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ABSTRACT

Age-related decline in physical function and muscle atrophy are significant challenges to the health
and well-being of older adults. This doctoral thesis presents a series of experiments aimed at elucidating
the underlying mechanisms and proposing potential countermeasures for preventing the decline in physical
function caused by aging. Experiment #1 focused on investigating skeletal muscle factors contributing to
maintain muscle mass. The study demonstrated that tyrosine in combination with leucine enhanced anabolic
signals, thereby promoting protein synthesis in skeletal muscle. Experiments #2 and #3 focused on
neurological factors influencing age-related muscle weakness. The studies explored the effects of cutaneous
stimulation on spinal motor control and motor neuron excitability during exercise. The results indicated
that low-load exercise with TRPM8-mediated skin cooling promoted preferential recruitment of large motor
neurons, which were innervating the type 2 myofibers. The repetitive exercise intervention enhanced the
spinal excitatory inputs to motor neurons, thereby contributing to physical improvement in aged mice.
Collectively, these experiments shed light on the interplay between neurological and skeletal muscle factors
to address age-related physical dysfunction. The findings from experiment #1 suggest that targeting specific
amino acids could provide an effective nutritional intervention for preventing muscle atrophy. Experiments
#2 and #3 suggest that exercise with TRPMS8-mediated skin cooling is a potential training method for
rehabilitation or preventive measures in long-term care for older adults. The insights obtained from these
experiments should be applied to the development of integrative countermeasures to prevent age-related

decline in physical function and muscle atrophy.



ABBREVIATIONS, KEYWORDS

ABBREVIATIONS

MPS: muscle protein synthesis; mMTORC1: mammalian target of rapamycin complex 1; S6K: S6 kinase;
4E-BP: eukaryotic translation initiation factor 4E-binding protein; EAAs: essential amino acids;
SUNSET: surface sensing of translation; EDL: extensor digitorum longus; MNs: motor neurons; MU:
motor unit; INs: interneurons; TRPM8: transient receptor potential channel sub-family M8; SC: skin
cooling; HU: hindlimb unloading; ChAT: choline acetyltransferase; VAChT: vesicular acetylcholine

transporter; VGLUT1.: vesicular glutamate transporter 1.

KEYWORDS

skeletal muscle, amino acid, Sestrin, spinal cord, motor neuron, C-bouton, TRPMS



CHAPTER 1. GENERAL INTRODUCTION

The decline in physical function and muscle atrophy with aging is a major public health concern. The
mechanisms accounting for a decrease in muscular strength can arise from two broad categories:
neurological and skeletal muscle factors (1). The neuromuscular system contains several components that
affect maximal voluntary force, such as excitatory drive from supraspinal centers, motor neuron excitability,
antagonistic muscle activity, motor unit recruitment and rate coding, neuromuscular transmission, muscle
mass, E-C coupling processes, and muscle morphology and architecture. Both the neurological and
muscular factors potentially contribute to the age-related loss of muscle strength and power. To address
these concerns, this doctoral thesis is comprised of three experiments focused on the underlying

mechanisms of skeletal muscle factors (experiment #1) and neurological factors (experiment #2 and #3).



CHAPTER 2. LITERATURE REVIEW
Skeletal muscle atrophy from motor neuron's perspective

Skeletal muscle atrophy appears to be inevitable with aging. A gradual loss of muscle fibers begins at
around age 50, and by the age of 80s, approximately 50% of the fibers are lost from the limb muscles (2),
as well as 30-50% of the muscle mass (3,4). Skeletal muscle mass is particularly lost in the lower limbs
than in the upper limbs (5). Skeletal muscle atrophy is also closely associated with a decrease in muscle
strength and power (6), which is mainly cause by decreasing the size and the number of fast-twitch (type
2) muscle fibers. The cross-sectional area of type 2 muscle fibers decreases with aging, whereas that of
slow-twitch (type 1) fibers remains unaffected by aging (3,7). Although several hypotheses have been
considered to explain why type 2 muscle fibers are lost with aging, the main cause is a decrease in motor
neurons (MNs). There are very few reports in humans on changes in the number of MNs with aging: a rapid
decrease in MNs is observed after the age of 60s (8), and the age of 60s has approximately 25-50% fewer
MNs compared to the 20s (9). Consequently, motor units consisting of a MN and the skeletal muscle fibers
it innervates are apparently lost after the age of 60s. In young adults, loss of MNs through either injury or
disease results in the remaining healthy MNs sprouting to innervate the denervated fibers. This capacity for
sprouting is impaired in the hindlimb muscles with aging (10). The reasons for decreasing MNs and motor
units with aging remains unclear, but it is predicted to involve reduced activity in the motor cortex,
increased oxidative stress in MNs, local degeneration at axon terminals, and feedback signals from impaired

energy metabolism of muscle fibers (11).



Regulation of muscle protein synthesis

Skeletal muscle is constantly maintained by muscle protein synthesis (anabolism) and degradation
(catabolism). The difference between protein synthesis and degradation in skeletal muscle is called net
balance, and muscle mass increases only when the rate of protein synthesis exceeds the rate of protein
degradation. The net balance is negative during fasting (resting state), but the rate of muscle protein
synthesis (MPS) after feeding doubles compared to the resting state, thereby the net balance turns positive
(12). Diet-induced anabolic responses in skeletal muscle occur primarily through protein ingestion. Protein
is taken up into the blood as amino acids. The amino acids are taken up by skeletal muscle as the increase
of amino acids concentration in the blood. The intracellular free amino acids increased in muscle cells then
promotes MPS. Exercise is another stimulus for MPS. A single bout of resistance training exercise keeps
MPS up to about 48 hours after exercise (13). In contrast, when resistance exercise is performed during
fasting, muscle degradation is simultaneously enhanced (14). Thus, ingesting amino acids or protein
immediately after resistance exercise increases the concentration of amino acids in the blood, that inhibit
muscle protein degradation, thereby effectively enhancing MPS (15).

Recent studies have reported that MPS in older adults is less responsive to amino acids and exercise,
termed "anabolic resistance" (16). It is possible that the proportion of ingested amino acids consumed in
the gastrointestinal tract and liver increases with aging, and that enough amino acids are not supplied to
peripheral tissues including skeletal muscle (17,18). Second, insulin resistance in skeletal muscle may be
another factor. Insulin is also an anabolic stimulus for MPS (19,20). However, MPS does not promote with
insulin administration in older adults, presumably due to insulin resistance in skeletal muscle (21). Third,

mammalian target of rapamycin complex 1 (mTORCI1) signal regulating MPS in muscle cells is less



responsive to resistance exercise in older adults (22), suggesting that the intracellular signal pathways that
contribute to MPS are impaired. Notably, the baseline of mMTORC1 phosphorylation state in skeletal muscle
in overnight-fasting older adults is higher compared to young adults (23). Disturbances in proteasomal
degradation and autophagy in muscles may be linked to increased mTORCI1 activity when aged mice were
subjected to fasting (24). Thus, the finely controlled mTORCI1 activity must be impaired in aged skeletal

muscle. This may cause the attenuative response of MPS by amino acids and exercise.



CHAPTER 3. GENERAL PURPOSE
This doctoral thesis aims to understand the mechanisms regulating muscle anabolic response and
motor unit recruitment and to develop integrative countermeasures to prevent age-related decline in

physical function and muscle atrophy.
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CHAPTER 4. EXPERIMENT #1

Tyrosine is a booster of leucine-induced muscle anabolic response

CHAPTER 4-1. INTRODUCTION

Skeletal muscle mass is maintained through a balance between protein synthesis and degradation.
Nutritional supplementation with proteins or amino acids activates anabolic responses in the skeletal muscle
and may be important for counteracting muscle loss due to aging, sarcopenia, or frailty (25,26). The
intracellular signaling mechanism regulating muscle protein synthesis (MPS) is controlled by the activation
of the mammalian target of rapamycin complex 1 (mTORCI1), which directly stimulates the
phosphorylation of S6 kinase (S6K)) and eukaryotic translation initiation factor 4E-binding protein (4E-BP).
Changes in the phosphorylation state of these key proteins affect mRNA translation initiation and
elongation, thereby regulating MPS (27). Essential amino acid (EAA) supplementation effectively
stimulates MPS; however, non-essential amino acids (NEAAs) are ineffective even at significantly high
doses (28,29). Among EAAs, leucine (Leu) is particularly important for MPS, as it is the only stimulator
of mTORCI signaling identified in muscle cells over the physiological range of amino acid levels in blood
(30). The amount of Leu in ingested proteins or EAA mixtures determines the extent of the MPS response
at rest and after exercise (31-34). The amino acid composition of whey protein is suitable for stimulating
MPS, owing to its high Leu content and absorbability (35,36). Thus, Leu is widely accepted as being
indispensable for stimulating mTORCI1 signaling. Recently, the mechanism underlying Leu-mediated
mTORCI activation was elucidated using HEK293T cells (37,38). In these studies, mTORCI1 regulation

by amino acids was found to be mediated by Rag guanosine triphosphatase (GTPase) via several factors,
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including GATOR1, a GTPase-activating protein that inhibits mTORCI in response to amino acid
starvation, GATOR2, which inhibits GATOR1 activity, and Sestrin2, a GATOR2-interacting protein (39,40).
Leu disrupts the Sestrin2—GATOR?2 inter-action by binding to Sestrin2, and GATOR?2 in turn activates
mTORCI1 by binding to GATOR1 (37,38). Although three Sestrin isoforms, 1-3, are expressed in
mammalian cells, Leu promotes only the dissociation of Sestrinl and Sestrin2 from GATOR2 (37). In
skeletal muscle, Leu-mediated mTORCI activation occurs primarily through Sestrinl rather than Sestrin2,
as Sestrinl is more highly expressed than Sestrin2 (41).

