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| Abstract |

Pathophysiological roles and the molecular mechanism of mitochondria in neuronal
calcium regulation

Su-Yong Eun, Sung-Cherl Jung

Department of Physiology, Jeju Nationa! University School of Medicine, Jeju, Korea

_Calcium is an important signaling molecule involved in the regulation of many physiological as well as pathological cellular
responses. Especially. the spatiotemporal pattern of local calcium signaling is critical for the specificity of cellular responses. We
reviewed here pathophysiological roles and the molecular mechanism of mitochondria as well as endoplasmic reticulum {ER) in
neuronal calcium regulation. The living cells evoke calcium influx outside the cells and also induce calcium release from ER in
response to many stimuli. However, severe and sustained calcium release from ER induces calcium uplake into mitochondria,
Pathologically elevated mitochondrial calcium responses are accompanied by mitochondria depolarization, mitochondria
permeability transition pore (mtPTP) opining and subsequent mitochondria—dependent apoplosis. Raliometric realtime
measurements of Intramitochondrial local Ca suggest that high mitochondrial Ca2+ is the crucial factor determinating whether
cells undergo apoptosis. On the other hand, calcium depletion in ER also induces ER siress which evokes protein folding
defects and ER stress—dependent apoplosis. The recent growing body of evidences on pathophysiological roles and the
molecular mechanism of mitochondria as well as ER could provide an insight for the development of new drug 1o treat
neurodegenerative diseases in which pathogenesis either calcium overload or oxidative stress is involved, {J Med Life Sci
2009:7:200-205)
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AL AAH 07t F 2xe H0E2 §HlElE yhgollA A4
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{(mitochondrial permeability transition pore. mtPTP)o] #AIE]
g vjgZceol 7|5 olE S Hid mtPTP &4 7|
Hofji= wzog Zygt g Z=ejol Zgo] YA ple
2 Zg5te) 1 7| &l Cyclophilin DI VDAC] Hojdh= A
oz oA gloit ApMIg 271 of4] & WA A F
cfs. 24-530) ] R EZE 2o} mtPTPE VDACH Bel familyS: E#3F
W 7ix) n|ER ool (A2 FAEE Z1o8 welthd o]y
g mtPTPe] #AL oEEEo} swelling. "IEE =0} obd
gho] erRa ATP Al Aol ROS AAE Fubste] MEaAE
A et,

ujE e zlol Wubol A4fEel obdQre oigf -180 mveR
=60 mvelA =80 mvel Y4k o2 AlZubicte] wia PAkA
gl Atdlell A Abget 2HEL=H(hyperpolarizationy SA1EHct, o)=
HAALAE 58 HAY olgd dAAE H+& Were] f-&3
o] Qo v|EEs ol HMapHEAe] E4bo) oJsie] LEt
A2lgelrt o] RelAR] gfed (29 EobHE HYUSE QU
ROS Aol S7ishy ol MrRPHYA M HEZ ut dlez
H+2| o]Fo] el Fu, vEZ=ot yuh B8 42t &
ZAte] AAE ATP FHde] AofE 2eiEn)

nEEceole] 7|5 &4t det 45 miPTPE B3t o]
Efcot Yo} cytochrome /b MER WHEE GE5304 HAH
AEnr7h SE9c o] cytochrome e Al2E) chil A bs)
HA{cysteine protease)Sl caspase 95 ARSI T ofeold
caspase 37 FAEIElG] ol= AR FaRohiZSE msia,
DNA B2E49] PARPS} 722 AlR2] A& g thildE
L malgte} AERARE A o]He] v EEEeol-gE
A A BAFEALS] mRelrht. 2 1),

[ DEZCaloret ER AESA ]

