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Abstract

Alzheimer’s disease (AD) develops along a continuum that spans years prior to diagnosis. Decreased muscle function and
mitochondrial respiration occur years earlier in those that develop AD; however, it is unknown what causes these
peripheral phenotypes in a disease of the brain. Exercise promotes muscle, mitochondria, and cognitive health and is
proposed to be a potential therapeutic for AD, but no study has investigated how skeletal muscle adapts to exercise training
in an AD-like context. Utilizing SXFAD mice, an AD model that develops AD-like pathology and cognitive impairments
around 6 mo of age, we examined in vivo neuromuscular function and exercise adapations (mitochondrial respiration and
RNA sequencing) before the manifestation of overt cognitive impairment. We found 5xFAD mice develop neuromuscular
dysfunction beginning as early as 4 mo of age, characterized by impaired nerve-stimulated muscle torque production and
compound nerve action potential of the sciatic nerve. Furthermore, skeletal muscle in 5xFAD mice had altered,
sex-dependent, adaptive responses (mitochondrial respiration and gene expression) to exercise training in the absence of
overt cognitive impairment. Changes in peripheral systems, specifically neural communication to skeletal muscle, may be
harbingers for AD and have implications for lifestyle interventions, like exercise, in AD.
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Introduction

Alzheimer’s disease (AD) develops along a continuum, begin-
ning with a preclinical phase that spans several years to pos-
sibly decades before clinical manifestation as mild cognitive
impairment (MCI) and eventual diagnosis as AD.»? This pro-
longed pre-clinical phase has led to speculation that therapeu-
tic strategies might be developed that delay or prevent AD onset.
As a portion of AD cases are linked to modifiable risk factors,>*
understanding phenotypes and related mechanisms of preclin-
ical or early stage AD could lead to earlier diagnostic markers
and novel therapeutic interventions. In particular, loss in muscle
mass and associated motor functions, such as reduced muscle
strength (dynapenia) and gait speed, predict the rate of cognitive
decline and development of MCI, and those with more muscle
mass and strength are less likely to show deficits.>'° Therefore,
while AD is an age-associated disease of the brain, accumulat-
ing evidence suggests peripheral physiologic phenotypes, such
as declining skeletal muscle health, may be harbingers for AD
before clinically evident as cognitive impairment. But what ini-
tiates skeletal muscle decline in the context of early stage AD is
unknown.

Skeletal muscle contraction is induced by the depolariza-
tion of « motor neurons that send action potentials along their
axons to the neuromuscular junctions of innervated myofibers.
Mitochondria are critical for meeting the energetic demands of
contracting skeletal muscle and neurons by utilizing nutrient
substrates to generate ATP. Mitochondrial dysfunction in neu-
rons is well established as a characteristic of both AD-diagnosed
humans and mouse models of AD. Recent evidence in humans
has demonstrated skeletal muscle mitochondrial function to
be a predictor of AD pathology,® and impaired skeletal mus-
cle mitochondrial respiration has been reported in individuals
with MCIL.° Mitochondrial function, particularly within skeletal
muscle, can be maintained into advancing age through regular
exercise. Low physical activity has been identified as a modifi-
able risk factor for AD and other age-related pathologies that
are associated with increased risk for developing AD (eg obe-
sity, hypertension, and diabetes) are modifiable through regu-
lar exercise.® However, support in the literature for a benefit of
exercise on AD is less clear.!? Data from two multi-decade-long
studies suggest there is no preventative effect on AD, though
exercise did mitigate other forms of dementia.’**? Studies that
explored exercise as an interventional strategy in mouse models
of AD have produced conflicting results.!?:3:1* Given the loss in
muscle mass and associated strength and motor impairments
during the early stages of AD,>7-1>"% it is possible that underly-
ing neuromuscular dysfunction in early AD affects adaptation to

exercise. However, to our knowledge, no studies have examined
how skeletal muscle adapts to exercise training in AD, as mea-
sures of adaptive responses to exercise focus on brain pathology
and cognitive health.!%1413

The purpose of this study was to characterize neuromuscu-
lar function in an AD-like context while minimizing age-related
neuromuscular dysfunction as a possible variable in wild type
(WT) animals. Furthermore, we aimed to assess whether the
adaptation of skeletal muscle to aerobic exercise is altered in
early AD-like pathology prior to the manifestation of overt cog-
nitive impairment. 5XFAD mice are an established mouse model
of AD that develops significant extracellular Ag plaques in the
brain by 4 mo of age with declines in cognition starting around
6 mo of age.’®'° Additionally, 5xFAD mice have previously been
reported to develop motor dysfunction around 9 mo of age.’8-2°
While no single animal model of AD recapitulates all aspects of
the pathology, we posited that such early development of AD-
like pathology makes the 5xFAD model appropriate for inves-
tigating early stage AD-like phenotypes in peripheral systems,
such as skeletal muscle, without advancing age in WT counter-
parts being a confounding variable.”” We hypothesized neuro-
muscular dysfunction would be an early characteristic in 5XFAD
mice and that exercise-mediated adaptation of skeletal muscle
would be altered in the absence of overt cognitive impairment.

