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The effects of low-frequncy high-volume eectrical gimulation on satellite cell
activation and anabolic signaling pathway in single musclefibers of old mice

Changhyun Lim*, Hyo Jeong Kim?, Sophie Joanisse', Stuart M. Phillips', & Chang K eun Kim?®
McMaster University, 2Korea National Sport University, & *Zhejiang Normal University

[Purpose] This is the first study to examine whether age impacts the response of single muscle
fibers to high/low frequency and high/low volume electrical pulse stimulation. We performed in vitro
experiments to evaluate the effect of low-frequency high-volume electrical pulse stimulation (EPS) on
mechanistic target of rapamycin (mTOR), mitogen-activated protein kinase (MAPK) signaling pathway,
and satellite cell activation in singles fibers of young and aged muscles. [Methods] Isolated single
fibers from gastocnemius in 12-wk (n=21) and 72-wk (n=21) old male C57BL/6 mice were divided into
four groups: 1) control (Con) received no EPS, 2) low-frequency low-volume EPS (LL), 3) low-frequency
high-volume EPS (LH), and 4) high-frequency low-volume EPS (HL) were made to contract using
independent EPS protocols. Satellite cell activation and anabolic pathway (mTOR and MAPK signaling)
were measured before and after EPS. [Results] The number of quiescent (Pax7+/Ki67-) and active
(Pax7+/Ki67+) satellite cells, myonuclear content and the phosphorylation of 4E-BP1 and ERK were
higher in young when compared with old. However, regardless of age, LH and HL EPS significantly
increased the number of activate satellite cells (142%, both) and phosphorylation of mTOR (129% and
133%, respectively), p70S6K (133% and 136%, respectively) and 4E-BP1 (140% and 129%, respectively)
compared with Con. The protein expression of ERK phosphorylation only increased by LH EPS in both
the young and old groups (123% and 125%, respectively). [Conclusion] Low-frequency high-volume
EPS stimulated satellite cell activation and the mTOR signaling pathway in older similar to young

muscle.
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H(Laplante & Sabatini, 2012: Sengupta et al.,
2010). mTORE @914 33 913t x4 Al a4 Al
2 71 31 @A 21591 ribosomal protein S6 kinase
(p70S6K) ¢} eukaryotic translation initiation factor
4F binding protein 1 (4E-BP1)< <4HgIAIZ] o 24
A §43-5 243t (Laplante & Sabatini, 2012).
MAPK+=  extracellular signal-regulated kinase
(ERK) 1/2¢F p38 MAPK, c-JUN NH2-terminal
kinase (JNK)& 5ol AAEF 5 255 sl
&4 Ho] 2429 NEFV|IE 2H T (Williamson
et al., 2003). Rk ol APA L5 =42 &7
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A GAslste] AAMEY F4 T E5E fFEFOR
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& in vitro R 429 A ESARI 7| HA T
| 831 AF-8-%H (Park et al., 2015; Nikolic et al.,
2017: Carter & Solomon, 2019), A7]A=H( electrical
pulse stimulation, EPS)& vj<d 42 AXo] =
< 5 FARE A8 d4F =3t (Nikolic et al.,
2017). ¥Rk op g}t 2 2178 =8 & 7]nke. = 7|7}
=9 W%(frequency)®t AlZH(duration)< ZAgo =
B A& A¥ T (low-frequency) A7 AL 224
A FEE fEstn, #2 A7 uHlE(high-
frequency) A7|A2L &2A ZAFY 0] A4 =
< 915199 tH(Henning & Lomo, 1985; Naumann &
Pette, 1994). AYPAFEol| ostd wigd oA E
(myotube)ell AX|8 7|2=2] WIEe} AJ7ke] HA o
we} AT A2 nERC o} Bl vhild u
o] F7t T AT LT AR U YEhe
(Lambernd et al., 2012: Nikolic et al., 2012), 2H1 %=
AT T 4 A 5A A9 Qatsle) 2e A
4 5 AR 48 @45 Bust tH(Donnelly et
al., 2010; Scheler et al., 2013).
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20019). Burd et al. & &< 4AEZ 90%RM (274
%)% 30%RM (A7&) Jetez ol 43l leg
extension (4 sets)< setd = W& 4 ¢1& o (set
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B gEs AASl AdEES S AT A5 v
=5 A& 3t 0.2% type I collagenase’} 8 high
glucose Dulbecco's Modified Eagle's medium (DMEM)
bufferdl] 22 | 2A12F &<t 37C 2] water bathell A 44
¢t shaking? &7 ¥HEAIZTE Collagenase® &g
Hh-go] dojub ©d 24 o] FEl7F Lo vl =3 &
A el oY ZARES A2 29 FERL
DMEM-10% FBS (fetal bovine serum)$} 10% horse
serum®| €91 = Petri dishZ %31 % CO, incubator
(5%, 37C)olA overnight incubations AA|3F% T},

=2, pasture pipetteE ©]-&38t] &4HA ¥ o
d 2 HE Eesta A 37T COy incubator (5%)
o| A overnight incubation 3le] @ 4152 kg A
< gHd T A7ATE AA8H THRosenblatt et al.,
1995).