ERS ZEAANTA NE Bg AnHSAel) 7oisks |
B Yoz Az A% ey Fo Buchdlale] post-
translational folding®} processingZHy& TEshes AEW 47)
Ho A Fadt 7lgof gt Fxbe AL Mo g
£ whgo g ANF 71y %S do ER W £2 #a
eyt aFglchs 14 ERell S AES3Se SERCA HEY
A&#A| Q] thapsigarging AMEStY ER Zrird ngAZIH A
Z unfolded protein response (UPR)EF AlZ1ANT 2% UERS
vt ¢]2|§ ERY 7I%5ol &4Ee] ER Wl unfolded protein
o] A== W4 ER 2EHAE 5Ho] HEE o] 3B
2|3keo] UPRolek= BAY7|Ho| &AgshA Hct. ERe =gt 2
& $&E A8 ER W Fao] s AL il H2|abge] 5
8l7t Z[VHAAH F7i8le folding THel Ao R o|F ez
ool unfolded protein2] &2e] tj$ AZEln 2|&afolojA
ER 71%5& 575k 2351 ER £EajA-f= MEAF 3y
o] 2hE-shA] fehis 1,

UPRS] 8 S42 ERoIA 42 chwiale] SaHE S ER
715& BPsbsd 9o oot double-stranded RNA-

activated protein kinase (PKR)-like ER kinase (PERK), HAL
2lx} ATF42} ATFG, inositol-requiring enzyme (IRE1) 5 chF
§ Fael HARIAZE Bt} WA4AolE PERK. ATF6. [REL
2 ER chaperone glucose regulated protein 78 (GRP78, Bip)
T Zggslol ol Aol AAiso] Uttrt ERYl unfolded
protein®] &XE|H GRP782 PERK, ATF6, IRE1C 25 € &2
glo] 3= unfolded proteind} 31 refolding® ZAIZ
t} o] o GRP78%} ¥.2]¥l PERKY IRE!L oligomerization®
3 AZIQIAMSLE| T ATREE TS A4 o8] Helklo] &
o] HARIxLE 2H851A "ol PERK:: eukaryotic initiation
factor 22] ¥ut HElelF2ers UABIAIA ¢ o)ife] thila) §
A AANHRRE FHAA ER W oz AHemhae] Hals
fole] gich, IRE17F SlAtEisld #4bgsasss zhgdlo
XBPE] mRNA HARMAe|A frame shift® FEA# spliced
XBP mRNA ¥ F7Hg #5807 5L XBPe| 7H= GRPT8
(Bip) 52 ER chaperone THdo] HARE 448144 UPRE
FUAIIChD, GADD34= elF2a% BUibahal chaghdatsy
o} AEte] it} ER 75 S50 HuldlT ER AEH A7
A&EE ER 2EHL-f= ME4e] 2% GADDIS3
(CHOP)o] $HAIE =118, Ejt chl A8 &9 caspase 127}
e Hohs,

o|4dT} Zho] ERe| MEIAN o|2A 3= DAL £ ARz
Sl i BERel #@y Wbl nEEE ool e HELE
551 mtPTPE E4] cytochrome ¢& &8l caspase 971
PHAI8bEl T A& caspase 32 BAISIAIA HEDAIRAHL &
S5dhs 4y vEE=gol-o)&4 MEAMHANmitochondria—
dependent apoptosis)ell @eldhs Hojx, ohE k= fellM
7left BR 2E# 2o o8t HIXIAF (ER stress—induced
apoptosis)e|tt, ol ER} w|EZR=2jole] AlTatg Lol4 &
sk MEZAL AdsdgAe] YEYIR & 4 Quh %9,

[ SIE=CelorSiz s MZak (@nontosis)__ ]