Materials and Methods
Animals

All experimental procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) at Virginia Tech. Mice
were housed in temperature-controlled (21°C) quarters with
12:12h light-dark cycle and ad libitum access to water and chow
(Purina). Heterozygous 5xFAD mice were obtained commercially
(Jackson Laboratories, strain #034840). The SXFAD mouse model
develops aggressive AD-like pathology due to the overexpres-
sion of APP and PSEN1 containing five familial AD mutations in
forebrain neurons under the control of a Thyl mini-gene.'® Male
and Female heterozygous mice and WT littermates were from
colonies bred in the house. Genotypes were confirmed via PCR
of DNA isolated from tail snip.

In-vivo Muscle Function

Force-frequency relationship of the plantar flexor muscles was
assessed monthly, as previously described,?*?* at 3, 4, 5, and
6 mo of age to precede the development of significant Ag plaques
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(4 mo) and end around the earliest reported development of cog-
nitive impairment (6mo).?® Briefly, Plantar flexor torque was
determined by the force (mN) applied to and multiplied by the
length of the foot pedal (m). The units were set to mN x m. Iso-
metric torque was determined with the foot at 90° to the tibia
(neutral position) over a series of stimulations at frequencies: 1,
10, 30, 50, 65, 80, 100, 120, 150, 180, and 200 Hz via F-E2 platinum-
tipped needle electrodes (Natus Manufacturing, Gort, Ireland) to
apply stimulations from the 701C stimulator (ASI, Aurora, ON,
Canada). For tibial nerve depolarization, two electrodes were
taped together ~3 mm apart and inserted percutaneously, distal
from the knee, parallel along the tibia. For direct muscle stim-
ulation, electrodes were placed within the proximal and distal
heads of the gastrocnemius to recruit approximately the same
number of motor units as with tibial nerve depolarization,?
thus bypassing motor nerve-directed input. Data were plotted
as torque normalized to mouse body mass (mN x m/g). Rela-
tive torque data were calculated as each respective mouse value
for each time point/baseline torque x 100%. Nerve-stimulated
torque production at 100 Hz was normalized to direct muscle-
stimulated torque production at 100 Hz as a proxy of nerve trans-
mission to skeletal muscle via neuromuscular junctions.?

Compound Nerve Action Potential (CNAP) of Sciatic
Nerve

Compound nerve action potential (CNAP) duration, an index of
conduction in nerve bundles?® was measured by a stimulus elec-
trode placed at distance greater than 3 mm from a bipolar sens-
ing electrode in differential amplifier mode with electrode spac-
ingat2mm (2x103 m). The common ground for the bipolar sens-
ing electrode and stimulation electrode were placed in the foot
of the mouse. Signal from the bipolar electrode was amplified
by a Hugo Sachs Electonik D-79232 amplifier and digitized by a
Powerlab 4/35 at a sampling rate of 4kHz. The left sciatic nerve
was stimulated at a period of 1s, 10mV, and 1 m/s monophasic
pulse using a model 4100 isolated high-powered stimulator (A-M
Systems, Sequim, WA, USA).

Exercise Training

Heterozygous 5xFAD and WT littermates were randomly
assigned to exercise training or sedentary groups at 10 wk of age.
Mice selected for exercise training were individually housed in
cages with running wheels with the wheels locked for two days
to acclimate before releasing the wheel on day three. Mice in
running wheels were monitored daily for the first week and any
mouse that declined to utilize the running wheel during this
time was removed from the study. Sedentary mice were group
housed in cages between 2 and 5 mice per cage without running
wheels. Exercising mice were given free access to the running
wheel and both exercised and sedentary mice were provided
food and water ad libitum. Daily running distance was recorded
via Lab View software.

Exercise Capacity

After 6-8wk of running (16-18 wk of age), all mice were accli-
mated for 10min at 13m/min at 0% incline for 3 consecu-
tive days prior to testing endurance capacity, as previously
described.?’:2® The night before testing, the running wheels
were locked. On the fourth day, mice performed an exhaus-
tive exercise test on a treadmill set to a 5% incline. Mice
ran at 13m/min for 30 min, after which treadmill speed was
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increased by 3m/min every 30 min, up to 28 m/min, until per-
ceived exhaustion. Exhaustion was defined as refusal to run,
despite prodding from a brush at the back of the treadmill, for
20s. Blood lactate was measured prior to and at the end of exer-
cise when exhaustion was perceived.