Though Leu is undoubtedly important for MPS, recent studies have revealed several mechanisms
related to other EAAs, including glutamine (42), arginine (43), and methionine (44), underlying mTORC1
activation. However, to the best of our knowledge, the intrinsic contribution of other amino acids, including
NEAAs, to Leu-mediated activation of mTORCI signaling has not yet been assessed. This experiment
aimed to identify amino acids that play a role in enhancing Leu-mediated activation of mTORC1 signaling
in skeletal muscle. Collectively, our data provide novel insights into the most appropriate composition of

daily protein/amino acid macronutrients or supplements.
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CHAPTER 4-2. MATERIALS AND METHODS
4-2-1. Cell Culture and Treatments

C2C12 myoblasts (European Collection of Authenticated Cell Cultures, Salisbury, UK) were seeded
at a density of 1.25 x 10° cells/well in 8-well rectangular plates and maintained in Dulbecco’s Modified
Eagle’s medium (DMEM; 25 mM glucose; Sigma, St. Louis, MO, USA) supplemented with 10% fetal
bovine serum (FBS; Biosera, Kansas City, MO, USA) and 1% penicillin—streptomycin (PS; Life
Technologies, Carlsbad, CA, USA) at 37 °C in a 5% CO»-containing atmosphere. At 80% confluence, the
culture medium was changed to a differentiation medium consisting of DMEM supplemented with 2%
horse serum (HS; Life Technologies) and 1% PS (day 0). The cells were collected and used for western
blotting and the evaluation of myotube hypertrophy on days 1 and 5 post-differentiation, respectively. The
cells were deprived of serum and amino acids through incubation in Hanks’ Balanced Salt Solution (HBSS
with Ca and Mg, without Phenol Red; Life Technologies) for 3—4 h; this was followed by inoculation with
various amino acids for 10—30 min. Amino acids used for the cell experiments were purchased from Fuji-
film Wako (Osaka, Japan).
4-2-2. siRNA Transfection

To deliver oligonucleotide-based siRNAs (Silencer Select pre-designed siRNA; Thermo Fisher
Scientific, Waltham, MA, USA) into cells, 50-60% confluent C2C12 cells were transfected with 10 nM
siRNA using lipofectamine RNAIMAX (Invitrogen) and Opti-MEM [ Reduced-Serum Medium
(Invitrogen), according to the instructions of the manufacturer. The culture medium was changed to a

differentiation medium 24 h after transfection, and the cells were collected and used for experiments on
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day 1 post-differentiation. The siRNAs used in this study were the Silencer Negative Control #2, Sestrinl
(s100521), Sestrin2 (s100521), and Leucyl-tRNA Synthetase (LRS, s98763) siRNAs.
4-2-3. Evaluation of Amino Acid-Induced S6K Phosphorylation

C2C12 myoblasts were seeded at a density of 6 x 10 cells/well in 96-well plates and cultured at 37 °C
and in a 5% CO;-containing environment overnight. The following day, the medium was replaced with
HBSS, and the cells were cultured for 3—4 h. Subsequently, the cells were incubated with various
concentrations of amino acids for 15 min. After removal of HBSS, the cells were lysed using CelLytic MT
Cell Lysis Reagent (C3228; Sigma) for 10 min, and the extract was subjected to an AlphaScreen SureFire
assay (TGR70S500; PerkinElmer, Waltham, MA, USA) to detect phospho-p70 S6K (Thr 389) following
the instructions of the manufacturer. The values were corrected for protein concentrations determined
separately using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). All data are presented relative
to those of control-deprived amino acids.
4-2-4. Immunohistochemistry and Evaluation of Myotube Hypertrophy

C2C12 myoblasts were cultured for five days in a differentiation medium supplemented with Leu
and/or tyrosine (Tyr). During this period, the medium was changed daily. On day 5 post-differentiation,
C2C12 myotubes were washed with PBS and fixed with 4% paraformaldehyde PBS (Fujifilm-Wako) for
20 min at 4 °C. The fixed cells were washed thrice with PBS and incubated with 0.2% TritonX-100 (Sigma)
in PBS for 10 min at room temperature (RT). After incubation in a blocking solution (3% BSA, Sigma; in
PBS) for 30 min at RT, the cells were incubated with primary antibodies against the Myosin heavy chain
(MyHC, MF 20sp; DSHB, Iowa City, IA, USA), diluted in the blocking solution to 5 ug/mL, at 4 °C over-

night. After the cells were washed in PBS, they were incubated with secondary antibodies (Alexa 488-
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conjugated donkey anti-mouse antibodies (1:500, Molecular Probes, Thermo Fisher Scientific)) diluted in
the blocking solution for 1 h at RT. The cells were subsequently washed with PBS and stained with DAPI
(Dojindo, Kumamoto, Japan). Images of the stained cells were captured using an all-in-one fluorescence
micro-scope (BZ-X710; Keyence, Osaka, Japan) at a magnification of 10x. The average myotube diameter
was calculated as the mean of three measurements taken along the long axis of the myotubes using a BZ
Analyzer (Keyence); in total, 133—142 myotubes were evaluated from four random fields.
4-2-5. Animals and Diets

Male C57BL/6J mice were purchased from CLEA Japan (Tokyo, Japan) and maintained under
controlled conditions (temperature: 23 £ 2 °C; humidity: 55 £ 10%; lighting: 07:00 to 19:00 h). The mice
were provided standard chow (CE-2; CLEA Japan, Tokyo, Japan) and ad libitum access to water. All animal
experiments were conducted at the Experimental Animal Facility of the Kao Tochigi Institute (Tochigi,
Japan) and were approved by the Animal Care Committee of the Kao Corporation (Tokyo, Japan). Food
additive-grade L-Leu and L-Tyr used in the animal experiments were purchased from Ajinomoto Healthy
Supply (Tokyo, Japan).
4-2-6. Animal Experiment 1: Incubation of Isolated Muscles

Overnight-fasted mice (14 weeks old, n = 20) were sacrificed, and their soleus and the extensor
digitorum longus (EDL) muscles were removed from both hindlimbs. Two muscles isolated from both legs
of one mouse were independently used in the experiment. The isolated soleus and EDL muscles (n = 40
each) were randomly assigned to one of six treatment groups. The incubation of the isolated muscles was
performed as previously described (45), with slight modifications. Briefly, isolated muscles tied with silk

thread at both tendon ends were mounted on an incubation apparatus and pre-incubated in Krebs Ringer
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Bicarbonate (KRB) buffer (K4002, Sigma) for 10 min. Thereafter, the buffer was replaced with a fresh
KRB buffer supplemented with Leu and/or Tyr. In addition, 95% 0O,-5% CO- was continuously bubbled
through the buffer at 37 °C. After 20 min of incubation, the isolated muscles were washed with ice-cold
KRB buffer and stored at —80 °C until further analyses.
4-2-7. Animal Experiment 2: Oral Administration of Amino Acids

Overnight-fasted mice (8 weeks old, n = 51) with similar average body weights were randomly
assigned to one of the seven dietary treatments. The control group received an emulsion containing 2 g of
fat per kg of body weight (BW), and the treatment groups received the same amount of emulsion with either
Leu at 5 mmol/kg BW, Leu at 10 mmol/’kg BW, Tyr at 1 mmol/kg BW, Tyr at 5 mmol/kg BW, Leu at 5
mmol’kg BW + Tyr at 1 mmol’kg BW, or Leu at 5 mmol/kg BW + Tyr at 5 mmol/kg BW. The maximum
amount of Leu (10 mmol/kg BW), which was the equivalent of the amount of Leu consumed by rats per
day, was determined based on data from previous studies (46,47). Glyceryl trioleate (Sigma) was used as a
fat source. Lecithin from egg yolk (Kanto Chemical, Tokyo, Japan) was added to all test emulsions at 0.08
g/kg BW (0.4% (w/w)) in the administered samples. Premixed solutions were subsequently sonicated thrice
for 60 s, with a 1 min interval of cooling on ice, to obtain stable emulsions (Sonifier 450; Branson
Ultrasonics, Danbury, CT, USA), as previously described (48). The lipid emulsion was intragastically
administered to mice under isoflurane anesthesia at a dose of 20 mL/kg BW (Abbott Laboratories, Chicago,
IL, USA), and then the mice were returned to their cages. Thirty minutes after amino acid administration,
blood samples were collected from the abdominal venae cavae of the mice under isoflurane anesthesia, and

the mice were sacrificed. The muscles were collected from both mouse hindlimbs and stored at —80 °C until
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analysis. The collected blood samples were preserved on ice and centrifuged at 10,000x g for 6 min at 4 °C,
and mouse sera were stored at —80 °C until analysis.
4-2-8. Western Blotting

Cells or frozen muscle samples were homogenized in the CelLytic MT Cell Lysis Reagent (Sigma)
supplemented with a complete protease inhibitor cocktail (Roche, Basel, Switzerland) and a phosphatase
inhibitor cocktail solution (Fujifilm-Wako) using an ultrasonic homogenizer (Sonifier 150; Branson
Ultrasonics) or a handy micro homogenizer (PHYSCOTRON, NS-310E3; MICROTEC, Chiba, Japan),
respectively. After centrifugation at 13,500% g for 15 min at 4 °C, the protein concentration of the
supernatant was determined using the Pierce BCA Protein Assay Kit. Samples were separated on an SDS-
polyacrylamide gel (10% or 4-15% Mini-PROTEAN TGX Gels; Bio-Rad, Hercules, CA, USA) and
transferred onto polyvinylidene fluoride (PVDF) membranes (ClearTrans SP; Fujifilm-Wako). The
membranes were then blocked with a PVDF blocking reagent (TOYOBO, Osaka, Japan). Subsequently,
the membranes were incubated overnight with anti-S6K (9202; Cell Signaling Technology (CST), Danvers,
MA, USA), anti-P-S6K (Thr389, 9205; CST), anti-4E-BP (9452; CST), anti-P-4E-BP (Thr37/46, 2855;
CST), anti-mTOR (2972; CST), anti-P-mTOR (Ser2448, 2971; CST), anti-P-S6 (Ser235/236, 2211,
Ser240/244, 2215; CST), anti-S6 (2217; CST), anti-GAPDH (2118, CST), anti-LRS (13868, CST), anti-
Sestrinl (21668-1-AP, Proteintech, Rosemont, IL, USA), and anti-Sestrin2 (10795-1-AP, Proteintech)
antibodies, diluted at a 1:2000 ratio using an immunoreaction-enhancing solution (Can Get Signal,
TOYOBO). The appropriate secondary antibodies conjugated with horseradish peroxidase (7074; CST,
dilution 1:2000) were used to detect blots via enhanced chemiluminescence on the ECL Prime (GE

Healthcare, Chica-go, IL, USA). Images of the blots were captured using a ChemiDoc MP Imaging System
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(Bio-Rad), and band volumes were adjusted with local background subtraction using the Image Lab
software (Bio-Rad).
4-2-9. Muscle Protein Synthesis

Muscle protein synthesis was evaluated using the surface sensing of translation (SUnSET) method
(49,50). C2C12 myoblasts (day 1) were incubated with 1 pM puromycin (Abcam, Cambridge, UK) and
amino acids in HBSS buffer at 37 °C for 30 min. Then, the cells were collected and subjected to western
blotting following the method described in 4-2-8. Anti-puromycin antibodies (MABE343; Millipore,
Burlington, MA, USA) were used to detect puromycin incorporation in de novo proteins. The intensities of
all puromycin-labeled protein bands were normalized to that of Coomassie blue staining (Bio-Safe G-250;
Bio-Rad) in each lane.
4-2-10. Measurement of Amino Acid Levels

