SMUP amplitude in the hindlimb and
nonsignificant 20% increase in the forelimb. CMAP
amplitude reduction during aging is expected. Yet, non-
significant changes of CMAP amplitude have been ob-
served in prior preclinical studies and clinical studies,
and this is possibly related to variability in the sufficien-
cy of collateral sprouting [73, 74].

We were also interested in the relationships between
CMAP, SMUP, and MUNE versus SFEMG jitter and
blocking and RNS. These correlation analyses showed
that rats with the highest CMAP amplitudes and MUNE
values and smallest SMUP tended to show the most
preservation of NMJ function. Whether NMJ dysfunc-
tion during aging is related to secondary process of
motor unit loss and ineffective NMJ remodeling versus
a primary age-related NMJ defect remains unclear. Re-
cent clinical work has suggested that sarcopenia pheno-
types may be related to inadequate NMJ remodeling and
transmission instability and have also suggested that
exercise may promote improvements in collateral
sprouting [75–77]. Full understanding of the interrela-
tionships between motor unit loss, NMJ transmission
defects, and muscle function characteristics requires
additional study, particularly in larger preclinical and
clinical cohorts. Future studies using the in vivo

methodologies described here could be performed lon-
gitudinally to investigate the onset and progression of
motor unit losses (e.g., MUNE reduction), NMJ remod-
eling (e.g., SMUP increases), and NMJ transmission
reliability and to interrogate the impact of interventions
on these changes.

NMJ transmission and the possible link to age-related
muscle dysfunction across species

In a recent study of aged mice, assessed with SFEMG,
we demonstrated NMJ transmission failure in aged
mice, but associations with strength were not assessed
[40]. Thus, here we sought to identify similar NMJ
transmission defects in an aged rat model and determine
whether associations with strength were evident. In-
deed, we acquired electrophysiological evidence via
RNS and SFEMG for NMJ transmission failure in aged
rats at an age equivalent to approximately 65–70 years
in humans [78]. NMJ transmission failure in limb mus-
cles is therefore a feature of aging conserved between
mice and rats. However, the human age equivalent of
affected rats in the current study (~65–70 years) is
earlier than that of affected mice in our prior study
(80+ years) which included ages from across the
lifespan of mice; thus, NMJ defects appear to emerge
at younger ages in rat [40, 78, 79]. Interestingly, our
prior studies investigating SFEMG in aged mice did not
consistently show tetanic torque fade (unpublished ob-
servation), and SFEMG findings were not significantly
correlated with peak muscle contractility torque or wet
muscle mass [40]. NMJ defects may therefore play a
greater role in age-related muscle dysfunction in rats
than in mice. As rats are sometimes considered a closer
model to human neuromuscular physiology, this may be
a particularly important finding [80–82]. Here we only
investigated a single muscle (the gastrocnemius) and
two ages of rats, and thus further studies are needed to
better understand NMJ transmission defect onset and
progression with aging.

Potential translational implications of NMJ defects

Our findings highlight NMJ transmission failure as a
candidate mechanism for age-related loss of physical
function. Modulation of NMJ transmission could there-
fore represent a potential method to reduce age-related
muscle dysfunction in older adults. SFEMG is routinely
used clinically for the diagnosis of NMJ disorders such
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as myasthenia gravis [46]. There exist some limited
clinical SFEMG data, measured during voluntary con-
tractions, that show increased jitter in older adults;
blocking has not been described in older adults except
in the context of clinical neuromuscular disorders such
as motor neuron disease and myasthenia gravis [83].
Importantly, voluntary SFEMG can only interrogate
low-threshold motor units, while stimulated SFEMG
bypasses this limitation [44, 84]. Aged-related changes
in the neuromuscular system of humans disproportion-
ately involve type 2 fibers (type 2>1 atrophy in muscle
biopsies of sarcopenic older adults) [85]. Thus, it re-
mains possible, or perhaps likely, that inadequate NMJ
transmission to trigger action potential generation could
disproportionately affect higher-threshold motor units.
We are not aware of any clinical studies that have
specifically investigated blocking on stimulated
SFEMG in the context of aging and sarcopenia. Some
recent evidence using a less selective technique (near-
fiber electromyography) supports instability of NMJ
transmission in older adults on the basis of increased
jitter, which would be akin to blocking on SFEMG [76,
86–89]. One caveat of this technique is that it does not
specifically isolate individual muscle fiber potentials to
distinguish failure. Future studies leveraging the
SFEMG approach to interrogate NMJ failure in older
adults with sarcopenia are needed.

Summary

This study provides support that age-related loss of
muscle function involves NMJ transmission failure.
Such defects could be variable between species, and
similarly, individual patients may exhibit variable
drivers of sarcopenia phenotypes. Clinical studies will
be important to delineate the role of NMJ transmission
failure in older adults.
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