Cognitive Function via T-Maze

After 7-9wk of running (17-19wk of age) and at least 1wk
after exercise capacity testing, we assessed mice for cognitive
function via T-maze.?® Mice were placed in the testing room
for 20 min, undisturbed, to acclimatize. Mice were individually
introduced to the bottom of the T-maze with a divider isolat-
ing the mice from the rest of the maze. When the mouse was
facing away from the divider, the divider was removed, allow-
ing the mouse access to the maze. After choosing an arm of the
T-maze, defined as the entire body of the mouse having passed
the entrance wall, a guillotine door was closed, and the mouse
was isolated in the chosen arm of the maze for 30s (trial test).
The mouse was then removed and placed in a dark container for
1min before being reintroduced to the bottom of the maze and
the test repeated (a sample test). Selection of the opposite arm
from the trial test was counted as an alternation, thus assess-
ing working memory due to their nature to explore unfamiliar
areas.?” Time taken to make an arm choice was recorded and
a given test was stopped if a mouse exceeded 90s without a
decision made. The T-maze and surface were cleaned with 10%
ethanol between each mouse tested and flipped 180° to mini-
mize olfactory cues between mice.

Tissue Collection

Following cognitive testing, mice were allowed to run for an
additional 3wk. After 12wk (22wk of age) and following an
overnight fast, mice were anesthetized with 3% isoflurane. Tib-
ialis anterior (TA) was collected antemortem for mitochondrial
respiration. After which, mice were euthanized via cervical dis-
location and tissues were collected and snap frozen in LN,.

Skeletal Muscle Mitochondria Respiration and Citrate
Synthase Activity

Mitochondrial respiration was assessed via oxygen consump-
tion rates of permeabilized muscle fibers measured through
a high-resolution respirometry device (O2k, Oroboros Instru-
ments, Innsbruck, Austria). Methods for dissection, perme-
abilization, and specific substrate-uncoupler-inhibitor titration
(SUIT) protocols were performed as previously.3%-3? Briefly, one
TA muscle from each mouse was dissected in half. One half was
weighed and set aside for citrate synthase enzyme kinetics the
other half of the TA was dissected into fiber bundles ranging in
size from 5 to 15 myofibers per bundle and permeabilized with
100 pg/pL of saponin in buffer x. Fiber bundles were then rinsed
for 15min in buffer Z before being separated, and ~2.5 mg por-
tions were loaded into respirometry chambers. Measurements
were performed on 3-6 technical replicates at 25°C with con-
stant stirring and oxygen concentrations maintained between
300 and 500 umM/L. Baseline respiration rate was recorded after
fiber bundles were given time to equilibrate to the 02K chamber
and before the addition of any respiration substrates. Substrates
(2.5mm malate, 5mM succinate, 5mmM glutamate, 2.5 mm ADP,
and 0.5 uM rotenone) were sequentially injected into each cham-
ber once respiration was stable for 2 min. Integrity of the outer
mitochondrial membrane was assessed by injection of 10 um
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Cytochrome C. Oxygen consumption rates were normalized to
the wet weight of tissue loaded into the chamber. Initial baseline
respiration rates were subtracted from all rates before analysis.
For the citrate synthase enzyme kinetics the other half of the
TA muscle was homogenized in 33 milimolar PO, (1 mg/40 uL),
freeze thawed 3 times at —80°C, then combined with acetyl-CoA
and oxaloacetate and read in a spectrophotometer (Nexgen 5) at
412nm for 3min every 15s.

RNA Extraction, Sequencing, and Analyses

Snap frozen Gastrocnemius muscle was homogenized with
a mortar and pestle in LN2, then added to Trizol. Total RNA
was isolated using the Qiagen RNeasy Mini Kit (RNeasy Mini
Kit, QIAGEN, 74106). For the RNA sequencing (Novogene,
Durham, NC, USA), mRNA was purified from total RNA using
poly T oligo-attached magnetic beads. After fragmentation,
first-strand cDNA was synthesized using random hexamer
primers, followed by second-strand c¢DNA synthesis using
either dUTP for directional library or dTTP for non-directional
library. Libararies were checked with Qubit and real-time
PCR for quantification and a bioanalyzer for size distribution
detection. Quantified libraries were pooled and sequenced on
[lumina platforms according to effective library concentration
and data amount. Index of the reference genome was built
using Hisat2 v2.0.05 and paired-end clean reads were aligned
to the reference genome. Reads were maped to each gene using
featureCounts v1.5.0-p3 and then fragments per kilobase of
transcript sequence per millions base pairs sequenced (FPKM)
of each gene were calculated based on the length of the gene
and read count mapped. Differential expression analysis was
performed using the DESeq2Rpackage(1.20.0). Resulting P-
values were adjusted using Benjamini and Hochberg’s approach
for controlling the false discovery rate. Genes with an adjusted
P-value < 0.05 found by DESeq2 and were set as the thresh-
old for significantly differentially expressed. Gene ontology
(GO) enrichment analysis of differentially expressed genes
was implemented by the cluster Profiler R package, in which
gene length bias was corrected. Gene ontology terms with a
corrected P-value < 0.05 were considered significantly enriched
by differential expressed genes. Ingenuity Pathway Analysis
(Qiagen) was used to analyze differentially regulated pathways
between sedentary WT and 5xFAD at ~6mo (22wk) of age.
Chord diagrams were generated using the GOplot R package.

