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Relationship of the Signal Transduction-mediated Proteins and Enzymes
to Contractility and Plasticity in Skeletal Muscles

Jung-Hwan Kim, PT, PhD

Department of Physical Therapy, Yongin University

Background: It is generally accepted that skeletal muscle contraction is triggered by nerve impulse and
intracellular Ca’* ([Ca’*]) released from intracellular Ca’* stores such as sarcoplasmic reticulum (SR).
Specifically, this process, called excitation-contraction (E-C) coupling, takes place at intracellular junctions
between the plasma membrane, the transverse (T) tubule L-type Ca’ channel (dihydropyridine-sensitive
L-type Ca?* channel, DHPR, also called tetrads), and the SR Ca’" release channel (ryanodine-sensitive
Ca’* release channel, RyR, also called feet) of internal Ca’® stores in skeletal muscle cells. Furthermore, it
has been reported that the Ca’*dependent and -independent contraction determine the expression of
skeletal muscle genes, thus providing a mechanism for tightly coupling the extent of muscle contraction to
regulation of muscle plasticity-related excitation-transcription (E-T) coupling. Purpose: Expression and
activity of plasticity-associated enzymes in gastrocnemius muscle strips have not been well studied, however.
Methods: Therefore, in this study the expression and phosphorylation of E-C and E-T coupling-related
mediators such as protein kinases, ROS(reactive oxygen species)- and apoptosis-related substances, and
others in gastrocnemius muscles from rats was examined. Results: 1 found that expression and activity of
MAPKs (mitogen-activated protein kinases, ERK1/2, p38MAPK, and SAPK/INK), apoptotic proteins (cleaved
caspase-3, cytochrome ¢, Ref-1, Bad), small GTP-binding proteins (RhoA and Cdc42), actin-binding protein
(cofilin), PKC (protein kinase C) and Ca®* channel (transient receptor potential channel 6, TRPC6) was
observed in rtat gastrocnemius muscle strips. Conclusion: These results suggest that MAPKs, ROS- and
apoptosis-related enzymes, cytoskeleton-regulated proteins, and Ca’* channel may in part functionally import
in E-C and E-T coupling from rat skeletal muscles. (J Kor Soc Phys Ther 2007:19(4):1-14)
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Ad faol=zddd-uzgyd G 5=
dihydropyridine- sensitive L-type Ca’* channel &

dihydropyridine receptor; DHPR)9} Z#&1E 9

o
A
Z9 4 Z (terminal cisternae) F-$JolA Az

I
=1
=2

ot o

Hole o]§=2 “feet(triad junctional foot
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Figure 1. The schematic representation of signal

transduction on  contraction and  excitation-

transcription pathway in skeletal muscles.

DHPR; dihydropyridine-sensitive L-type, Ca’* channel, CLC;
Cal*leak channels, T-tubule; transverse tubule, CaM;
calmodulin, CaMK; Ca’*calmodulin dependent protein kinase,
S-1; subfragment-1, Gly; glysine, Lys; lysine, Thr; threonine,
DTNB; 5,5-dithio-bis-(2-nitrobenzenoic acid), A; actin, ATP;
adenosine triphosphate, ADP; adenosine diphosphate, AMP;
adenosine monophosphate, AMPK; AMP-activated protein
kinase, P; inorganic phospholus, PM; plasma membrane.
(Figure. la: quoted and modified from WA — and A ILT
1€, 1986)
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A719Tos FEyE d¥de dd 4 2
AEE HHEY] f3tdq oS3 Zo] -y
(silver stain)E A A]3Hh(Lee F, 2006b). F0)8
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0.05% formaldehyde)o] @of I F oe&
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Tris-HCl(pH 7.4), 5mM EGTA, 5mM DTT, 300uM
PMSF, 20mM B-glycero phosphate, ImM NaF,
imM Na3VO,, 5Sug/ml aprotinin, 5uM  leupeptin,
1% Triton X, 10% glycerol, 150mM NaClje}A =}
H3Hth RS 14000xGol A 1087 42
(High-speed centrifuge, Micro 17R, Hanil Science
Industrial Co., Lid., Korea)3}e] 44398 (supernatant;
sup) g HEIAY. 28U & 23 gy =3
22 839 HAAE(peller; per)e FAl o
Azlddz 2% 228 4 AU gt
A & dFdAE o] F3E& sl guds
st O e g AyEgiT.