@ 2+ Henning & Lomo 9 Liu et al. & W
< T8t AVA=FE AA ST (Henning &
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o
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high-frequency, low-volume, HL)9 % 4 3
S AT, 25E AERte] Aol & A Ys)

LL 93 HL A9 ztele & #7152 (total
electrical stimulation)®] 2o =E A7|A=E Al
Stoint. At W A71A=5e] WL (Table 1) 2
o B Jo2 A7|AF F CO. incubator (5%, 3
TC)oA A7 F2718 2k & 24& Aldststh
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Table 1. Experimental design

Electrical ~ Pulse Rest Ti Total electrical
stimulation duration interval (min) stimulation
") (s) (s) (reps*s™)
Con - - - - -
LL 10 5 10 3 600
LH 10 5 10 20 4000
HL 50 1 10 2 600




A71A5 & 3N7He] F2717F 2uE 299
3 4% paraformaldehyde (PFA)Z 5%7F ¢
d HRE 2. 9 2R o] vEHAE,
0.1M phosphate-buffered saline (PBS)S.E 10%7t
washing 3 ¥ 10% donkey serum (D9663, Sigma,
USA) .2 20%3F blocking= A A3t} Blockinge] »F
AA W, A E] S FA617] 9l8te] quiescent
AXAE markerd! anti-Pax7 (MAB 1675, R&D
systems, USA)9} A E 24 marker?! anti-Ki67
(ab16667, abcam, England)E 1% BSA/TPBS &<
(0.1M PBS, 1% bovine serum albumin and 0.1%
triton X-100)2} 1: 10022 dilution dted & 24 <}
Al 4ColA overnight incubation AlZAH. t&d,
0.1% TPBSZ 103} washing= AAI8H & 221 g9l
Alexa fluor 488 donkey anti-mouse IgG antibody
(MOP-A-21202, Life technologies, USA)% Alexa
fluor 594 donkey anti-rabbit IgG antibody
(MOP-A-21207, Life technologies, USA)Z 1%
TPBS/BSAS} 1:5002.2 dilutiondl & “g-&o]A] 423t
%<t incubation AIZTE. 22k @Al incubation©] WA
W 0.1% TPBSZ washing 3 F wxZgoz
4,6-diamidino-2 phenylindole (DAPI)7} 4191 Sl&
mounting medium< AF&3 o 24 2 3L M3
A & 2= Leica TCS SP8 confocal &7
73 (Leica Micro system, Germany)< ©]-&3}o] o]n|A]
£ #Ys¥om, Leica application suite with
advanced fluorescence (LAS AF) £ZEo]E A&
ato] o|n|A & BT} o7l oA & (Figure 1)
I Zom & ale daE DAPI (F&a)e] £akE i
T 1, quiescent YA EE PaxT+/Ki67-(Z=
A, active AGH E e PaxT+/ Ki67+ (2543} w7t
)2 2 FESATH Mackey et al., 2009). @ 24+
Zol= (Figure 2)9F 7] differential interference
contrast (DIC) imageZ Y3t oH, ggolnx] &
A7 298 [AS AF AZE ]S Atgate] BA519)
T 2R Hole 7 A Re BellA £ HolE

o e 2
LAS AF o] 27 tool o] §3le] Zgatdirt. 24¢|

M
>,
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Fig. 1. Representative immunohistochemical image.
Three Pax7+ cells (green dots) (a), two Ki67+ cells
(red dots) (b), myonuclei detected by DAPI (blue dots)
(c), merged Pax7+, Ki67+, and DAPI (d). The yellow
arrow indicates a quiescent satellite cell and yellow
circles are activated satellite cells. Scale bar=25um.