Statistics

Data are presented as mean + SEM and were analyzed and plot-
ted via GraphPad Prism 9.5.1. Data were analyzed via Student’s t-
test when one variable was present, two-way ANOVA when two
variables were present, or repeated measures two-way ANOVA
when two variables were measured in the same animals over
time. Post-hoc analyses were only performed when a significant
interaction between a categorical and a quantitative variable
was found, which is indicated in the figures where applicable.
Statistical significance was established a priori as P < 0.05.

Results
Longitudinal Assessment of Neuromuscular Function
in Vivo

To assess neuromuscular function in 5xFAD mice, we longitu-
dinally measured muscle torque production monthly in male

and female mice beginning at 3 mo of age (prior to the develop-
ment of significant Ag plaques®) until 6mo of age, when AD-
like cognitive impairment has been reported to manifest.!®1°
Muscle torque production of the plantar flexors (ie gastroc-
nemius, plantaris, and soleus) was determined first via tibial
nerve-stimulated contraction, then via direct muscle (gastroc-
nemius) stimulation 48h later (Figure 1A). This two-pronged
approach allows for discernment between the major physiologi-
cal processes responsible for skeletal muscle contraction; signal
transmission along motor nerves and muscle contractile pro-
teins.3*2! At 3mo of age, there was no difference in nerve- or
direct muscle-stimulated torque production between WT and
SXFAD mice in either males or females (Supplementary Figure
S1A, E, I, M). In male mice beginning at 4mo of age, nerve-
stimulated torque production significantly declined in 5xFAD
mice and remained so at 5 and 6mo of age, whereas nerve-
stimulated torque production in WT mice remained stable
over time (Figure 1B, C, J; Supplementary Figure S1B-D). While
torque production in female mice also significantly declined in
SxFAD by 6mo of age (Figure 1E; Supplementary Figure S1L),
the decline was not as consistent as in males (Figure 1D, E,
K; Supplementary Figure S1J-L). Interestingly, in both males
and females, no differences in torque production were found
when inducing muscle contraction through direct stimulation
(Figure 1F-1, L, M; Supplementary Figure S1E-H, M-P). Expressing
nerve-stimulated torque production relative to direct muscle-
stimulated torque production (Supplementary Figure S1Q, R),%
reinforced the notion that nerve-stimulated torque production
was impaired in 5xFAD mice. No differences in body weight
between groups were noted throughout the study, and therefore
differences in torque production are not due to differing mouse
size (Figure 1N, O). Collectively, these findings suggest the capac-
ity for skeletal muscle to produce torque remains intact in 5xFAD
mice up to at least 6 mo of age. Further, these findings implicate
impaired peripheral motor nerve conduction to skeletal muscle
is an early event in the AD-like pathology of 5xFAD mice.

Impaired Peripheral Nerve Function in 5xFAD Mice

To confirm whether nerve-stimulated plantar flexor torque pro-
duction was due to impaired nerve conduction, we assessed the
compound nerve action potential (CNAP) of the sciatic nerve at
7 mo of age. Sciatic nerve CNAP was measured in vivo by expos-
ing the nerve mid thigh and placing a stimulus electrode and a
bipolar sensing electrode along the axonal body of the nerve, the
common ground for the bipolar sensing electrode and stimula-
tion electrode was placed in the foot of the mouse (Figure 2A).
CNAP duration was significantly slower in both male and female
SxFAD mice compared to WT mice (Figure 2B, C). Importantly,
sciatic CNAP was normal between groups when measured in
male mice at 3mo of age (Supplementary Figure S2), correspond-
ing to the age when nerve-stimulated muscle torque production
was also normal (Figure 1B, C; Supplementary Figure S1A). To
gain further insights into possible changes in related nerve func-
tion, we assessed gene pathway changes via RNA sequencing of
RNA isolated from gastrocnemius muscle of 6 mo WT and 5xFAD
mice. We found altered expression of pathways involved in neu-
rotransmitter and nervous system signaling in both male and
female 5xFAD mice (Supplementary Figure S3A-G), which may
allude to further impairment in neuromuscular junctions. Taken
together with the reduced nerve-stimulated muscle torque pro-
duction in Figure 1, the development of peripheral nerve dys-
function and altered conduction to skeletal muscle in 5xFAD


https://academic.oup.com/function/advance-article/doi/10.1093/function/zqad066#supplementary-data
https://academic.oup.com/function/advance-article/doi/10.1093/function/zqad066#supplementary-data
https://academic.oup.com/function/advance-article/doi/10.1093/function/zqad066#supplementary-data
https://academic.oup.com/function/advance-article/doi/10.1093/function/zqad066#supplementary-data
https://academic.oup.com/function/advance-article/doi/10.1093/function/zqad066#supplementary-data
https://academic.oup.com/function/advance-article/doi/10.1093/function/zqad066#supplementary-data
https://academic.oup.com/function/advance-article/doi/10.1093/function/zqad066#supplementary-data
https://academic.oup.com/function/advance-article/doi/10.1093/function/zqad066#supplementary-data
https://academic.oup.com/function/advance-article/doi/10.1093/function/zqad066#supplementary-data