Gl d 55 Bradford M (1976)& ©) &3ty =
Aedt. Fulg AWE L gel loading sampling
buffer{4% SDS, 40mM Tris-HCl(pH 6.8}, 8mM
EDTA, 4% mercaptoethanol, 0.01% bromophenol
blue, 40% glycerol] 9} 1:18 E¢3ly H= l“E%
05mg/mlz ¢ESQT 2 F old P&FL 95C
oA 58 WAAZD. SDSE AL 7—‘}"8’53 *
A71F95 8 F2od A Ar195 S AN
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FAPoF 2087 ALF F geMsq A2
guidel B Ak ¥ FE A7 E o (Malloy
=, 1984},
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ojdl T HALL-A[IM Tris-HCl(pH 6.8), 0.192M
glycine, 5% methanol, 0.037% SDS}o.2 M) F 3z,
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Zul8 PVDF paperd] 2 F 40mAZ AASIH -
12+ &9 vl EolAd AFE =] AdtAo 5%
2] B 8- (skim milk, Morinaga) 2 83} ¥t}
o]oj A 1z} FA(1:1000)F Wil 4ToA 124]
7+ Ax B2 AFAC} Horseradish peroxidase-linked
anti-rabbit 1gG(1:5000)$} &0 x] 1A]7F Fot #t
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weight kit
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antibody (New England Biolabs Inc., USA)
markerTM molecular weight standards (Santa Cruz
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Coomassie blue®} silver nitrate=
AT E #3235 ch(Figure. 2A).
MEE wuze) Rodie
Wfete] &<kl ot (Figure. 2B).

A3 Coomassie blue®} silver nitrate G4
AN 439 Budgel 35 IART B
$A $AF WE yed 9ude) FE 43
oA @o] FHEPES FIT & AT TG
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R e & 8 o o

=
=]
=)
AL

3 =3
£ A% AR #98 4 A3th(Figure.
24). o3¢ Ae FHY WEDS 2372 )%

@ AYIHE Fmo| o1l Aol Yo
R 4¥9 AAL FATE FAT 4 AR
(Figre. 2B). @ehA] % @949 FE 0§63 A
g9 A%, 43% #3& Y@ wE Oude
Agalcr g2 oldl 2 48 4 Ak oy
FWee B3P 4 U= E OE 2AE 23

2 92de 4% F A7be TritonX2 o3
g 4 AATH(Hilder 5, 2003; Vermaelen 3,
2005).
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Figure 2. Coomassie- {A-a and B) and silver-stained (A-b) SDS-PAGE gel of supernatant
and pellet protein extracts from the gastrocnemius muscles. Sup.; supernatant, Pel; pellet,

m; maker,
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Figure 3. Silver-stained SDS-PAGE gel of total protein extracts from rats.

Gas; gastrocnemius muscle, Qua; quadriceps muscle, Aor; aorta, A7r5; smooth muscle
cell line, Ser; serum, Uri; urine, HU; HUVEC (human umbilical vein endothelial cell)
cell line, Skeletal M; skeletal muscle, Cardiac M; cardiac muscle, VSM; vascular
smooth muscle, Spinal C; spinal cord, Sciatic N; sciatic nerve, Adrenal G; adrenal

gland, Car; cartilage, m; marker.
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Az 239 £5 2 hay Belske B
4F 7bs4ol EASE BN 2 1 8

T A 4% oL 2o
deld B8 FA B(protein kinase B; PKB)E}3t

4 A

AE Akt FAHEE-B4 BRARBR

A(MAPK) 9] 28 o 37} fF e EZ =
ol ESATE FAY F AATHFigure. 4A, 4B,
4C, 4D).