The serum or muscle samples were homogenized using three times the volume of 15% sulfosalicylic
acid (Fujifilm-Wako), and the homogenate was centrifuged at 10,000x g for 10 min at 4 °C to remove
proteins. Then, the supernatant was subjected to subsequent analyses. Free Leu and Tyr levels in the samples
were determined using an incorporated LC-MS/MS system (Infinity 1290; Agilent, Santa Clara, CA, and
the QTRAP system; AB Sciex, Tokyo, Japan) with a Scherzo SS-C18 column (Imtakt, Kyoto, Japan).
Mobile phase A consisted of 0.1 M ammonium formate in Milli-Q water, and mobile phase B consisted of
0.3% formic acid in MeOH. The initial eluent was composed of 1% B, followed by a linear increase to 90%
B within 3 min. This proportion was maintained for 1 min; then, the mobile phase was returned to the initial
condition and maintained for 1 min until the end of the run. The total running time was 5 min, eluent flow

was 1 mL/min, and column temperature was set at 40 °C. Mass spectroscopic detection and quantification
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of the analytes were performed using a multiple-reaction-monitoring (MRM) scan device in positive ion
mode. Q1 and product ion scans were acquired by infusing the sample solutions of each analyte with a
mixed mobile phase solution using an infusion pump. The source temperature and gas parameters were
optimized after the chromatographic conditions were fixed as follows: curtain gas: 20 psi; collision gas: 8
psi; ion spray voltage: 5000 V; source temperature: 600 °C; ion source gas 1: 65 psi; ion source gas 2: 30
psi. The ionization parameters of the analytes were as follows: for Leu: declustering potential (DP): 51 V;
entrance potential (EP): 10 V; collision energy (CE): 19 V; and collision cell exit energy (CXE): 36 V; for
Tyr: DP: 56 V; EP: 10 V; CE: 15 V; and CXE: 22 V. The analytes were detected in a MRM mode by
monitoring the characteristic fragmentation ions (m/z 132.14 > 86.3) for Leu and (m/z 182.11 > 91.1) for
Tyr.
4-2-11. RNA Extraction and RT-PCR

Total RNA was extracted from C2C12 cells using an RNeasy Mini Kit (Qiagen, Hilden, Germany),
following the protocol of the manufacturer. RNA was transcribed into cDNA using a high-capacity RNA-
to-cDNA Kit (Applied Biosystems, Foster City, CA, USA). Quantitative RT-PCR was performed using the
ABI Prism 7500 device with TagMan gene expression assays (Applied Biosystems). The mRNA levels of
each gene were normalized to the average of those of two housekeeping genes, 18S ribosomal RNA (18S
rRNA) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The probes used in this study included
MmO01185732 ml for Sestrinl, Mm00460679 ml for Sestrin2, Mm03928990 for 18S rRNA, and
Mm99999915 g1 for GAPDH.

4-2-12. Statistical Analysis
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All data are presented as mean + standard error (SE). Differences between multiple groups were tested
using one-way ANOVA followed by Tukey’s post-hoc test. Comparison of two factors was performed using
two-way ANOVA followed by Tukey’s post hoc test when a significant main effect or interaction was
observed. Correlation analysis was performed using the Pearson’s correlation coefficient. The threshold for
significance was set at p < 0.05. All analyses were performed using the Prism 8 statistical software

(GraphPad Software, San Diego, CA, USA).
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CHAPTER 4-3. RESULTS
4-3-1. Tyr Enhanced Leu-induced Muscle Anabolic Signaling and Muscular Hypertrophy in C2C12
Cells

To verify which amino acid enhanced Leu-induced anabolic signaling, murine C2C12 myoblasts were
simultaneously exposed to Leu (2.5 mM) and other amino acids (2.5 mM) for 15 min. S6K phosphorylation
(Thr 389) significantly increased in response to treatment with 2.5 mM Leu + 2.5 mM Tyr or Phe, compared
with that in response to treatment with 5 mM Leu (Figure 1A). Both the Leu + Tyr and Leu + Phe treatments
significantly increased S6K phosphorylation in a dose-dependent manner, although the Leu + Tyr treatment
possibly induced a more significant effect (Figure 1B). Therefore, we investigated the booster effect of Tyr
on Leu in subsequent experiments. At concentrations ranging from 0.25 to 2.5 mM, Tyr enhanced Leu-
induced S6K phosphorylation in a dose-dependent manner (Figure 1C). Although Tyr alone exerted no
effect on SO6K phosphorylation, the Leu + Tyr combination induced significant S6K phosphorylation at a
lower Leu concentration than when Leu was administered alone (Figure 1D,E). A similar trend was
observed in the activation of other signaling pathways by mTORCI-related proteins, including 4E-BP,
mTOR, and S6 (Figure 1F-I). The phosphorylation of proteins related to these pathways was mainly

observed 10-30 min following amino acid exposure (Figure S1A—C).
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Figure 1. Tyrosine enhances leucine-induced S6K phosphorylation in C2C12 myoblasts.

(A) S6K phosphorylation (Thr389) after 15 min of stimulation with 2.5 mM Leu and 2.5 mM of each amino
acid (n = 9) as detected through the alpha screen assay. (B) S6K phosphorylation in response to treatment
with Leu and/or Tyr or Phenylalanine (Phe) (n = 3) as detected through the alpha screen assay. (C) Dose—
response evaluation of S6K phosphorylation at Leu and Tyr concentrations ranging from 0 to 10 mM and
from 0 to 2.5 mM (n = 3), respectively, as detected through the alpha screen assay. (D) Representative
images of anabolic signaling pathways detected in myoblasts on day 1 post-differentiation through western
blotting following 15 min of stimulation with Leu and/or Tyr. Phosphorylation ratios for S6K (Thr 389) (E),
4E-BP (Thr37/46) (F), mTOR (Ser2448) (G), and S6 (Ser235/236, Ser 240/244) (H,I) were calculated by
dividing the phosphorylation levels by the protein expression levels (n = 4). All data represent the fold
change with respect to the control (0 mM Leu and 0 mM Tyr). Data are presented as mean + SEM. Circles
represent individual values. * p < 0.05, ** p <0.01 vs. control T p <0.05, £ p<0.01 vs. ] mM Leu. § p <
0.05, || p<0.01 vs. 5 mM Leu as determined by one-way ANOVA (A,E-I). Different letters (a—f) represent
significant differences (p < 0.05) as determined by one-way ANOVA (B). ** p < 0.01 vs. the Leu alone

condition as determined by two-way ANOVA (C).

The SUnSET assay was used to detect incorporated puromycin in de novo proteins and demonstrated
a significant increase in the protein synthesis rate in response to treatment with 5 mM Leu and the Leu +
Tyr combination, i.e., 1 mM Leu + 0.5 mM Tyr and 4 mM Leu + 0.5 mM Tyr (Figure 2A,B). C2C12 cells
were found to differentiate in the presence of Leu and/or Tyr, and the diameter of the myotube short axis

and total protein content were quantified on day 5 post-differentiation (Figure 2C). Myotube diameter
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increased following the addition of amino acids, particularly following the addition of 0.5 mM Tyr to 1 mM
Leu (Figure 2D). The total protein quantity significantly increased in the Leu and Tyr combination group

versus in the control and 1 mM Leu groups (Figure 2E).
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Figure 2. Tyrosine enhances leucine-induced muscle protein synthesis and myotube hypertrophy in
C2C12 cells.
Muscle protein synthesis was assessed through the surface sensing of translation (SUnSET) method. (A)

Representative images of puromycin incorporation in myoblasts on day 1 post-differentiation as detected
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through western blotting and CBB staining. (B) The rate of puromycin incorporation was normalized to the
corresponding CBB staining (n = 8). Differentiating C2C12 myoblasts were continuously treated with Leu
and/or Tyr during differentiation. (C) Representative images of myotubes stained with MHC (green) and
DAPI (blue) on day 5 post-differentiation (scale bar: 50 pm) (D) and myotube diameters (n = 133—-142).
(E) Total protein levels were evaluated through the BCA analysis on day 5 post-differentiation (n = 4-5).
All data represent the fold change with respect to the control (0 mM Leu and 0 mM Tyr). Data are presented
as mean = SEM. Circles represent individual values. * p < 0.05, ** p <0.01 vs. control. + p <0.05, f p <

0.01 vs. 1 mM Leu. § p <0.05 vs. 5 mM Leu as determined by one-way ANOVA.

4-3-2. Tyr Enhanced Leu-induced Muscle Anabolic Signaling in Isolated Muscles and Muscles of Orally
Treated Mice

To determine whether the booster effect of Tyr on Leu could be observed ex vivo at physiological
concentrations, we incubated isolated mouse soleus and EDL muscles with the KRB buffer supplemented
with Leu and/or Tyr and then measured S6K and 4E-BP phosphorylation levels. The effect of the Leu and
Tyr combination on S6K phosphorylation was similar to that induced by 3 mM Leu in both the soleus and
EDL muscles (Figure 3A,B). Of note, the 1 mM Leu + 0.5 mM Tyr combination significantly promoted
S6K phosphorylation in the soleus muscle as compared to | mM Leu (Figure 3A). In both cases, the extent
of S6K phosphorylation induced by 0.5 mM and 1 mM Tyr in combination with 1 mM Leu was similar,
with no dose dependence observed. 4E-BP phosphorylation showed the same trend as S6K phosphorylation,

but to a lesser extent (Figure 3C,D).
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Figure 3. Effect of leucine and tyrosine on S6K and 4E-BP phosphorylation in isolated muscles.

Overnight-fasted male C57BL/6J mice were sacrificed, and their soleus and extensor digitorum longus
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(EDL) muscles were isolated and incubated in Krebs Ringer Bicarbonate (KRB) buffer containing 0-3 mM
Leu and/or 0—1 mM Tyr for 20 min. (A,B) S6K phosphorylation (Thr389) levels in the soleus and EDL
muscles. (C,D) 4E-BP phosphorylation (Thr37/46) levels in the soleus and EDL muscles. All data represent
the fold change with respect to the control (0 mM Leu and 0 mM Tyr). Data are presented as mean + SEM
(n=8-9). Circles represent individual values. * p <0.05, ** p <0.01 vs. control. T p <0.05, { p <0.01 vs.

1 mM Leu as determined by one-way ANOVA.