Fig. 2 Representative DIC image for sarcomere length.
Scare bar=25um.
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MSHA 24

A712=5 AldstaL 3213k #4171 5 oF 20~ 2570
o U ZHFE protease$}t phosphatase inhibitor
cocktail (78440, Thermo Fisher Science, USA)©]
7} lysis buffer (25mM Tris-Cl (pH 7.5), 250mM
NaCl, 5mM EDTA, 1% NP-40, 1mM pheny-
methylsulfony1 fluoride (PMSF), 5mM
dithiothreitol (DTT)]ell go] 4CellA 301t 284171
T 1087 14,000rpme.2 YA &S Algissitt. 9
] T Adoj7l 43592 BCA protein assay (23225,
Thermo Fisher Science, USA) & A A|5le] il F&
2489 3L, 5-12%2] SDS- polyacrylamaide gel®l
Fio] e g dAd S s FFEIGT. £
r7F R EW 80 voltoll A oF 12083 7195+
AlBtA L, A7]gEo]l EebAH 80-110 voltsellA]

=4
R
-

i i b mlm

90%7t nitrocellulose membrane (Life Science,
Germany) .29l wA  transfer®  AAISAH

Transfer’} $=2% membrane 5% BSA & 24| 7t
blocking 171 & 1A} 84|21 protein kinase B (Akt,
9272s, Cell Signaling, 1:1000), phospho-Akt*"
(9271s, Cell Signaling, 1:1000), mTOR (2972s, Cell
Signaling, 1:1000), phospho-mTOR®*"**® (2971s,
Cell Signaling, 1:1000), p70S6K (9202s, Cell
Signaling, 1:1000), phospho-p70S6K™ 3% (9205,
Cell Signaling, 1:1000), 4E-BP1 (9452s, Cell
Signaling, 1:1000), phospho-4E-BP1™"3746 (9459s,
1:1000), ERK (4695s, Cell
Signaling, 1:1000),  phospho-ERK202/Tyi204
(9101s, Cell Signaling, 1:1000), JNK (9252s, Cell
Signaling, 1:1000),  phosphoJ
(4671s, Cell Signaling, 1:1000), p38 (9212s, Cell
Signaling, 1:1000), phospho-p38™ 18/ 7182 (92113,
Cell Signaling, 1:1000), B-actin (sc-47778, Santa
Cruz, 1:1000)< blocking €<%} dilution dte 4Cq
A} overnight incubation /‘]73‘1} th3d, TBS-T &4
o2 1083t washing 3+ & 23} kA<l
peroxidase (HRP) conjugated goat anti-rabbit
(65-6120, ZYMED, 1:5000)2} anti-mouse (sc-2005,

Cell Signaling,

" . 1~
N-KTh] 183/Tyr185

horseradish

Santa Cruz, 1:5000)& 7} 12} g o] =5 v %] 5o
oA 90%37t incubation SF¥TE. 22 @A)
npAAH TBS-T S0z 1083t
washing 3 & WBLR solution (Luminata Crescendo
Western HRP Substrate, Millipore, USA) 2] 3 o]
n|z] 224 Al~" (Molecular image ChemiDox XRS
system, Bio-Rad, USA)& Wi=Z &dsigit). dojzl
== Quantity One 1-D Analysis Software
(Bio-Rad, USA)E c°]&std 4t th(Burnette,
1981).

incubation®]

SA Azl

o] A4+ 139 experimentE 93l 7 3vle]e &
Ao w3 HZFEH G ZA RS v dstaen, F 73]
9] experiment® AR, 2 experiment B 4
25070 o] %ol @ ZAfrE wi sl o, W v
e A 0 Jedel| oF 30~3570% 29 Hl
Aate] A7\ A5 Aldstatt. A7 $ 2 10709

40«'

9 2 fe A s et Ao of g v‘i’t@.é st
Fom dojx= AFgte] Hits shie] BE o=
AREsE T, oF 20~25709) @Y A= western
blottingell &l A= Act. o] ZA S E BE HelY
k2 SPSS/PASW statics 18.0 B4 Z213$ o] 83}
o Hit(mean)Z BT ETLAHSEM)Z AAI8HA
o} MRS Ak (group) Z A& (age) ol WE 328

2 £ g9 B8] glete] o] MPFEA (two-way
ANOVA)E AAletsled, Al: 4

HSD7F AAIE AL}, 5A4 f9 o5& a=.052 4%
st

Bl Z2MFel &l 20|
w4 2 FoF 2A o] do] A= (Table 2)9F 2t
A 245 (agegroup, df=3, F=1.9, p=.155)%} &

g

(age*group, df=3, F=1.6, p=.207)¢] Zol& H¢t



df=1, F=18, p=.177: <
p=.153)o1 Aek(ed 24
p=.090; <4, df=3, F=1.8,

ATt

o 9% whe 45 o] Yelon, A% (T 2H4,
1
3

Table 2. Fiber and sarcomere length (Mean+SEM)