Gl d B8 F 4 C(protein kinase C; PKC)9)
EYEA FoA Ca’9EA PKCY PKCa/plls}
127} o] TH&EL HAY AE B2Y
A& pan-PKCY Q1413 fF& @23 2Ax Q
A7t EAEE A & UAAHFigure. 4E, 4F).



3k LIM kinase9} RhoA, cdc42, HSP27, cofilin,
AFs}-8-4 QA1 (redox o]} Refl),
cleaved caspase-3, cytochrome ¢, Bad, vl&-$-# E
o]z Al B3 F A(spleen tyrosine kinase, ©]3} Syk),
AKPK, Zezd g4 REiAh

factor-1;

cyclin D1,

A)
qr
ERK1/2 >
p- »
ERK1/2 |
¢)
4
SAPKJNK
»
s:wﬁ?.mx:
E)
pan PKC
¢) :
LIMK »
p-LIMK » |
h
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(glycogen kinase; ©}3} GSK}
TRPC6(transient receptor potential channel 6)2] ¥
d3 AAsyl BFAY vlEZ 2Fd EATE
A8 4+ YA} (Figure. 4G, 4H, 41, 4); Figure.
5A, 5C, 5D, 5E, 5F, 5G, 5H, 51, 5], 5K).
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Gastrocnemins Muscle Strips in Rats

B)
p38MAPK »

p38§-APK »
D)

Akt »

p-Akt »
F)
p-
PKCa/pll »
H)

Cofilin »

p-Cofilin » B
J)

Rhoa » |

Figure 4. The expression and phosphorylation of enzymes in gastrocnemius muscle from rats.
ERK1/2; extracellular-regulated protein kinase 1/2, SAPK/JNK; stress activated protein kinase/c-Jun

NH2-terminal protein kinase, p38MAPK;

p38 mitogen-activated protein kinase, Akt; protein

kinase B, PKC; protein kinase C, p~; phosphorylation of protein.
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A) B)
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HSP27 » -2 - kDa
p-actin » |1 |
p-HSP27 » =
C) D)
Ref1 » | - Cytochr. € » |
E) F)
p-cleaved ¥ |.
caspase-3 ,, |
G)
p-GSK »
)
p-Bad »
K)
TRPCG »
Figure 5. The expression and phosphorylation of enzymes in gastrocnemius muscle from rats.
HSP; heat shock protein, Ref-1; redox factor-1, Cytochr. C; cytochrome C, Syk; spleen
tyrosine kinase, GSK; glycogen synthesis kinase, AMPK; adenosine monophosphate kinase,
TRPC6; transient receptor potential channel 6, p-; phosphorylation of protein.
iv. 1 &

A2 7hAaA (muscle plasticity) & 917 A= FsAel gle ©¥A IdEd AA8AHY
9 fE F 715" Rate 24 T AF U ¥ #EL J2EAAEIHAN Fo ¥ APo=
9] Z7tet #a T3 e Az giHItE A A yg&e by 2o
¥ o 8o zx Zulth(hypertrophy) I <A o]d ATRI o8 ZZAZY Y EL 9
g 57 S (awophy) 9 ez FIHTH % 7144 wj$ Fa3% ¢S st= Uﬂﬂhﬂibﬂ
oA FAZY EAHL Z-BHE A olgdE Akt REa40l A@Aol & R Hol it
g2 g ez AA, 59 AFYE AL F (Hilder %, 2003; Sandri 5, 2004). =3 MAPKY]

A g2 A8 AN W FoF 227 2
o mEty EAHTY kel W] ¥4 FL

e gAo] Fofdite YT HuHEo gt
(Hilder %, 2003; Machida®} Booth, 2005).
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Figure 6. The schematic representation of signal transduction on excitation-contraction and
excitation-transcription (plasticity) pathway in skeletal muscles.