Next, we evaluated the effect of oral Leu administration in combination with Tyr on S6K
phosphorylation in the muscles. First, we determined the maximum dose of Leu employed in previous
studies, and this was equivalent to the daily intake dose (46,47). To ensure appropriate dosing, amino acids
were dispersed in a 10% lipid emulsion and then administered to mice. Thirty minutes after amino acid
administration, S6K phosphorylation in the soleus muscle was significantly higher in the Leu- (at a Leu
dose of 10 mmol/kg BW) and Leu + Tyr-treated groups (both at doses of 5 mmol/kg BW Leu + 1 mmol/kg
BW Tyr and 5 mmol/kg BW Leu + 5 mmol/kg BW Tyr) than in the control group (Figure 4A). S6K
phosphorylation in the gastrocnemius muscle was significantly higher in the 10 mmol/kg BW Leu-treated
groups and in the 5 mmol/kg BW Leu + 5 mmol/kg BW Tyr-treated groups than in the control group (Figure
4B). In addition, we preliminarily confirmed that SOK phosphorylation levels remained unchanged 15 and
60 min after amino acid administration (data not shown). Serum Leu and Tyr concentrations increased in a
dose-dependent manner 30 min after oral amino acid administration (Figure 4C,D). Unexpectedly, serum
Tyr concentrations in the 5 mmol/kg BW Leu + 5 mmol/kg BW Tyr-treated groups were significantly higher

than those in the 5 mmol/kg BW Tyr-treated groups (Figure 4D). The serum Tyr concentration was lower
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than that of Leu even when equal molar amounts of both amino acids were administered (Figure 4C,D).
Although the oral bioavailability of Tyr was lower than that of Leu, probably due to its low water solubility,
serum Tyr concentrations were positively correlated with S6K phosphorylation in both the soleus and

gastrocnemius muscles in the Leu + Tyr-treated groups (Figure 4E—H); this was not the case with Leu.
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Figure 4. Effect of oral leucine and tyrosine administration on S6K phosphorylation in mice.
A lipid emulsion containing Leu and/or Tyr was intragastrically administered to overnight-fasted mice
under isoflurane anesthesia. Muscle and blood samples were collected after 30 min. S6K phosphorylation

(Thr389) in the soleus (A) and gastrocnemius (B) muscles was detected by western blotting. Serum leucine
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(C) and tyrosine (D) levels were determined through LC-MS/MS. (E-H) The correlation between S6K
phosphorylation level and serum tyrosine or leucine concentration in the Leu + Tyr-treated groups is shown.
Empty circles with a black outline and black circles indicate the 5 mmol/kg BW Leu + 1 mmol’kg BW Tyr
and 5 mmol/kg BW Leu + 5 mmol/kg BW Tyr treatments, respectively. All data represent the fold change
with respect to the control (0 mmol/kg BW Leu + 0 mmol/kg BW Tyr). Data are presented as mean + SEM
(n=5-11). Circles represent individual values. ** p <0.01 vs. control as determined by one-way ANOVA
(A,B). Different letters (a—c) represent significant differences (p < 0.05) as determined by one-way ANOVA

(C,D). A correlation analysis was performed using Pearson’s correlation coefficient (E—-H).

4-3-3. Molecular Mechanism by Which Tyr Enhances Leu-Induced S6K Phosphorylation

To provide mechanistic insights into the booster effect of Tyr on Leu, first, we hypothesized that the
incorporation of Leu into muscle cells is enhanced in presence of Tyr, and then we measured free Leu and
Tyr levels in treated C2C12 cells and isolated muscles. However, we found that although Tyr was more
significantly incorporated into cells than Leu at the same exposure concentrations, Leu incorporation
remained unchanged irrespective of Tyr administration (Figure S2).

Recent studies have shown that Sestrinl and 2 bind to Leu and are involved in Leu-induced activation
of mTORCI1 signaling (37,41). We compared the protein expression levels of Sestrinl and 2 between
C2C12 myoblasts, EDL muscles, gastrocnemius muscles, and soleus muscles. Both Sestrinl and Sestrin2
were more highly expressed in C2C12 cells and soleus muscles than in EDL and gastrocnemius muscles
(Figure 5A). Following the suppression of Sestrinl expression in C2C12 cells through siRNA transfection,

Sestrin2 expression was upregulated; however, following the suppression of Sestrin2 expression, Sestrinl
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expression slightly decreased (Figure 5B). Thus, we examined S6K phosphorylation in C2C12 cells treated
with Leu and/or Tyr under both Sestrinl and 2 suppression. As Sestrinl and 2 inhibit mTORC1 by
interacting with GATOR2, we expected that the suppression of the expression of these proteins would
increase the basal S6K phosphorylation state and attenuate Leu-induced S6K phosphorylation. However,
both the basal and Leu-induced S6K phosphorylation levels remained unchanged following the suppression
of the expression of these proteins; S6K phosphorylation was found to be promoted by treatment with Tyr
and was further enhanced following treatment with Leu in combination with Tyr (Figure 5C). Leucyl-tRNA
synthetase (LRS) has been proposed as an intracellular Leu sensor that induces mTORCI activation (51).
However, Leu- and/or Tyr-induced S6K phosphorylation remained unchanged following LRS knockdown

(Figure S3).

Figure 5. Involvement of Sestrinl and 2 in leucine and tyrosine-induced S6K phosphorylation.

(A) Sestrinl and 2 expression in mouse C2C12 myoblasts, EDL muscles, gastrocnemius muscles, and
soleus muscles was determined through western blotting. (B) Sestrinl and 2 mRNA expression levels in
C2C12 myoblasts subjected to siRNA transfection, on day 1 post differentiation, were determined via qRT-
PCR (n = 3). (C) S6K phosphorylation (Thr389) in C2C12 myoblasts on day 1 post differentiation in
response to 15 min of stimulation with Leu and/or Tyr following the downregulation of Sestrinl and 2
expression using siRNA (n = 6). All data represent the fold change compared with the scramble Ctrl (Scr)
siRNA (0 mM Leu and 0 mM Tyr). Data are presented as mean = SEM. Circles represent individual values.
*p<0.05, ¥* p<0.01 vs. Ctrl (Scr siRNA). 1 p <0.05 vs. 0.5 mM Tyr (Scr siRNA). § p<0.01 vs. 1 mM

Leu+0.5mM Tyr (Scr siRNA). § p<0.01 vs. Ctrl (Sestrinl, 2 siRNA) as determined by two-way ANOVA.
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CHAPTER 4-4. DISCUSSION

In this experiment, we demonstrated that Tyr enhances Leu-induced mTORC1 signaling activation.
This phenomenon was confirmed through both in vitro and in vivo experiments. To the best of our
knowledge, this is the first study to elucidate the contribution of Tyr to mTORCI signaling.

Leu is unique an amino acid among EAA in that it stimulates anabolic signaling in muscles through
the phosphorylation of mTOR, 4E-BP, and S6K (30). The findings of previous in vitro studies on C2C12
cells have suggested that the Leu concentration threshold is approximately 5 mM, and that above this
threshold, it induces significant levels of S6K phosphorylation, which is necessary for increased protein
synthesis in myotubes (52,53). However, as only plasma Leu concentrations of approximately 1.5 mM have
been observed in human subjects after the ingestion of high Leu doses (approximately 9 g) (54), a Leu
concentration of 5 mM is assumed to be beyond physiological concentrations. The transient anabolic
response induced by treatment with 1 mM Leu + 0.5 mM Tyr, which falls within the upper physiological
concentration range, was equivalent to or greater than that induced by 5 mM Leu (Figure 1E-I). Our data
indicated that the combination of Leu and Tyr at the appropriate ratio lowers the threshold for Leu-induced
S6K phosphorylation to a level that falls within the physiological concentration range. The slope of the
dose-response curves for Leu concentration versus phosphor-S6K increased with Tyr concentration, which
also supported this change in threshold (Figure 1C). Continuous Leu supplementation during differentiation
increased myotube diameter but did not affect total protein levels (Figure 2D,E). Our findings are consistent
with those of previous studies that showed that Leu preferentially induces myofibrillar protein synthesis
(53,55). In contrast, continuous supplementation with Leu and Tyr significantly increased both myotube

diameter and total protein levels. Since it has been postulated that myofibrillar proteins are more responsive
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to amino acids compared to cytoplasmic proteins (56), the combination of Leu and Tyr may increase both
myofibrillar protein and cytoplasmic protein levels, which in turn increased total protein levels in myotubes.

The booster effect of Tyr on Leu-induced activation of anabolic signaling was also confirmed in
isolated muscles. The extent of S6K and 4E-BP phosphorylation induced by the 1 mM Leu + 0.5 mM Tyr
treatment was found to be equal to or greater than that induced by the 3 mM Leu treatment, especially in
the soleus muscle (Figure 3). The intensity of the effect observed after incubation with 3 mM Leu was
equivalent to that observed in mice with serum concentrations resulting from the ingestion of the maximum
Leu dose of 10 mmol/kg BW (Figure 4C). In addition, S6K and 4E-BP phosphorylation seemed to be
highest at Tyr concentrations of 0.5 mM and 1 mM, respectively, in combination with 1 mM Leu.
Measurement of free Leu and Tyr intracellular levels showed that Tyr is more readily taken up by muscle
cells than Leu (Figure S2), suggesting that high Tyr concentrations may not contribute in further promoting
the anabolic signaling response. Our findings suggested that the delivery of Leu and Tyr to muscles at the
appropriate ratio is important for inducing this booster effect, and that blood Leu and Tyr concentrations of
1 and 0.5 mM, respectively, may be optimal.

Thirty minutes after oral administration of 5 mmol/ kg BW Leu + 5 mmol/ kg BW Tyr, serum Leu and
Tyr concentrations reached approximately 1.5 and 0.5 mM, respectively, and induced significant S6K
phosphorylation in both the soleus and gastrocnemius muscles (Figure 4A,B). Serum Tyr concentrations
following the oral administration of equal Tyr doses significantly increased upon the co-administration of
Leu and Tyr (Figure 4D). However, further investigation is required to determine whether the simultaneous
presence of Leu and Tyr in the intestinal tract can truly affect Tyr absorption. Although there was a variation

in serum Tyr levels, probably due to its low water solubility and low bioavailability, these levels were
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positively correlated with S6K phosphorylation levels (Figure 4E,F). Our data suggest that postprandial
blood Tyr concentration is in an appropriate ratio with that of Leu, a key determinant of muscle anabolic
signaling.

Notably, we found that the inhibition of Sestrinl and 2 expression did not affect the Leu-induced S6K
phosphorylation (Figure 5C); however, it is possible that the knockdown level was insufficient, and the
results could have been different if the extent of knockdown (or knockout) had been greater. As multiple
intracellular Leu sensors, such as LRS, SAR1B, and perhaps other unknown factors, have been identified
or proposed (51,57-59), their expression may be upregulated in a compensatory manner, and this might
maintain Leu-induced S6K phosphorylation under Sestrinl and 2 suppression. The inhibition of LRS
expression did not affect Leu- and/or Tyr-induced S6K phosphorylation (Figure S3). LRS has been
identified in HEK293 cells (51); however, inhibition of its expression in C2C12 cells suppressed muscle
differentiation but did not affect muscle hypertrophy (60). These findings suggest that LRS contribute little
to the regulation of mMTORCI1 activity in skeletal muscles. Another Leu sensor, SAR1B, is highly expressed
in skeletal muscles (57). However, the dissociation constant of SAR1B from Leu was lower than that of the
Sestrins from Leu in HEK293T cells. SARIB is thought to respond to low Leu levels to maintain basal
mTOR activity. Thus, the functional relationship between Leu sensors and mTORCI1 activity in the muscle
cells should be explored in future studies. Tyr induced S6K phosphorylation under Sestrinl and 2
suppression (Figure 5C). In the presence of Leu, the interaction between Sestrins and GATOR?2 is disrupted
through the binding of Leu to Sestrins (37,41). Leu-dependent Sestrin divergence conditions are analogous
to the state of inhibition of Sestrin expression, and in this state, Tyr can activate mTORC1 via an unknown

interaction with GATOR2. As Phe also exerted a booster effect on Leu-induced S6K phosphorylation
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(Figure 1A,B), the structural features of both Tyr and Phe are probably involved in the molecular
mechanism; however, the precise mechanism by which Tyr (and Phe) promotes mTORCI activation in the
presence of Leu is yet to be elucidated.