Brisendine etal. | 5

Mon}hly

Day 1
Tibial Nerve Stimulation

|48 hr rest]

Day 4
Direct Muscle Stimulation

- o
B3 D3
5 Gos d g_’_m‘n
EEos EEe
B Zos & Zo.
géo.a ggo‘
& Zo2 § 3o
Z o Z g0
@©
2Foo '_§"“‘
= 3 (= 4
d PSS DESIP R VLA NP P P QP P SR P
Y Frequency (Hz) d Frequency (Hz)
- o
529 E S5
T Gos 58
E Eo5 ES°
HZos (7] %0-
o Eos g =0
Sz o
5 Qo2 @ 350
g
= o =L
oo 5o
= 3 - 3
gy o S5 S ESESEES ooy SJaW*vamww
4 Frequency (Hz) Frequency (Hz)
J %E K 2, os
Egs 25 05
éﬁ o = O D4
<'E h-g™
g g > ow® = 0.34
g3 E 5 3 Eoz
<5 ZE~04]
B8 508
a o 0.0-
= =
Age (mo)
N 40 0 40
@ 930.
o 30 V_O,_Q—o ow
o8 T 8
5 S 20 E 220 —0—00
= = Effect of Age p <0.0001 3 ]
F 10 B 1o Efectoragep <0000
ot &
M
0 o
3 4 5 6 3 4 5 6

Age (mo)

Age (mo)

z
Ect
E Eos
= 5
0w Z o4
o E
B Eos
8302
= o1
gleu‘u
o 3.4
oo SRR EP P PSP
e o S PP
g o PRESPPI ISP Y Frequency (Hz)

Frequency (Hz)

Direct Muscle Stimulated
Torque (mN*m/g)
Direct Muscle Stimulated

3
4
0 i, 5 A R 00 3,5 PRSPPI PP
Y Frequency (Hz) 4 Frequency (Hz)
o b=
2 ]
L 5. os M 5, v
ES 05 g—F—F—1 ES . 05
$ 2 Doa B2 P04 =%
o £ BEe 03
2503 gES 0
@0z SE
4 28E02 2 3E 02
23E =
5 01 E'E 0.1
E" 0.0 2 0.0
& 3 4 5 6 a 3 4 5 86
Age (mo) Age (mo)

O widtype A 5xFAD

Figure 1. Development of neuromuscular dysfunction in male and female 5xFAD mice. (A) Study the design of tibial nerve-stimulated plantar flexor torque production
followed by direct muscle stimulation 48 later, performed monthly from 3 to 6 mo of age. B-I Torque-Frequency Curves; (B) Male WT tibial nerve stimulation. (C)
Male 5xFAD tibial nerve stimulation. (D) Female WT tibial nerve stimulation. (E) Female 5xFAD tibial nerve stimulation. (F) Male WT direct muscle stimulation. (G)
Male 5xFAD direct muscle stimulation. (H) Female WT direct muscle stimulation. (I) Female 5XFAD direct muscle stimulation. J-M Torque at 100 Hz; (J) Male torque
production at 100 Hz via tibial nerve stimulation. (K) Female torque production at 100 Hz via tibial nerve stimulation. (L) Male torque production at 100 Hz via direct
muscle stimulation. (M) Female torque production at 100 Hz via direct muscle stimulation. (N) Male body mass. (O) Female body mass. n = 5 per group and sex. Data
presented as mean + SEM and repeated measures two-way ANOVA was performed and Sidak’s post-hoc test performed when significant interaction between variables

was observed (*P < 0.05 and **P < 0.01). Panel A created in Biorender.

mice is analogous to early stage AD pathology found in AD and
MCI subjects.>1>17,34

Improved Exercise Capacity with Exercise Training

Exercise has been proposed as a potential interventional strat-
egy to delay AD onset and/or cognitive decline, although sup-
port for this notion in the literature is less clear.’® Beginning
at 10wk of age (prior to the development of neuromuscular or
cognitive dysfunction), male and female 5xFAD and WT mice

were randomly assigned to a sedentary group or given ad libi-
tum access to running wheels for 12 wk (Figure 3A, D). Exercise
capacity significantly increased with exercise training in both
males and females, irrespective of genotype (Figure 3B, C, E, F).
However, there was a significant effect of genotype for exer-
cise capacity to be lower in female 5xFAD mice (Figure 3E). In
both male and female, heart wet weight increased with exercise
training regardless of genotype (Supplementary Figure S4A, B),
consistent with improved exercise capacity. However, female
SXFAD mice had significantly reduced heart wet weight com-
pared to WT females, and a similar trend was observed in male
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SXFAD (Supplementary Figure S4A, B). In sum, these findings are
consistent with improved cardiopulmonary adaptation to exer-
cise training in 5xFAD mice.