DHPRs; dihydropyridine-sensitive L-type Ca’* channels, RyR; ryanodine-sensitive Ca’* channel,
CLC; Ca''leak channels, ERK1/2; extracellular-regulated protein kinase 1/2, SAPK/JNK; stress
activated protein kinase/c-Jun NH2-terminal protein kinase, p38MAPK; p38 mitogen-activated
protein kinase, Akt; protein kinase B, PKC; protein kinase C, Syk; spleen tyrosine kinase, GSK;
glycogen synthesis kinase, AMPK; adenosine monophosphate kinase, HSP27; heat shock protein
27, Ref-1; redox factor-1, TRPC6; transient receptor potential channel 6, SR; sarcoplasmic
reticulum, Mt; mitochondria.

Iy oY AF Hie wh2g SgEAE A Z A (Nishizuka, 1984; Lee 5, 2006a), 42
(myoblast) Q! C2C12 AjE 9} dEAFZ 2 714 FE71d 2 7laAd Fad 48& d33dte
5§ o8 AFAREHN B ETE gL W&ol Husch(hlemann F, 1999; Wykes}

2 AAF A7 @-‘*}9} AN HE Y% Tisdale, 2006). o]2gt &L HF9 vHlEZ %
EAstd 9 d Bl F5 2 A48 F7 g o] &3 £ 7oA PKC ¢14+8}H(pan-PKCS}
ol7t Yeld S & 4 AUAHSandri F, 2004,  PKCo/fI)7} E2AFE gz I FoA4E
Machida®} Booth, 2005). =3 PKC 9] &89 AT & YA
% 2 MExo FAH B3I, {3 (migration) F ES 429 /A4 S UM AEXEF
I Ze yhgo] Fag 988 99sie FEE o BEH A-AE 22 2E7A] F/% €%
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2005; Quach®} Rando, 2006). Wzl AMP/EHL
d XE F A(serine/threonine kinases)ol] & &}'H A
AEAYEF GTP-ZP I A A Rho-familye] GTPase
g4 Z=7v2 ZA3e  ROCK(Rho-associated
protein kinase) ¢} PAK(p2l-activated kinase)2] 4
o] ZA W= LIM kinase (LIMK13} LIMK27} &
A FAH AU F78 BLHRTHADe
=, 1998).

$A0 A¥AF @92 RhoA%h Cdes? 3
AeAF d2AeNd A2 A ber
shock protein 27, HSP27)9] & #F& #&F
o2 FAT HNE YA AEE4 dF 9 9
3te] AzAG #FAste 7IHE AHEIUT
53] HSP27& dedide) 33 Q7S =
A5} (Lavoie 5, 1993; Rousseau %, 1997), &4=
% 7179A FaF wsfA HTo] RuEof F
22 w3 9 tHGerthoffer, 2005; Lee 5, 2007b).

S N8 FaHE B A7 A3 ¥
o] wnEZ %32 LIMKS$} RhoA, odcq42 %
HSP27¢] 2&z} Q4sh7t 25 EAES 9%
o2H of¥ & UATH EF LIMKY 39 &
Aol LIMKe 4o A AH-A3 9
AQ cofiling F@FY A4HstE AW HRTH(Yang
5, 1998; Carlier 5, 1999).