We found the protein expression levels of Sestrinl and 2 in the soleus muscle to be higher than that in
the EDL and gastrocnemius muscles (Figure 5A); this might explain the more significant booster effect of
Tyr on Leu-induced mTORCI1 activation in the soleus muscle (Figures 3 and 4). However, this speculation
is inconsistent with in vitro findings, as the booster effect of Tyr on Leu was found to be significant under
Sestrinl and 2 suppression (Figure 5C). Recent studies have shown that Sestrinl levels decrease with lack
of use or aging, and that it is a key regulator of anabolic and degradative pathways that pre-vent muscle
atrophy (61-63). Sestrinl is upregulated following acute resistance exercise (64) and downregulated
following chronic treadmill exercise (65). Although the relationship between the change in Sestrin
expression and mTORCI activity is not clearly understood, and as changes in the expression of other
confounding factors that affect mTORCI activity need to also be considered in this regard, the expression
levels of Sestrins could partially explain the upregulation in Leu (and Tyr)-induced mTORCI1 activation
with increased MPS following resistance exercise- or age-related anabolic resistance.

It should be noted that this study has some limitations. First, in our in vivo experiments, we only
evaluated S6K phosphorylation and did not evaluate the actual rate of MPS. Second, the acute anabolic
response level, including S6K phosphorylation and MPS rate, is not sufficient to estimate the divergence
of chronic intervention-induced changes in muscle hypertrophy (66). Although we demonstrated that Tyr

serves as a booster to enhance Leu-induced MPS and muscular hypertrophy in vitro (Figure 2), further
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studies are needed to determine whether long-term nutritional intervention with Leu and Tyr, or a protein

source that contains them at high levels, could result in muscular hypertrophy in vivo.
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CHAPTER 5. EXPERIMENT #2
TRPMS8-mediated cutaneous stimulation modulates motor neuron activity during treadmill stepping in

mice

CHAPTER 5-1. INTRODUCTION

Motor neurons (MNs) are generally recruited from the smallest to the largest with an increasing load
following the size principle (67). MNs recruited at a low force tend to constitute small motor units (MUs),
while large MNs are recruited when higher forces are needed, and they constitute the large MUs (68).
However, there are some exceptions (69), for example, the order of MU recruitment can be changed by
electrically stimulating the cutaneous afferents. The afferent stimulation generates inhibitory responses in
the small MUs and excitatory responses in the large MUs (70-72). These findings suggest that cutaneous
afferent input modulates MN excitability via somatosensory reflex pathways. Cutaneous stimulation has
the potential to induce adaptive plasticity in the muscles (73) and is applied for the treatment of various
neurological and musculoskeletal disorders (74,75).

Skin cooling (SC) induced by a cold environment has been reported to enhance electrical activity in
muscle during repetitive exercise without changes in muscle temperature (76). SC at 25 °C during a slow
ramp contraction also changes the MU recruitment pattern and selectively induces large MU recruitment
(77). Furthermore, in practical rehabilitation trials, recent studies have shown that maintaining the skin
temperature at around 25 °C, using a gel-cooling pad on the quadriceps muscle, enhances muscle activity

at 15% maximum voluntary contraction (78) and improves the rate of force development in the early phase
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of contraction (79). Based on these studies, it is presumed that maintaining the skin temperature at 25 °C is
appropriate for modulating MN excitability without a reduction in the muscle temperature.

Transient receptor potential (TRP) channels play critical roles in the transduction of temperature and
a sub-family of M8 (TRPMS) is activated at a temperature of < 25-28 °C (80). It has been assumed that
activation of TRPMS, expressed in the peripheral nerves, is responsible for SC-induced cutaneous input.
TRPMBS is also activated by chemical agents, such as menthol and icilin (81-83). We have previously shown
that the application of menthol gel on the skin over working muscles enhances muscle activity at a low load
(35% maximum voluntary contraction) in both adult and elderly individuals (84). These findings suggest
that TRPM8-mediated sensory input may be responsible for SC-mediated MN excitability. In addition,
because the application of menthol gel neither requires any extensive equipment for SC nor limits any
movement for subjects, this strategy might be useful to train elderly individuals to recruit large MUs at low-
load exercise and to prevent age-related loss of type 2 muscle fibers (3,7).

However, our previous study assessing MU recruitment with surface electromyography could only
indicate the activity of the outer layer of the muscle. Thus, it remains unclear whether TRPM8-mediated
cutaneous input in the working muscle modulates spinal MN excitability and induces large MU recruitment.
The early response gene c-fos has been used in identifying activated neurons in the brain and spinal cord
while performing various tasks (85,86). Previous studies have demonstrated that the number of MNs
expressing c-fos increases after a single bout of treadmill stepping in a time- and intensity-dependent
manner (87—-89). Detection of ¢c-fos is considered a marker of neural activity in the spinal cord. The purpose
of this study was to investigate the effects of TRPMS&-mediated cutaneous stimulation combined with

exercise on the modulation of spinal MN excitability. In this experiment, by using c-fos immunostaining,
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we found that topical application of a TRPMS agonist with low-load treadmill stepping promoted c-fos
expression in the large MNs, which were supposed to be the fast MNs innervating the type 2 fibers and

constitute the large MUs.

40



CHAPTER 5-2. MATERIALS AND METHODS
5-2-1. Animals

Male C57BL/6J mice (9—14 week-old) were purchased from CLEA Japan (Tokyo, Japan) and
maintained under a controlled condition (temperature, 23 + 2 °C; humidity, 55 + 10%; and lighting, 07:00
to 19:00 h). The mice were provided with standard chow (CE-2; CLEA Japan, Tokyo, Japan) and water ad
libitum. All animal experiments were conducted at the Experimental Animal Facility of the Kao
Corporation's R&D Department. The study was approved by the Kao's Animal Care Committee, and all
experiments followed the guidelines of the committee.
5-2-2. Animal Experiment 1

After acclimatization, the mice (n = 6) were anesthetized with isoflurane (Abbott Japan, Tokyo, Japan),
and the hairs of the hindlimbs were shaved by animal clippers. Icilin (QJ-5946, Combi-Blocks, San Diego,
CA, USA) was dissolved in 80% DMSO (Wako, Osaka, Japan) and 20% PBS solution, and the
concentration was adjusted to 1.5% (w/v). Approximately 100 pL of the icilin solution was applied on the
right hindlimb, whereas a control solution (80% DMSO, 20% PBS) was applied on the left hindlimb of
each mouse under isoflurane anesthesia. The solution was gently applied to all parts of the hindlimb thrice
with a cotton swab. To provide adequate time for c-fos expression, the mice were returned to their cages
and were perfused 90 min after the application.
5-2-3. Animal Experiment 2

A 10-lane motorized rodent treadmill (MK-680; Muromachi Kikai, Tokyo, Japan) with no incline was
used for treadmill stepping. The experiment was conducted with three days of sessions. After shaving the

hairs from the hindlimbs, all mice were accustomed to treadmill stepping at a speed of 10 m/min for 30 min
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for the initial two days. On the last day, the mice (n = 55) were randomly divided into five groups: Sedentary
(Sed, n = 9), Sedentary+icilin (Sed+icilin, n = 10), Low-speed stepping (Low-speed stp, n = 12), High-
speed stepping (High-speed stp, n = 12), and Low-speed stepping+icilin (Low-speed stp+icilin, n = 12).
The mice were topically administrated with icilin solution or control solution on all parts of the hindlimbs
as noted in 5-2-2, followed by conducting treadmill stepping or home cage activity. The treadmill stepping
was conducted according to the following program: low-speed, 12 m/min for 60 min; and high-speed,
18—20 m/min for 60 min to detect activated neurons as previously described (88). The stepping speed was
set to increase by 2 m/min up to each maximal speed. The mice were returned to their cages and were
perfused 60 min after the treadmill-stepping bout. All mice were kept fasting for 3 h before the treadmill
stepping.
5-2-4. Tissue collection

The mice were anesthetized with isoflurane and perfused transcardially with 20—30 mL of PBS
supplemented with 1 unit/mL of heparin sodium (Mochida Pharmaceutical, Tokyo, Japan), followed by
20-30 mL of 4% paraformaldehyde phosphate buffer solution (4% PFA; Wako, Osaka, Japan). The
vertebral column containing the spinal cord was dissected and post-fixed in 4% PFA overnight at 4 °C. The
spinal cords were carefully dissected from the vertebral column and impregnated with 30% sucrose in PBS
for over 3 days at 4 °C. With the dorsal root ganglion of L5 as a landmark, the lower lumbar segments
(L3-L5) were embedded in OCT compound (Sakura Finetek Japan, Tokyo, Japan) and stored at — 80 °C.
5-2-5. Immunohistochemistry

The frozen spinal cord blocks were transversely sectioned to 30 um thickness by a cryostat. For each

mouse, approximately 100—120 of the sections were sampled from the L3—L5 segment and collected in 12
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consecutive groups of 10 free-floating sections in PBS with sodium azide (Rockland Immunochemicals,
Limerick, PA, USA). Approximately 24 sections per mouse, 2 out of 10 sections randomly picked up from
each group, were used for immunolabeling in a free-floating manner. The sections were washed in 0.1 M
PB and incubated in primary antibodies against c-fos (rabbit, 1:5000, #226 003, Synaptic Systems,
Goettingen, Germany) and choline acetyltransferase (ChAT, goat, 1:200, AB144P, EDM Millipore,
Temecula, CA, USA) with a diluted solution (1% normal donkey serum, 0.3% TritonX-100, 0.25% A-
carrageenan, 0.01% NaN3 in PBS) on a shaker at 4 °C for three days. The sections were washed in PBS
with 0.3% TritonX-100 (PBS-T) thrice and incubated with secondary antibodies (Alexa 488-conjugated
donkey anti-rabbit and Alexa 568-conjugated donkey anti-goat (1:1000, Molecular Probes, Thermo Fisher
Scientific, Pittsburg, PA, USA)) with the diluted solution on a shaker for 1 h at room temperature. The
sections were then washed in PBS thrice and mounted on Micro Slide Grass (Matsunami Grass, Osaka,
Japan). Coverslips were placed with VECTASHIELD Hard-Set Mounting Medium (Vector Labs,
Burlingame, CA, USA).
5-2-6. Analysis of the activated neurons

Digital images were acquired with an all-in-one fluorescence microscope (BZ-X700, Keyence, Osaka,
Japan). All images were obtained at a magnification of 10x. For quantitative analysis, BZ Analyzer
(Keyence) was used to count the c-fos positive neurons by manual tagging and to measure the soma size of
ChAT labeling MN. A ChAT-positive cell merged with c-fos in lamina IX was defined as a c-fos” MN.
ChAT-positive cells located in the range of 400 um width and 300 um length centering on the central canal
were defined as cholinergic interneurons (INs) near the central canal (89) about previous studies of mouse

lumbar spinal cord (90,91), and the number of these cells merged with c-fos was counted. Since
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immunostaining images of some mice were not quantifiable probably due to inadequate perfusion and
fixation, some samples were excluded from the analysis. The numbers of mice in the Sed, Sed+icilin, Low-
speed Stp, High-speed Stp, and Low-speed Stp+icilin groups included in the analysis were 9,9, 11, 12, and
11 respectively. The quantification was blindly performed by assigning a code number to each mouse and
opening the code after all quantification was completed.
5-2-7. Statistical analysis