Altered Adaptation of Skeletal Muscle to Exercise
Training in 5XFAD Mice

Increased mitochondrial respiration in skeletal muscle is one
of the primary adaptive responses to aerobic exercise train-
ing, aiding increased exercise capacity.>® However, to our knowl-
edge, no study has investigated how skeletal muscle adapts to
exercise training in an AD-like context. In light of the develop-
ment of neuromuscular dysfunction in 5xFAD mice (Figure 1),
we hypothesized that adaptation of muscle to exercise train-
ing would be altered. Following the completion of 12 wk of exer-
cise training, we assessed TA muscle mitochondrial respira-
tion capacity via high-resolution respirometry. No differences
were observed between sedentary and exercised groups with
the addition of glutamate/malate or succinate (Supplementary
Figure S4C, D, E); however, female 5xFAD mice did have reduced
respiration compared to WT with the addition of succinate
(Supplementary Figure S4F). Exercise-trained male WT mice had
significantly increased ADP-stimulated State III respiration
compared to sedentary counterparts; however, there was no
improvement in State III respiration in 5xFAD male mice with
exercise training, nor did exercise training increase skeletal

muscle mitochondrial respiration when the entire respiration
curve was analyzed (Figure 3 G, H). In female mice, no differ-
ence was found in ADP-stimulated State III respiration in 5xFAD
compared to WT with or without exercise (Figure 3I). However,
there was a significant genotype effect for 5xFAD females to
have reduced skeletal muscle mitochondrial respiration when
the entire respiration curve was analyzed (Figure 3J). Addition
of rotenone to inhibit complex I of the electron transport chain
resulted in similar rate patterns to ADP-stimulated state 3 res-
piration with no differences in female mice (Supplementary
Figure S4I). However, in male mice, there was a significant effect
of exercise training to increase mitochondrial respiration in
both WT and 5xFAD mice following the addition of rotenone
(Supplementary Figure S4G), suggesting an impairment in com-
plex I-mediated respiration in the presence of ADP in exercise-
trained 5xFAD male mice (Supplementary Figure S4G). No differ-
ences were seen in citrate synthase activity in male or female
mice between sedentary and exercise groups (Supplementary
Figure S4H, ]), suggesting respiration differences were not due
to altered mitochondrial content.

To gain additional insight into skeletal muscle adaptation
to exercise training in 5xFAD mice, we isolated RNA from
the gastrocnemius and performed RNA sequencing. Sedentary
WT and 5xFAD male and female mice had different transcrip-
tional signatures in gastrocnemius muscle (Figure 4A, D), with
SXFAD male and female sedentary mice expressing 117 and
119 unique genes, respectively, from WT sedentary counter-
parts (Figure 4B, E). With exercise training, 5XFAD male and
female mice expressed 82 and 118 unique genes, respectively,
from exercise-trained WT counterparts (Figure 4B, E). In par-
ticular, in male WT mice, exercise training resulted in sig-
nificant upregulation of genes related to mitochondrial res-
piratory chain, oxidative phosphorylation, and proton trans-
porters, as well as cytosolic translation and ribosome biogene-
sis (Figure 4C), consistent with improved mitochondrial respi-
ration post-exercise training (Figure 3G, H). However, in male
SxFAD exercise-trained mice, these same pathways were signif-
icantly downregulated compared to exercise-trained WT coun-
terparts (Figure 4C), again consistent with a lack of exercise-
induced adaptation in the skeletal muscle mitochondrial respi-
ration (Figure 3G, H). Interestingly, in female WT mice, exercise
training resulted in significant upregulation of different genes
from those of exercise training in WT male mice. Specifically,
genes significantly upregulated with exercise training in skele-
tal muscle of WT female mice were related to immune response,
extracellular matrix organization, neurotransmitter biosynthe-
sis, and dendritic spine maintenance (Figure 4F). However, these
same pathways were significantly downregulated in exercise-
trained 5xFAD female mice relative to their WT counterparts
(Figure 4F). Taken together, these data suggest an altered adap-
tive response of skeletal muscle to exercise training in 5xFAD
mice despite increased exercise capacity.

Cognitive Health With Exercise Training

To understand the response of skeletal muscle to exercise train-
ing in relation to cognitive health, we assessed spatial learning
and memory via T-maze alternation prior to the collection of tis-
sues used in Figures 3 and 4. The T-maze leverages the mouse’s
nature to explore a new environment, and thus, with successive
trials, mice prefer to visit a new arm of the maze rather than
the previously visited arm, providing an indication of working
memory.? There were no differences among male mice in suc-
cessful alternations across genotype or with exercise (Figure S5A).
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Alternatively, there was a significant decline in alternation suc-
cess in exercise-trained female 5XFAD compared to exercise-
trained WT mice (Figure 5D). Time to commitment, defined
as the time taken for a mouse to commit to a single arm of
the T-maze, was measured as an indicator of the sensorimo-
tor effect of exercise.?” In male mice, average time to commit-
ment improved in all groups (Figure 5B, C), which, in combina-
tion with the lack of difference in alternation suggests no overt
cognitive impairment in 5XFAD male mice at the time of testing.
In female exercise-trained WT and sedentary 5xFAD mice, there
was a significant decrease from trial time to commitment and
sample time to commitment (Figure 5E). Furthermore, there was
a significant difference in exercise-trained WT females sam-
ple time to commitment compared to exercise-trained 5xFAD
mice (Figure 5F), which, in combination with decreased alter-
nation suggests ad libitum exercise training in 5xFAD female
mice accelerated cognitive decline. No differences were found in
brain wet weight across groups or sexes (Supplementary Figure
S5A, B). In sum, these data suggest that the development of
neuromuscular dysfunction and the maladaptive response of
skeletal muscle to exercise training (Figures 1-4) may be inde-
pendent of overt indices of impaired cognitive health in 5xFAD
mice.