Group Con LL LH HL

Fiber  young 3870460 3708+125 3678+200 3698+245

length
() Old 3790487 3798+152 3658+219 35124201

Sarcomere Young 2.3+£02 22403 2.1+03 2.1x04
length
() Old 25405 24403 2.3+0.6 2.3+0.5

MM =R} 2 ol 5

iE]

Quiescent S E (Pax7+/ki67-), &4 AAAEL
(Pax7+/ki67+), & & &Y 24 Imm% F=
yehd o, A3E (Figure 3)3 2t} Quiescent 94
Al E(age, df=1, F=84.3, p(.001), &4 A=
(age, df=1, F=15.9, p(.001), & %(age, df=1,
F=39.8, p{.001)9] = &< Joho] =3} Jhuh &
ostA Eokth Quiescent YAAE(group, df=3,
F=.578, p=.680)¢} & &l (group, df=3, F=.038,
p=.997)9] = 7t oo AAE A71A5 < A}
ol7b AR, &Y AMES F(group, df=3,
F=8.015, p{.001)= LH ] 145% (p.001), HL
Aete] 150% (p=.004) Con F kel H]3 &3k

mTOR EHHE MSHA

mTOR @A AT A A= total o] it Qi
sto] J=2 YR 2H (phospho-/total-, p/t), 1 2
I (Figure 49 2. 471245 & p/t Akt= H o]
U 1% el Aozte e F g3 JehA] ¢kt
(group*age, df=3, F=.029, p=.993: group, df=3,
F=.665, p=.577; age, df=1, F=.068, p=.795). p/t
mTOR®] & & Ao ZJ#glo]l LHeF HL Jeto] Con
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Fig. 3. The number of satellite cells and myonuclei in
single fibers. (A) Quiescent satellite cells (Pax7+), (B)
active satellite cells (Pax7+ki67+), and (C) myonuclei
(DAPI) number per mm. Con: Control, LL: Low-
frequency Low-volume EPS, LH: Low-frequency High-
volume EPS, HL: High-frequency Low-volume EPS.
*p<.05 significant different from Con in main effect
for group, #p<..05 main effect for age.

Hero 22k 129% (p(.001), 133% (p(.001) =%
3, LL {¢E 118% (p=.008), 121% (p=.001) =
o}
DA

THgroup, df=3, F=14.5, p{.001). p/t p70S6KE
Ao Aaglo] LHe HL Heto] Con Hethc} zbzt
133% (p€.001), 136% (p=.002) =%k, LL HHE}
126% (p¢.001), 128% (p¢.001) =ttH(group, df=3,
F=13.6, p(.001). p/t 4E-BP1<& #& Heto] 131 3
THT 105% T o] E9kom (age, df=1, F=6.0,
p=0.17), Al A&glo] LHe HL Heto] Con Het
Bt} 140% (p<.001), 129% (p¢.001) E$t3, LL Jet
B} 138% (p<.001), 127% (p{.001) ¥& Fo] =3k}
(group, df=3, F=30.2, p{.001).

2



644 Changhyun Lim et al.

>
w

§ B
515 520
g el “t O Con
55 gs” *t *t *t | == R
33 =
SE g -
S5 g510
a& R
Fzo5 g
E E @ %o.s
5 5
2 00+ 3 004
£ Young old 2 Young old
c D
3 2
5 20 320 #
P *t z > *t
8= * *t @£
Sz 15 + *t gs1s *t * o
28 9
]
sE 0
is 1.0 £s
3 £
28 0.5 3 g 05
g5 g5
22 £5
£5
2 o0l Z 004
2 Young old £ Young old
Youn Old
E g <
Con LL LM LH H. Con LL LM LH HL
Phospho-Akt ot
TOTAMAKL | e . -
Phospho-mTOR — —
LIS (o] ) SRR ——— | FE— - -