All data are represented by the mean = S.D. Group differences between the two groups were tested
with unpaired Student’s t-tests. Moreover, group differences among > 3 groups were tested with one-way
ANOVA followed by Tukey’s post hoc test. Comparison of the soma sizes was performed by two-way
ANOVA followed by Tukey’s post hoc test. Correlation was assessed by Pearson's correlation coefficient.
The threshold of significance was set at p<0.05. All analysis was performed using Prism 6 statistical

software (GraphPad Software, San Diego, CA, USA).
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CHAPTER 5-3. RESULTS
5-3-1. Peripheral stimulation with a TRPMS agonist induces c-fos expression in the spinal cord dorsal
horn

To confirm whether TRPMS8-mediated SC stimulation is induced by the cutaneous afferents, we
examined the expression of c-fos in the mouse spinal cord dorsal horn following application of a specific
TRPMS agonist, icilin (82) on the hindlimbs. We compared the levels of icilin-evoked c-fos expression to
those evoked by the control solvent in lamina I and II of the dorsal horn, as described previously (92).
Application of 1.5% icilin induced significant numbers of c-fos positive nuclei in the ipsilateral dorsal horn
as compared to the contralateral side (Figure 6). We preliminary confirmed that 1.5% icilin was enough to
induce the c-fos expression in the spinal cord dorsal horn, because the levels were similar to those of 3%
icilin, a maximum dissolved concentration (data not shown). Thus, we used 1.5% icilin in the following

experiment.
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Figure 6. Icilin induced c-fos expression in lamina I and II of the spinal cord dorsal horn.

Representative image of the spinal dorsal horn is shown (A). Topical application of icilin leads to increased
levels of c-fos protein in the L3—-L5 region of the ipsilateral dorsal horn (Icilin) as compared to that in the
contralateral side (Control) (B). Each symbol represents an individual mouse. The horizontal lines indicate
the mean values. Scale bar = 100 um. Compared with the control, $p<0.01. Data are represented as the

means + S.D.

5-3-2. TRPMS8-mediated cutaneous stimulation modulates c-fos positive MNs following treadmill
stepping

To evaluate the effects of topical application of icilin with treadmill stepping on the activation of MNss,
we defined ChAT-labeled neurons in lamina IX as MNs and observed the c-fos” MNs in the sections of
spinal cord ventral horn (Figure 7). In the quantitative evaluation of c-fos” MNs, the number of c-fos” MNss
per section was increased by treadmill stepping, whereas there was no difference in the icilin stimulation
or increased stepping speed (Figure 8A). As the number of c-fos” MNs was unchanged among the Low-
speed stp, High-speed stp, and Low-speed stp+icilin groups, we next evaluated the soma size of c-fos” MNs.
The soma size distribution of c-fos™ MNs was greatly changed by icilin stimulation or increasing the
stepping speed (Figure 8B). The average soma size of the total c-fos” MNs was also higher in the Low-
speed stp+icilin group and showed an increasing trend in the High-speed stp group than that in the Low-
speed stp group (Figure 8C). We especially focused on the MNs > 1000um? of soma size because these
neurons are fast MNs that innervate type 2 fibers (93,94). Thus, in the present experiment, we defined that

MNs of > 1000 um? constitute the large MUs. The percentage of large soma size (>1000 pm?) of c-fos*
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MNs was also higher in the Low-speed stp+iciln and High-speed stp groups than in the Low-speed stp
group (Figure 8D). There were few c-fos” MNs observed in the Sed and Sed+icilin groups, and thus, we
independently showed the size comparison between both groups in Supplemental Figure 4. The average
soma size and the percentage of large soma size of c-fos” MNs were unchanged between the Sed and

Sed+icilin groups (Figure S4).

Figure 7. Representative images of activated MNs in the spinal cord ventral horn.

Sections immunostained with c-fos (green) and ChAT (red) are shown for the sedentary, sedentary-+icilin,
low-speed stepping, high-speed stepping, and low-speed stepping-ticilin groups. C-fos merged in the nuclei
of ChAT-positive soma in lamina IX indicates activated (c-fos*) MN (white arrowheads). Scale bar = 100

pm.
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Figure 8. Treadmill stepping with icilin stimulation does not change the number of c-fos+ MNs but

modulates the soma size of c-fos™ MNs.
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Quantitative results of c-fos” ChAT-labeled MNs in immunostained images of the spinal cord are shown.
The number of c-fos™ MN per section is shown for (A). The distribution of the c-fos* MNs with respect to
their soma sizes (um?) is shown for the stepping groups (B). The average soma size of the total c-fos* MNs
and the percentage of large soma size (> 1000 pm?) of the c-fos” MNs are shown in (C) and (D), respectively.
Each symbol represents an individual mouse. The horizontal lines indicate the mean values. Compared with
Sed group, Tp<0.01; Compared with Sed+icilin group, {p<0.01; Compared with Low-speed stp group,

§p<0.05, 4p<0.01. Data are represented as the means + S.D.

5-3-3. TRPMS8-mediated cutaneous stimulation modulates c-fos positive cholinergic INs following
treadmill stepping

Spinal interneurons (INs) relay signals between the sensory neurons and MNs. To reveal mechanistic
insights on the modulating MN excitability, we focused on the cholinergic INs, which are likely to be
involved in sensory processing and motor output (95,96). We identified cholinergic INs based on their
distance from the central canal (Figure 9A) as described previously (89-91). The number of activated
cholinergic INs was higher in the three-stepping groups than that in the Sed and Sed-+icilin groups (Figure
9B). This was also higher in the Low-speed stp+icilin group and showed an increasing trend in the High-
speed stp group than in the Low-speed stp group. Subsequently, we evaluated the correlation between the
number of activated cholinergic INs and the percentage of large soma size (>1000 um?) of the activated
MNs in each mouse (Figure 9C). The activation of the cholinergic INs showed a significant positive

correlation with the activation of the large MNss.
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Figure 9. Treadmill stepping with icilin stimulation activates the cholinergic INs.

Cholinergic INs near the central canal were identified in the range of 400 um width and 300 um length

centering on the central canal (Al). Representative images of the c-fos™ cholinergic INs near the central
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canal (white arrowheads) immunostained with c-fos (green) and ChAT (red) are shown (A2; box with white
dashed line). Scale bar = 100 pm. The number of c-fos" cholinergic INs near the central canal per section
is shown for the sedentary, sedentary-+icilin, low-speed stepping, high-speed stepping, and low-speed
stepping+icilin groups (B). Each symbol represents an individual mouse. The horizontal lines indicate the
mean values. Compared with Sed group, *p<0.05, p<0.01; Compared with Sed+icilin group, {p<0.01;
Compared with Low-speed stp group, §p<0.05. Data are represented as the means + S.D. The correlation
between the activation of cholinergic INs and the activation of large MNs in all mice of the three-stepping
group (n = 34) is shown (C). Gray circles, black circles, and empty circles with gray outline indicate low-

speed stepping, high-speed stepping, and low-speed stepping+icilin, respectively.
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CHAPTER 5-4. DISCUSSION

In this experiment, we demonstrated that TRPM8-mediated cutaneous stimulation combined with low-
load treadmill stepping facilitates the activation of large MNs with the activation of cholinergic INs near
the central canal. This provides mechanistic insight into the previous finding of increased EMG activity
during low-load contraction in humans after stimulation of TRPMS with menthol (84).

We used icilin as a TRPMS8 agonist for cutaneous stimulation in mice (Figure 6). Icilin can cross-
activate other TRP channels, such as TRPA1 in vitro (97), while in vivo studies have demonstrated that
responses to icilin stimulation in TRPM8 ™~ mice are reduced to the same extent as that in the control mice
(92,98). Thus, icilin stimulation is mediated through TRPMS8 in vivo. We believed that icilin is
percutaneously absorbed and stimulates TRPMS in the peripheral sensory nerves (Ad and C-fibers) (99),
followed by induction of c-fos expression in the dorsal horn lamina I and II, the primary site of termination
of the thermosensitive and nociceptive sensory afferents (100). Oral or intraperitoneal administration of
icilin is reported to produce noxious cold sensations, like wet-dog shakes and jumping behaviors (82,98),
but in our experiments, such behaviors were not observed. Therefore we recognize that the application of
icilin to the lower limbs stimulates TRPMS8-mediated cutaneous afferents but does not extend to induce
noxious cold in this study.

We first expected that the number of activated MNs would increase in a stepping speed-dependent
manner, however, there was no difference in the results between the Low-speed stp and the High-speed stp
groups (Figure 8A). However, the soma size distribution of c-fos* MNs was significantly increased in
response to a higher speed (Figure 8B). It suggested that faster stepping speed leads to suppression of the

small MNs and activation of the large MNs, promoting preferential recruitment of the larger MUs.
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Electromyography signals from the hindlimb muscles in rats during treadmill stepping indicate that faster
stepping speed leads to preferential recruitment of the larger MUs (101). It has reported that the small MUs
activating at low speeds are suppressed and the large MUs are preferentially activated according to
increased exercise speed during bicycling or ankle flexor movements in humans (102,103). These findings
suggest that the changes in the MU recruitment patterns are flexible to meet the mechanical demands of
each task (104). Thus, the present results obtained from c-fos immunohistochemistry are consistent with
the previous findings obtained from electromyography analysis. Furthermore, icilin stimulation induced
similar c-fos expression patterns with an increased stepping speed (Figure 8). Despite no change in the
stepping speed, TRPMS8-mediated cutaneous stimulation may affect the modulation of spinal MN
excitability and induce preferential recruitment of the large MUs. Since the application of icilin on
sedentary mice did not change the number and the soma size of c-fos" MNs (Figure 8A, Figure S4), the
modulation of spinal MN is probably induced by a synergistic effect of TRPM8&-mediated cutaneous
stimulation and treadmill stepping. The modulation of spinal MN by icilin stimulation is possible to affect
the running behavior, because SC on the quadriceps muscle improves the rate of force development during
isometric knee extension in human research (79). Quantitative gait analysis of mice treated with icilin is
required for future study.