Discussion

In this study, we investigated neuromuscular function over
time (ages 3-7mo) in a mouse model of AD and the adap-
tive response of skeletal muscle to exercise training prior to
the development of overt cognitive impairment. In 5xFAD mice,
we discovered a decline in neuromuscular function manifests
as early as 4mo of age. Notably, in both males and females,
impaired neuromuscular function was due to impaired neu-
ral conduction to skeletal muscle, as evidenced by impaired

nerve-stimulated muscle torque production and sciatic CNAP,
in contrast to maintained torque production when peripheral
nerve conduction was bypassed®* through direct muscle stim-
ulation. In response to aerobic exercise training via voluntary
wheel running, we found both male and female 5xFAD mice
increased exercise capacity compared to sedentary counter-
parts, but the adaptive response of skeletal muscle differed
from WT and between sexes. Male 5xFAD mice did not increase
mitochondrial State 3 respiration or have gene changes associ-
ated with improved mitochondrial function with exercise train-
ing in skeletal muscle. Alternatively, female 5xFAD mice had
lower overall mitochondrial respiration in muscle with no effect
of exercise training in either genotype but with differing tran-
scriptional responses. Finally, we showed evidence that neuro-
muscular dysfunction and altered adaptive responses of skele-
tal muscle to exercise training occurred prior to the develop-
ment of overt cognitive dysfunction in 5xFAD mice, particularly
males.

Loss of muscle strength is a known phenotype of the preclini-
cal phase of AD and is shown to predict cognitive decline.>”-1>%/
Our findings provide the first direct evidence of impaired neu-
ral conduction to skeletal muscle in vivo in a mouse model of
AD that precedes overt cognitive impairment, providing sup-
port to the notion that neuromuscular dysfunction is an early
stage characteristic of AD-like pathology that may explain motor
deficits associated with pre-clinical AD. Skeletal muscle contrac-
tion is induced through the relaying of chemical signals origi-
nating in the brain along motor neuron axons and across neu-
romuscular junctions to innervated myofibers. Impaired nerve-
stimulated muscle torque production and slower sciatic CNAP
in the present study could be reflective of demyelination or
alteration of sodium channels, among other possibilities.® Of
note, the development of impaired nerve-stimulated muscle
torque production at 4mo of age corresponds with the timing
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of impaired long-term potentiation and synaptic transmission
in the hippocampus of 5xFAD mice,'® suggesting early brain
changes in AD have systemic consequences.

Muscle atrophy and contractile dysfunction occur following
nerve injury and as a result of aging.?::?>%4! Previous find-
ings in the 3xTG AD mouse model also showed impaired nerve-
stimulated muscle contraction and loss of NMJ innervation but
only at 17-20 mo of age, well after the onset of cognitive impair-
ment.”> Our functional and RNAseq data in young 5xFAD mice
suggests impaired nerve conduction to skeletal muscle prior to
overt cognitive impairment is part of the AD-like pathology and
not an accelerated aging phenotype associated with AD. A recent
study in humans revealed a positive correlation between periph-
eral motor nerve conduction velocity and cognitive function in
subjects diagnosed with MCI or AD compared to cognitively
intact controls.?* Impaired neural communication to skeletal
muscle in 5xFAD mice may be a clinically relevant phenotype of
early stage AD that suggests measures of peripheral nerve con-
duction may serve to identify individuals at increased risk for
developing AD.

Next, we tested the adaptive response of skeletal muscle
to exercise training that was begun (2.5mo) prior to the onset
of neuromuscular (4mo) and cognitive impairment (>6mo)
in 5xFAD mice. Although both male and female 5xFAD mice
develop neuromuscular dysfunction and improved exercise
capacity with exercise training, the adaptive response in muscle
from WT counterparts diverged between sexes. Divergent adap-
tive transcriptional changes in skeletal muscle between sexes,
despite a similar phenotypic adaptive response of improved
exercise capacity have been observed in humans.*? In particu-
lar, we show male WT mice improved ADP-stimulated, State 3
mitochondrial respiration in skeletal muscle following exercise
training, an adaptive response that was absent in male 5xFAD
mice following exercise training and supported by RNA sequenc-
ing. In contrast, female mice did not have an exercise training-
mediated increase in ADP-stimulated mitochondrial respiration,
which may be due to State 3 respiration in WT female mice
already being at the level attained by exercise-trained male WT
mice, suggesting female mice are at physiological capacity of
mitochondrial respiration in skeletal muscle. However, female
5xFAD mice had significantly lower total mitochondrial respira-
tion rates in the skeletal muscle compared to WT mice. Collec-
tively, our findings support clinical data reporting deficiencies in
mitochondrial State 3 respiration in the skeletal muscle of sub-
jects with MCI° and recent findings that skeletal muscle mito-
chondrial energetic deficiencies predict the development of MCI
and AD.®