Phospho-p70S6K
Total p70SEK | SEG_—_-E— —— m—-i

Phospho-4E-BP1|

|| —n——- -0 ———— -

Beta-actin [ wm— ——— [ —————

Total 4E-BP1 | wes S cnilh s s

Fig. 4. Protein expression of phospho/total (A) Akt, (B)
mTOR, (C) p70S6K, and (D) 4E-BPI. (E) representative
western-blot bands. Con: Control, LL: Low-frequency
Low-volume, LH: Low-frequency High-volume, HL:
High-frequency Low-volume. *p<.05, Tp<05 significant
different from Con and LL, respectively, in main effect
for group, #p<.05 main effect for age. $§ LM group
results were not reported because these data are not
relative to the main findings of the present study.
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MAPK @914 2 SA| A= total T2 it Qlat
3lo] A== el 21 (phospho-/total-, p/t), =1 4
7= (Figure 5)¢F 2t} 7125 £ p/t INK= 7 ©e]
U Ay el Fozg = F 237 YEA] 9kt
(group*age, df=3, F=1.5, p=.239: group, df=3,
F=.1.6, p=.211: age, df=1, F=3.7, p=.059). p/t
ERKe 812 feto] w8t f e} 109% 28 ol %3k
oM (age, df=1, F=5.4, p=0.25), @l Z&gle]
LH #dte] Con HdET 123% (p=.015), LH I &&E
o 125% (p=.008) =%Th(group, df=3, F=6.0,
p=.001). p/t p38< Ak} AT ztol] FT2F8o] U

o (df=3, F=5.1, p=.003), AlZ A= A3} 7
oA LHeF HL #ee] Con FwEth 272t 129%
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Fig. 5. Protein expression of phospho/total (A) ERK, (B)
INK, and (C) p38. (E) representative western-blot bands.
Con: Control, LL: Low-frequency Low-volume, LH:
Low-frequency High-volume, HL: High-frequency Low-
volume. Fp<.05 significant difference from Con, *p<.05,
Tp<05 significant different from Con and LL,
respectively, in main effect for group, #p<.05 main effect
for age. § LM group results were not reported because
these data are not relative to the main findings of the
present study.
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HHE ZpZo] A 29 tlAld] n x| & 9ES 49
T Bol £&e Aot} kA o] At kstd o
d THRE gt AL ER GA 25E5S AR
g Uehe 242 8 #-E 7|A S BAEE ° 53
o] AT} AT A} w3} Hete] g T FE S
At 8] quiescent YA EL}F G4 YAAME, 18
3 2 ] A7t frofstA Alen, ERKY 14ks) &
o] At agy A= Faglel AUE 1 l‘%
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glz

A7 (LH)® 1725 A8k A7]2=(HL) o ©
QML EAo] F7F =% mTOR, p7086K
4E-BP19] 947} 571 & ERlstsit. ERKY ¢
She Ao A#glo]l 24 LH A7) JOHH”* %
7hE 9l e | p38e ¢lAtate A& Fete] T Al
ARE LHeE HL el e S7hd & gelatsitt.
AN EE 24 Al <
A EE Z4 3} E’rfﬂrgl TP&?% AX &
E AT AU A
A2 A7l &
quiescent B} & 50}7}L X}7PZH"§ self-renewal) 2}
A& AX7| % 2o (Verdijk et al., 2014). Q17HS o)
o7 A Be At A 5o A A
EF A EY, olZA F7FE A 7 2 v
DA #HEo] oS Eudta UtH(Joanisse et
, 2020). °] 7= LHS HL d71A 50| A8 ¥ 4
JJrS}O] H"“ﬂ:&% gehs st 28y LL
[ee] 7% LH 93 22 A2 e A7 A5 = &
Tk ék AR A7IAFE A ES EHA0R
G4 glslA] Zatsit. o] A4l 2ol Limet al. &
12539 rat& o] &ato] Altte] 52 Aldet A7} A
A= AN Al 27 SF2 MY 24 S T
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al., 2019). En 2% AL =9 Hore] T 24 froll A
quiescent S/ Z o} B/ A E, 2 3o #71 A
ko] vl frelat ASd e ,
7174=0] w8k Ak AT 2 S Eﬂr@ o8 37t
A7 A Eet 2 8 o] e =
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T2 Bl w3t ] A E 2o %7} %% Hi
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35 T7HIA ©@id S 249t (Vandenburgh
etal., 1991). 2 A7 28 g {7 ot =
F LHS} HL A71A4=5¢l 9la) p70S6K<t 4E-BP1o] <
7FE gRletgint. o] A7 AR E A AFEES UL
2 A3 AT ke A Y 5 AAlste] S7HE
p70S6Ket 4E-BP1 14t B ek Ao 448t
o (Burd et al., 2010), 1258 ratS o]+ 43
4 AT e Alte] 227 EdAME 7 9
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protein synthesis, MPS) ¥} - 4 3t g3
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sttt o] 94 o= ERKY Ql4telrt 59
Hope 243 35 98 371 24 F gas AW
= F7HR A5t E o ey w9 H e
LHe] ¢]8] ERK®] S14Fel7t 271 S QA v 412
o Hla] 1 %8 =7} Fof oA Wkt Bk opy g}
p384 AAkst Al LH, HL 71454 A8 d& F
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