We also found that the number of activated cholinergic INs near the central canal increased following
low-speed stepping with icilin stimulation (Figure 9B). These neurons directly synapse onto MNs and
regulate their excitability (96,105) via cholinergic presynaptic terminals, C-boutons (106). Acetylcholine
(ACh) released from the C-boutons activates M2 muscarinic ACh receptors (M2-mAChRs) on MNs (106)

and enhances the MN firing frequency (96). M2-mAChRs are found to be predominantly expressed in the
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large MNs, like those innervating mainly the fast medial gastrocnemius muscles (107). Although the details
of innervation by INs are still unclear, these findings suggest that large MNs are likely to be modulated via
cholinergic INs. Consistent with this hypothesis, our results show that the activation of cholinergic INs
positively correlates with the activation of large MNs (Figure 9C). A recent study has shown that treadmill
stepping in rats activates these neurons by imposing additional loading by increasing the inclination of the
treadmill (89). The authors discuss that increased proprioceptive sensory input by increasing the inclination
may affect the activation of the cholinergic INs. Thus TRPMS8-mediated sensory input may affect the
proprioceptive sensory input and modulate the motor-sensory feedback during exercise. The other
possibility is that the TRPM8-mediated sensory input directly activates the cholinergic INs because icilin
stimulation tended to slightly increase the number of activated cholinergic INs in the sedentary mice (Figure
9B). Although further study is required to elucidate this mechanism, TRPM8-mediated modulation of MN

excitability might be regulated, at least in part, by the cholinergic INs near the central canal.
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CHAPTER 6. EXPERIMENT #3
Spinal motor neuron plasticity in hindlimb-unloaded aged mice and treatment of exercise with TRPMS§-

mediated cutaneous stimulation

CHAPTER 6-1. INTRODUCTION

Frailty is a common clinical syndrome in older adults, which carries an increased risk for poor health
outcomes, including falls, incident disability, hospitalization, and mortality (108). It is often characterized
by unintentional weight loss, muscle weakness, fatigue, slow walking speed, and low levels of physical
activity (109). To prevent frailty, it is important to implement exercises such as strength training or
resistance training especially aimed at maintaining and improving muscle strength in lower limbs (110).
However, for many elderly people, it is simultaneously necessary to consider the risk of damage to the
circulatory system caused by increased blood pressure, or to the musculoskeletal system caused by joint
pain. Thus, there is a need to develop training methods that are effective in improving muscle strength even
with low loads.

We previously reported that skin cool (SC) sensation mediated by TRPMS8 agonist with low-load
exercise promotes preferential recruitment of large motor neurons (MNs) (84). Low-load exercise with SC
is potentially useful as a new training method for rehabilitation or preventive measures in long-term care
for older adults (111). Furthermore, we found that SC with low-load treadmill stepping promoted
preferential activation of large MNs which constitute the large motor units in experiment #2. As a
mechanism, we found the involvement of cholinergic interneurons (INs) that project directly to the MN cell

bodies. Synaptic terminals of these INs are called C-boutons, which releases acetylcholine to excite MNs
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(106). As the number of C-boutons decreases with aging (112), C-boutons are expected to be an important
target for improving motor function.

In this experiment, we treated aged mice with hindlimb unloading (HU) to induce muscle atrophy,
assuming a model for an older adult being frailty or in need of long-term care, and clarified changes in the
spinal MN plasticity. In addition, we investigated the effect of exercise with TRPMS8-mediated SC on the

improvement of motor function and spinal motor control in aged-HU mice.
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CHAPTER 6-2. MATERIALS AND METHODS
6-2-1. Animals

Male C57BL/6J mice (young: 12 weeks old and aged: 22 months old) were purchased from The
Jackson Laboratory Japan (Kanagawa, Japan) and maintained under controlled conditions (temperature: 23
+ 2 °C; humidity: 55 + 10%; lighting: 07:00 to 19:00 h). The mice were provided standard chow (CE-2;
CLEA Japan, Tokyo, Japan) and ad libitum access to water. All animal experiments were conducted at the
Experimental Animal Facility of the Kao Tochigi Institute (Tochigi, Japan) and were approved by the
Animal Care Committee of the Kao Corporation (Tokyo, Japan).
6-2-2. Animal Experiment 1

The young and aged mice were randomly divided into two groups, respectively: Young-control
(Young-Ctrl, n = 3), Young-HU (Young-HU, n = 4), Aged-Ctrl (n = 4), and Aged-HU (n = 3). The tails of
the HU mice were connected to a suspension clip (MTC2014, Yamashita-Giken, Tokushima, Japan), and
the hindlimbs were elevated for 2 weeks. The HU mice were able to move 360° with their forelimbs, but
could not touch the bottom or sides of the home cage with their hindlimbs. The Ctrl mice were kept
sedentary in their home cage.
6-2-3. Animal Experiment 2

After evaluating motor function by beam walking test (6-2-4), young (n = 4) and aged (n = 15) mice
were subjected to HU for 2 weeks. After all mice were reloaded, motor function was assessed by beam
walking test again. Aged mice were randomly divided into three groups to ensure no differences in body

weight and motor function, with sedentary (Sed), treadmill walking (10m/min, 30min/day, five times/week;
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Ex), or Ex+SC conditions. The topical application of SC was as described in 5-2-2 using the icilin solution.
After the intervention for 2 weeks, motor function was assessed by beam walking test.
6-2-4. Beam walking test

The beam walking test apparatus (SHINFACTORY, Fukuoka, Japan) consisted of a beam (length 80
cm x width 2.2 - 4 cm), two poles supporting the beam at a height of 100 cm above the floor, and a black
box. The box is located at the end of the beam. Each mouse was placed at the edge of the beam, and
encouraged to walk toward the black box. The time for each mouse walking 50 cm to the black box was
measured. The width of the beam was designed to gradually taper from 1.1 mm to 6 mm. Three
measurements were performed for each mouse and the average of the two upper scores was calculated. All
measurements were blindly performed by a single experimenter who does not know the experimental
conditions.
6-2-5. Tissue collection

The spinal cord was isolated and transversely sectioned as described in 5-2-4, and 5-2-5.
6-2-6. Immunohistochemistry

Eight sections per individual, randomly obtained from lumbar spinal cord L3-5, were immunostained
as described in 5-2-5. The primary antibodies used in this study included anti-NeuN (MAB377, mouse,
1:1000, EMD Millipore), anti-ChAT (AB114P, goat, 1:300, EMD Millipore), anti-VAChT (ABN100, goat,
1:250, EMD Millipore), and anti-vesicular glutamate transporter 1 (VGLUT1, AB5905, guinea pig, 1:250,
EMD, Millipore). The appropriate secondary antibodies conjugated with Alexa Fluor (1:1000, Molecular
Probes, Thermo Fisher Scientific) were used.

6-2-7. Analysis of neurons
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Digital images were acquired with an all-in-one fluorescence microscope (BZ-X700, Keyence) by Z-
stacks with 10-15 pm depth from surface and 1 pum interval, at a magnification of 20X. For quantitative
analysis, BZ Analyzer (Keyence) was used to count C-bouton and VGLUTI1 spots. C-bouton was
determined by quantifying the number of VAChT spots adhering to the contours of NeuN-positive MN cell
bodies and dividing by the cell body area per 100 pum? (spots/100 um?). VGLUT1 spots were analyzed in
the same manner. For the above analysis, approximately 50 to 100 MNs were evaluated, and the average
value was used as the value for that individual. ChAT-positive cells located in the range of 400 um width
and 300 pm length centering on the central canal were defined as cholinergic INs near the central canal as
described in 5-2-6, and the number of these cells was counted.

6-2-8. Statistical analysis

All data are represented by the mean + S.E. Differences between multiple groups were tested using
one-way ANOVA followed by Tukey’s post-hoc test. Comparison of two factors was performed using two-
way ANOVA followed by Tukey’s post hoc test when a significant interaction was observed. The threshold
of significance was set at p<0.05. All analysis was performed using Prism 8 statistical software (GraphPad

Software, San Diego, CA, USA).
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CHAPTER 6-3. RESULTS
6-3-1. Effects of hindlimb unloading on body composition and beam test performance

Neither young nor aged mice lost body weight after 2 weeks of HU (Figure 10A). Consistent with this,
HU did not cause the increase in adrenal mass, a marker of stress (113) (Figure 10B). In contrast, soleus
and gastrocnemius mass were significantly decreased after HU in both young and aged mice (Figure 10C,
D). In young mice, the performance of beam walking test before and after HU was unchanged, but in aged

mice, that was significantly worsened after HU (Figure 10E, F).
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Figure 10. Hindlimb unloading induces muscle atrophy in both young and aged mice, but impaired
motor function in only aged mice.

Body weight (A), adrenal mass (B), soleus mass (C), and gastrocnemius mass (D) from 2 week HU mice
and their respective controls. Representative images of beam walking test are shown (E). Changes in beam
walking test performance before and after HU (F). Data are presented as mean + SEM (n =3-4 (A-D),n=

4 (young), n =15 (aged) (F)). * p <0.05, ** p <0.01 as determined by two-way ANOVA.

6-3-2. Effects of hindlimb unloading on spinal cord neural plasticity

With immunostaining for VAChT, we visualized cholinergic inputs, C-boutons, terminating on MNs
innervating hindlimb skeletal muscles. The number of C-boutons was not changed by HU in young mice,
but significantly decreased with aging, and was further reduced by HU in aged mice (Figure 11A-C). The
number of cholinergic INs near the central canal of the spinal cord decreased with aging (age main effect:
p <0.05), but was not affected by HU (Figure 11D-F). Additionally, we examined the impact of aging and
HU on glutamatergic inputs. Glutamatergic inputs were visualized with an antibody against VGLUTI.
While VGLUT1-spots were present in all regions of the spinal cord, only VGLUT1-spots on MNs in the
ventral horn were analyzed. The number of VGLUT1-spots decreased with aging (age main effect: p <

0.05), but was not affected by HU (Figure 11G-I).
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Figure 11. Excitatory synaptic inputs on motor neurons change with aging and hindlimb unloading.
Analysis of C-boutons in the ventral horn of the lumbar spinal cord (A). Representative images of C-
boutons on the MN soma immunostained with VAChT (green) and NeuN (red) are shown (B). Scale bar =
20 um. The number of C-boutons is shown for the young-Ctrl, young-HU, aged-Ctrl, aged-HU groups (C).
Analysis of cholinergic INs near the central canal (D). Representative images of the cholinergic INs
immunostained with ChAT (green) and DAPI (blue) are shown (E). Scale bar = 50 um. The number of
cholinergic INs is shown (F). Analysis of VGLUT1-spots in the ventral horn of the lumbar spinal cord (G).
Representative images of VGLUT1-spots on the MN soma immunostained with VGLUT1 (green) and
NeuN (red) are shown (H). Scale bar = 20 um. The number of VGLUT1-spots is shown (I). Data are

presented as mean = SEM (n = 3-4). * p <0.05, ** p <0.01 as determined by two-way ANOVA.

6-3-3. Exercise with TRPM8-mediated cutaneous stimulation facilitates recovery of motor function in
reloading aged mice.

Next, aged mice were reloaded after 2 weeks of HU and subjected to a 2-week Ex+SC intervention.
Body weight, and soleus and gastrocnemius muscle mass were unchanged between the groups (Figure 12A-
C). The beam walking test performance was significantly improved by the Ex+SC group compared to the
Sed group (Figure 12D, E). Furthermore, the number of C-boutons was significantly recovered by Ex+SC

(Figure 12F, G). Ex alone remained neither changed.
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Figure 12. Exercise with TRPM8-mediated skin cooling facilitates recovery of motor function and
cholinergic inputs on motor neurons in reloaded aged mice.