Additionally, we showed skeletal muscle gene expression
differs between WT and 5xFAD mice, suggesting that AD-like
pathology fundamentally alters the transcriptional landscape of
skeletal muscle. A recent report identified sex-specific pathways
may underlie resilience to AD. In particular, resilience to AD in
females was linked, in part, to upregulation of immune-related
pathways.** We found increased expression of genes related
to positive regulation of immune responses upregulated in the
skeletal muscle of exercise-trained female WT mice but not in
exercise-trained female 5XFAD mice. Further sexual dimorphic
transcriptional responses to exercise in the skeletal muscle of
SxXFAD mice suggest exercise as an interventional strategy for
AD-like pathology may require personalization.

Loss of neural connectivity to skeletal muscle (ie motor
units) occurs in aged rodents and humans* and is associated
with loss of mitochondrial function.®> Therefore, it is possible
that impaired neuromuscular function during the early stage of
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AD-like pathology in S5xFAD mice underlies altered sex-
dependent functional and gene transcriptional changes in the
skeletal muscle at baseline and in response to an exercise stim-
ulus, as well as impaired skeletal muscle mitochondrial res-
piration during early stage AD. As treatment with the acetyl-
cholinesterase inhibitor donepezil normalizes mitochondrial
respiration in skeletal muscle of MCI subjects,’ future studies
examining the adaptive response of skeletal muscle as well as
peripheral and central nervous systems in combination with
established pharmacological treatments used in AD may pro-
vide a means to optimize lifestyle intervention to delay or
improve AD.

To assess the adaptive response of skeletal muscle to exercise
training in context with the cognitive health of 5XFAD mice, we
performed T-maze alternation testing.?® Collectively, our find-
ings suggest that neuromuscular dysfunction and an altered
adaptive response to exercise occurred without overt cognitive
impairment, particularly in males. Although physical activity is
considered a modifiable risk factor for AD, epidemiological stud-
ies have reached mixed conclusions as to the benefits of exer-
cise training on reducing AD occurrence. Yu et al. found 6 mo
of cycling minimized memory and executive function losses;
however, language and attention processing speed continued
to decline despite exercise treatment.*® Also, exercise benefits
were not maintained after 12mo, as declines were seen in all
measures.*® Others have found aerobic exercise offers func-
tional benefits to those with AD with minor effects seen on
memory but only in individuals who showed improvement in
cardiorespiratory fitness; that may imply a link between disease
stage, training volume, and adaptive benefits.*® Exercise training
of 5XFAD mice has also shown mixed results as to positive ben-
efits on indices of cognitive health.’*16.17 Exercise volume may
explain this discrepancy, as limiting female mice to 3h running
per day and returning them to communal cages improved cogni-
tion, hippocampal neurogenesis, and reduced Ag load.’® Alter-
natively, individualized ad libitum access to running wheels (as
we performed here) did not slow the development of AD-like
pathology, neuroinflammation, or preserve cognitive health.!#
In humans, excessive exercise volume and intensity have been
shown to cause impairments in skeletal muscle mitochondrial
function, despite improved performance.”® Thus, exercise vol-
ume may need to be closely monitored and system-dependent
adaptive responses assessed for endurance exercise to be an
effective lifestyle intervention during the early stages of likely
AD. In sum, our findings highlight a need for a more inte-
grative understanding of AD and AD-like pathology across a
range of cognitive states, particularly within the context of
lifestyle interventions (eg exercise), which influence multiple
systems.

Accumulating evidence has shown a link between skele-
tal muscle and mitochondrial function and the development
of AD.>*2 Our findings in 5xFAD mice suggest neuromuscular
dysfunction and altered adaptive responses of skeletal muscle
to running wheel exercise occur prior to the development of
overt AD-like cognitive impairments (Figure 5). While aggres-
sive development of AD-like pathology in the 5xFAD model can
be advantageous for investigating age-independent aspects of
AD-like etiology, this also creates a limitation in potential trans-
latability. Gene changes in the brain of 5xFAD mice with age
show general agreement with that of humans with AD,® but
additional studies of potential neuromuscular dysfunction in
human subjects with MCI or AD are needed. Future studies mod-
ifying neuromuscular function and exercise through drug treat-
ments, modified exercise prescription/regimen and modalities
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are all worthy avenues of investigation. A better mechanistic
understanding for the neuromuscular dysfunction and discon-
nect between exercise and AD could lead to new therapeutic
approaches for AD.
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