ol B Aol wa 9 wude F7
ZAd #ojsly EA43E A$, A8-degHE 9
AL 2R3 AoZ BIEHO ¢om(Carlier
=, 1999; Lee 5, 2006b), B dF9 A} cofilin
o] EE AAEE FAFOEN HZ 53
bga 249 Hadd 228 2202 ANY
& 99t
g, FAHAZY FEHEY A 2 7taAd
A AbA F (reactive oxygen species, ROS; ONOO-,
O, OH 5)7} #odde W&ol HusUc
(Zergeroglu %, 2003; Smith®} Reid, 2006). &3]
o]218t ROSE YA % ZHe 93} DNAY
380 #AAste 37kDas] £AFE A Ref-10]
Huse]l o F84¢ F4HT  JYri(Kelleyst
Parsons, 2001; Jeon %, 2004). wl&}A] Ref-19] ut

ofy

et

23 7taq] U AsAg) Ul L BUESY HBA

tlo

A& #FI A7 viES 234 EA3te A
Fold 4 JAT =3 Z2aY HJe HXE
o] L (programmed cell death) &, AHA}
(apoptosis) &} A#E AIZHG AAe THITE
HE3 JFEIAE 2 AFAE F9 I3
- F8% IS @ (Lindstedt F, 2004;
Rege 9} Hagood, 2006).

E3], AAA-f2 2= (apoptotic stimulation) o]}
e mEZ=dolz Ry F8 ¥ cytochrome c$}
procaspase9/Apaf  1(apoptotic activating
factor 1)& z7} A3l Ho] procaspase9/Apaf 1
o] cleaved caspase92 EHo] 3HA a42 &
AstEle AZE AA AT dojuA €n
(Li &, 1997; Slee &, 1999).

o 7] A] caspasest= cysteine protease?] ¥ ]2
TOEM caspase-, -8, -9, -10, -11, -12¢} Z&
Z7)0] Z83E caspases7t EL-BAZFHO 3
AeaA 9l &I 7)(caspase-3, -6, -V E ZAF3A A
drtg dodle FRE AXA Eoh(Shi, 2002
Degterev 5, 2003). T3 AAAL fde] A2 F
Bcl-2 79 A9 AN-A & A (proapoptotic member)
o FE= Bad A AAA-ASHAG F23%
d3e FFslch(Yang 5, 1995; Scheid 5, 1999).
o] Sl AL Bel-29} BelxL#t Z3Hél BaxE ¢
ol Ee ANAELEN A5 HEY F5E& £
A @tk (Yang 5, 1995 Zha &, 1996). 2&r}
A& 0] A} (survival factors)e] A}b=Fo] Fold AL,
Bade] 112%17} 136 AA 717} Q48 i
A} 14-3-3 G99 A1 Bad7} AG3HA o] B2
9} Bel-xLo] Ajte] APz H RAAE A
&, AXo AL fuHE ZAFHE AT
(Zha &, 1996; Scheid &, 1999).

o]81g W8-S AR B HAFd A= caspases
9] ##r|2 ALS=  cleaved caspase-3 T}
cytochrome ¢ @ Bad®] @3 &Y FFE 3
3 A3}, 3F e vBZ Z3 9 cleaved caspase-3
7} cytochrome ¢ ¥ Bad7} EX-843tgE &2
3o FoA4E A F U

HZd-fel Etol2A FEAEAGSykE 70kDag]
BAHFE A v-83 ddd golzgdl 7&

protease
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& A (non-receptor protein tyrosine kinases)?] 31}
24 382 58 HET AXFF T4 F8
3 e dddie d3Adr Ruse Qi

(Lee %, 2007a, 2007b). 28y FZATY $3%7)
A2 Aegel 4Y 484 2 EAFRY By

E AY olfolAd YA ot wetq & A7
Me 53 HE2IM Yede Syke d8e &
AZ Syke] EAKFE ASE 23 @uide ¥
3L BET F ARG

sAze e 49 249 a4 F3
Bo] He Aol MERYY

< o] WEolgt E} F 31
o AEF7e X7 ¢A e EA8E Go
710l A DNAZA 7ol #jFate S7ieh AEEd
7121 M71e] o2 olF oA Go ¢ §7] Abo]
9} G 283 S7)¢ M7) Atele] G71Q 39 7)
('gaps)7t  EAZY  AEFIIZF SHET