Body weight (A), soleus mass (B), and gastrocnemius mass (C) of aged mice after the 2-week intervention.
Representative images of beam walking test are shown (D). Changes in beam walking test performance
after the 2-week intervention (E). Representative images of C-boutons on the MN soma immunostained
with VAChHT (green) and NeuN (red) are shown (F). Scale bar =20 pm. The number of C-boutons is shown
for the Sed, Ex, and Ex+SC groups (G). Data are presented as mean = SEM (n = 4-5). * p <0.05, ** p <

0.01 as determined by one way ANOVA.
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CHAPTER 6-4. DISCUSSION

In this experiment, we demonstrated that HU reduced the number of C-boutons on MNs in aged mice,
with worse beam walking test performance. Recovery from these changes was facilitated through the
intervention of low-load treadmill exercise with SC. These findings suggest that changes in C-bouton
contribute to spinal motor control and are one of the targets for improving motor function.

HU has been developed as a ground-based unweighting model equivalent to space flight (114) and
induces significant atrophy of hindlimb skeletal muscles, especially the soleus muscle. In this experiment,
no weight loss or adrenal hypertrophy was observed after 2 weeks of HU (Figure 10A, B), suggesting that
stress induced by HU could be negligible for mice. Although muscle atrophy was observed in both young
and aged mice (Figure 10C, D), only aged mice showed a significant decrease in motor function (beam
walking test) induced by HU (Figure 10E, F). The beam walking test reflects fine motor control and balance
function in mice and is often used to evaluate motor dysfunction associated with lesions of the central
nervous system and sensory nerves (115). Thus, we next focused on the effects of HU on the spinal nervous
system. HU is frequently used as a model to study disuse muscle atrophy, but few reports have examined
its effects on the spinal cord (116). First, we analyzed cholinergic INs near the central canal of the spinal
cord, which may play an important role in the control of motor units by TRPMS8-mediated SC (117). The
number of C-boutons projecting to MN somata was reduced by HU only in aged mice (Figure 11C),
suggesting that the excitatory synaptic coupling between cholinergic INs and MNs was attenuated. In
contrast, the number of glutamatergic presynapses (VGLUT1-spots), that input muscle spindle-derived
sensory feedback signals to MN cell bodies (118), decreased with aging but was unchanged by HU (Figure

11D). Although other major interneuron presynapses such as VGLUT2 (glutamatergic) and VGAT
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(GABAergic) projecting to MN cell bodies should be analyzed in the future study, the synaptic connections
between cholinergic INs and MNs via the C-boutons may be involved in the motor function of aged mice.
Recent studies suggest that C-boutons may be a potential therapeutic target for amyotrophic lateral sclerosis
and motor dysfunction associated with peripheral nerve injury (119,120). In wild-type mice, gastrocnemius
muscle activity increases during swimming compared to walking, but in mice genetically inhibited
acetylcholine release from C-bouton, the gastrocnemius muscle activity during swimming is significantly
reduced (105). This result suggests that cholinergic inputs to MNs via the C-boutons promote MN firing in
a task-dependent manner that requires greater muscle activity. Although the contribution of C-boutons to
the beam walking test should be examined in the future study, previous studies have reported that rate of
force development (Imuscle force/./Jtime) in older adults is associated with balance function, walking
speed, and reduced fall risk (121-123), suggesting that the exerting greater force quickly due to cholinergic
inputs could also contribute to the beam walking test performance.

After a 2-week reloading period, the muscle mass tended to recover compared with immediately after
HU, but there was no difference between the groups (Figure 12B, C). In contrast, the beam walking test
and the number of C-boutons were improved by the intervention of Ex+SC training (Figure 12E, G). The
Ex was a low-speed treadmill stepping of 10 m/min, which did not activate the cholinergic INs in
Experiment #2, thereby the Ex alone improved neither. Collectively, low-load exercise training with SC by
the topical application of TRPM8 agonists enhanced the excitatory synaptic connections between
cholinergic INs and MNs, thereby improved motor function. It is necessary to further elucidate the synaptic

mechanisms by which the cold sensation influences activating cholinergic INs near the central canal.
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CHAPTER 7. GENERAL DISCUSSION

In experiment #1, we demonstrated that Tyr enhanced Leu-induced activation of mTORCI signaling
in C2C12 cells. A similar effect was observed in isolated murine muscle and the skeletal muscles of mice
orally administered the amino acids. Other recent studies have reported that Leu, isoleucine, and valine
(BCAAs) in combination with alanine at specific ratios enhance BCAA bioavailability and promote
anabolic responses in the skeletal muscles (124,125). Thus, the most appropriate amino acid composition
for achieving optimal nutritional benefits should be validated in future studies. Our findings may provide
important factors to be considered when establishing amino acid combinations suitable for promoting
muscle synthesis and may help in the development of nutritional approaches for preventing and treating
sarcopenia and frailty. Additional study is required to verify whether long-term intake of protein sources
highly contained Leu and Tyr can prevent age-related muscle atrophy in aged mice or older adults. It is also
unclear whether the intracellular regulation of mTORC1 by amino acid is maintained in aged skeletal
muscle. This would provide a new perspective in addressing anabolic resistance.

In experiment #2, we demonstrated that topical application of a TRPMS8 agonist with low-load
treadmill stepping promoted preferential activation of large MNs which constitute the large motor units.
TRPMS8-mediated modulation of the spinal MN excitability may be regulated by cholinergic INs near the
central canal. Subsequently, in experiment #3, we demonstrated that repeated TRPMS8-mediated cutaneous
stimulation with low-load training promoted the excitatory synaptic connections between cholinergic INs
and MNs, which should improve motor function in aged mice. These findings could support the possibility
of using cutaneous SC input as effective training method for older adults. Recent studies have pointed out

that age-related degeneration in the spinal cord is the onset of the decline in physical function (127,128).
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The experiment #3 also suggested young mice should have a resilient spinal cord nervous system, since no
prominent changes were observed due to HU. In contrast, the nervous system was disrupted in aged mice,
probably due to changes in the spinal cord environment with aging. We need to identify the factors which
is responsible for regulating the plasticity of spinal cord nervous system including C-boutons in future
studies.

Finally, multiple countermeasures for both neurological and skeletal muscle factors are important to
address the age-related decline in physical function and muscle atrophy. Certain micronutrients such as
plant flavonoids (129) and milk fat globule membrane (130) may also be beneficial in the nutritional
management against the age-related deterioration of the neuromuscular system. An integrated exercise and

nutrition intervention approach needs to be established for each older individual in the future study.
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CHAPTER 8. CONCLUSION

In conclusion, this doctoral thesis tried to understand the mechanisms regulating muscle anabolic
response and motor unit recruitment. In experiment #1, we demonstrated that Tyr enhanced Leu-induced
activation of mMTORCI signaling. In experiment #2, we demonstrated that topical application of a TRPMS
agonist with low-load treadmill stepping promoted preferential activation of large MNs which constitute
the large motor units. Subsequently, in experiment #3, we demonstrated that repeated TRPMS8-mediated
cutaneous stimulation with low-load training improved motor function in aged mice. The results of the
series of experiments provide novel insights into both neurological and skeletal muscle factors contributing
to prevent age-related decline in physical function. These findings have the potential for developing

effective strategies for rehabilitation or preventive measures in long-term care for older adults.
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(A) kDa (B} kDa (C) kDa
75
P-56K | - - . b | P-4E-BP  m w wn == gn = o - - - 25 P.mTOR == s o m o = o o - 550
TotaISEK|—---—---—-—-| 75 Total 4E-BP i o g . Tolal mMTOR W= 5 o e e o P
—250
8 3 3
= + + o ™ 4 o e
x o
£ on i = S
st T2 . : Eg 24
2 ° zg i h e °
28 4n - st lmfl & B £ | m B
5z . gz 1. f: I N
a H l I sE A : 52 HE | &l
£ == 5 i Ed i Q — i a? u| o — @
[ . y £ =
i . i 1 . I I )
L0 L4 ETEL L6 L] B
leu 0 50 10 50 10 650 1 (mM leu 0 50 10 50 10 860 1 (mM leu O 50 10 50 10 50 1{mmM
Tyr 0 0 1050 0 1050 0 105 Tyr 0 0 1050 0 1050 0 105 Tyr 0O D 1050 0 1050 0 108
10 min 30 min B0 min 10 min 30 min B0 min

10 min 30 min &0 min

Supplemental figure 1. Time course response of leucine and tyrosine in the anabolic signaling
pathway in C2C12 myoblasts.

Phosphorylation of S6K (Thr389) (A), 4E-BP (Thr37/46) (B), and mTOR (Ser2448) (C) 10-60 min after
stimulation with Leu and/or Tyr in C2C12 myoblasts on day 1 post-differentiation (n =4). All data is shown
as fold change to Ctrl (0 mM Leu and 0 mM Tyr) at 10 min. Data are presented as the mean + SEM. Circles

represent individual values. *p < 0.05, **p <0.01 vs. Ctrl as determined by one-way ANOVA.
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Supplemental figure 2. Measurement of intracellular free amino acid levels following exposure to
leucine and tyrosine.

Intracellular free Leu and Tyr levels in (A) C2C12 myoblasts and (B) isolated muscle (EDL) were
determined by LC-MS/MS. Measurements of the isolated muscle were corrected for the weight of the
muscle brought in. All values are presented relative to the amount of Leu in the control group. Data are
presented as the mean + SEM (n = 4). Circles represent individual values. Different letters (a—f) indicated

significant differences (p < 0.05) as determined by one-way ANOVA.
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Supplemental figure 3. Effect of LRS expression suppression on leucine and tyrosine-induced S6K

phosphorylation.

S6K phosphorylation (Thr389) in response to 15 min of stimulation with Leu and/or Tyr under
downregulated LRS expression by siRNA transfection in C2C12 myoblasts on day 1 post-differentiation.
Data are presented as the mean = SEM (n = 3). Circles represent individual values. *p < 0.05 vs. Ctrl (Scr

siRNA). ** p < 0.01 vs Ctrl (LRS siRNA). ¥ p <0.01 vs. 1 mM Leu (LRS siRNA). { p <0.01 vs. 5 mM

LRS siRNA

Leu (LRS siRNA) as determined by two-way ANOVA.
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Supplemental figure 4. Application of icilin on sedentary mice does not change the soma size of c-fos*

MN:s.

Quantitative results of c-fos” MNs in immunostained images of the spinal cord are shown for Sed and
Sed+icilin groups. The average soma size of the total c-fos” MNs and the percentage of large soma size (>
1000 um?) of the c-fos* MNs are shown in (A) and (B), respectively. Each symbol represents an individual

mouse. The horizontal lines indicate the mean values. Data are represented as the means &+ S.D.
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