(Donjerkovic®} Scott, 2000). 53] Go9t S7] Ale]
o DNAGHE ZHlske A7le) A%se Gul
o9 =& FIHE oclin DIo) EA) FF o
& #FA-ZAsY Cyclin DI o2 4ZAA
o g3 EAIHsd 2 g47Ae
cdks{cyclin-dependent kinases) F A cdic4, 63} 2
getozN g3t o]
protein}9} E2F2] EEAE QMZAIZo =N A
AE A 98E 298 HAmoyost
Raychaudhuri, 1992; Mudrak &, 1994). wiglx &
A7 E cyclin D18} Ex) {7 dF FHL
AA g o, dx HFe HEZ ZAHAA F
HEE BEY F UMY =T AL VET
Ao F443-E Ay A5 wt=A 8 ¥
Hol oldikA Al AHadenosine  5-triphosphate;
ATP)e]r}. ol2iF MEEA AUAE B4 2 £
sggol FEHoZ HoddtE o] AMPKY
GSKolt}. &3 AMPK®} GSK7} 23 2%F 39 7}
Aol do] Yote AFAHrt Busol F

£ w1 9 th(Atherton %, 2005). welAd #H ¢
2 %379 duirdd AMPKS} GSK7} &4 38k
A FRs e, A7 AAGH wEIZZ
FEY S FUL F YU

3, TRPC6= TRPCs subgroup(TRPCI, -2, -3,

pRb(retinoblastoma

Jiﬁ

i

e gEaq 4198 43 20073 8¢

4, 5, -6, 19 HIEH AL-HgEA Co’

2 (non-volrage-gated Ca’* channel)d] -’_5,: e 1
A AdAM Holde G R F, of
2= £24-154 Ca'* %2 (receptor-operated
Ca'* channel; ROCC) Z& AZL-FEA Ca*
E 2 (store-operated Ca’’ channel; SOCC)E E3)
fEsE G Rgd 27 98 @9EA
BEZ FENAE olasiedl BFH ot (Bae
5, 2007a, 2007b). 23y FHZ 234 g 4
TE A8F oFox A & B B 4@
T e TRPC6Y EA #Fo g 8¢ 4
ANg Az vHEZ 2 2dEES AT F A

o}mrio}m

Ak

By B A7FAE FA oz dzsHe
dAAEZ FEee REELE WED RAl]
g2 EARE ol % U £ A
2y @ 479 2Ad%e 849 wEIelgs

dHE ATere FAE AAn Ye ol%E
ot AAHoL A= e ¥/t d8Ijtga
AFRET O dobrt ol d#dE Z2EED(Tx
2 2 9% ZYEE 9)Y Z4H AEEd
ANl 449 A7 AL FLEgozR bt
T Ay 9ee dystd 2244 A8
EXE9 99 M R 9348 BT 94
HHe] Lolwv}t Zasitin AL @h(Figure. 6).

V.AE

ol ygozRy iy 2 Z28E AU

L 2229 9 2ol 23 4543 A%
oA Feot B=el olzb gUUTh 2t
FHd wredMe EoE& Hol7t YEuA
%5& vEH

. 2A2R O 239 d¥d A 23
Holdez FEst Axe] Zol7t UES
A & UM

3.2 #5714 2 a0 348 5 4
T AzdL-BE EYEAN FAEE-EYT
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WA BgFEAMAPK)S Akt PKC, LIMK,
GSK, Syk, AMPK$} e 2g@iAsel AEA
& GTP-Z% ©id, Axz3 «&ﬁi Hg-2
& Tud, fAA-AsAERd 5o FA4L

AFROS)-G9E &4, o] HEZ &4 o &4
g I F UM

s#agd

A5, A4, 99 5. HASH A2 5

d gofdE HE W G 0% % 1

Wgo] g A7 - ZETAHLEY
A7E A% JlxEdAEsty F2
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