Al ZE AldzollA SFEM| E(glutamate)2] AE]=|¢]
e 4A%AEY Yeetal AUgt 7] Hslld Aoy
Tk A Ageflae] WA el glutamatess A1RAE
EAAPE S fQlo) E|Y) olF 53] 48t FTE|e|E B4
{oxidative glutamate toxicityhs 1 FR3%F 7|Ho g Hrix|xw
Uck, Bt glutamate® AFE AFHZ &4 9 AdollM 2=
41735 S4(excitotoxicity) 2 glutamate £/ ¥ =2
o2 gAML R X|FH(stroke), =&AHbrain trauma). 7t
2 A B (seizure), WO S ischemic reperfusion injury(y
AA XEPLA), Alzheimer's disease(@&3lo|m),
Parkinson's disease(¥}3]&%). ALS (amyotrophic lateral
sclerosis. &4 &4 #3H), MS (multiple sclerosis thd
4 AskE) §9 S A 8 &+ oo 2o, 0} AL
el M Frlshe FIAY wEere] Wz AE olaldtn 1 o
9 22 el B4 AFEHE D2 flaia AFAAE A
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% o2 7|4ez FEF glutamate?t HRE S FE0] EE
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of ZA3M= glutamate-cysteine antiporter 9HA|7} A=
ol HEA |l cysteine BHE HRot oloj4] dlste vE
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e R gjote] MMM vhe-g Foke VA 4thF o] A4
Hogw 43k dbAESATE 4RE AEHAFE Utk 412
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27 sjo| Qo] 4Bk AEdAe o] o|Fojrct I
glutamate toxicityol]l <3 ARMEZ] Fa FHASHERQ
glutathione2 A Aol A 713 ROS %
mitochondria®) &AME 552 23 oAl Zro] glutamate
toxicity2} TEi® AR AEhe lojA nEREZa|ole] 7|
5 &4 r|EZselol-o|@y AEANY AEAwEAL] S
B3 ARAM Rz AP 9 AR oAl olgh FHE MES A
Y Ko, BzlE W 5o B[R] o 9 AEA A
elzlo] € 4= 9o}, >

vlg2calobs BAdEle] vjedT o} wjel ghakst ol
o] #de Zrka)A Ao} sRAE &8RS FrAE £ Yokw
A1l aAT pEE AWe o istAY A8 = e Aol
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FIHY asgAolut BHASt A9 WS BRI WELe
2 248 3= sle g HEE u§ Fadd, vDaceld
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#5285 Jojd o v]EExa]ol WRoA st A&
o2 Zrtyl oo digh U4 Al&go) EARY nEE
Ealop HapHgA|] olAHg: 2 4 9 Ao}

the wAlolA mtPTPY) 7R =38 £ Y. mPTPE
23 MEA 82 359 cytochrome ¢ XS Al
AAY 12 g 4lEHeA S HEHELS caspase A3A]
HetEt = ok v ERTajot &4 AEAME HAEAEH
A 4= QEXE BECS 2 T2t olEgt METAL A}
A7) sAE MRS AMEHAA 22 AHe g AZRE FAl8)
He &5 e g AZIAREY YAE dedbA A2
s AL AR ARYel H £ ¢d 4 ok AZAPEA
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. AW Zgol AP =g AA peak FHIE S717F.HO
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NMDA &4 abchd|, H4g2 A7l 2adxE 2Ec
a2y NMDA 82k 2 B2 2 AAPZE AAEY 4
g)Hel 7)5-& e=3t7| s WerHo|7] wjef I AdH Y &
&3 ANGS B2 HAEE 2y Aol olFA e 715
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ot oy zhgnt A ASAGEAEY FYsin: 4%
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At 2Edx Aoja)agl ERTF v|E2E2otelA FEA Al
EAYAR gk gaoley Az Wit 4E Uk o
T HEgEaAge] Aciudre 3 o2 dlg Ayl
w2 ofrt 8 Zolth

L=

{ _ |

a

o
201
ree

1) Csordas G, Hajnodzky G. SR/ER-mitochondrial local
communication: Calcium and ROS. Biochem Biophy Acta
2009:1787(11):1352-62,

2) Rizzuto R. Marchi S, Bonora M, Aguiari P, Bononi A,
Stefani DD, et al. Ca2’ transfer from ER to mitochondria:
When, How and Why. Biochim Biophy Acta
2009;1787(11%:1342-51,

3) Paschen W. Mengesdorf T. Endoplasmic reticulum stress
response and neurodegeneration. Cell Cal_cium
2005:38:409-15.

4) Ruiz A. Matute C, Alberdi E. Endoplasmic reticulum Ca2'
release through ryanodine and IP3 receptors contributes
to neuronal excitotoxicity. Cell Calciurn 2009:46(4):273-81.

5) Baumgartner HK, Gerasimenko JV, Thorme C, Ferdek P,
Pozzan T, Tepikin AV, et al. Calcium elevation in
mitochondria is the main CaZ2' requirement for
mitochondrial permeability transition pore (mPTP}
opening, J Biol Chem 2009:284:20796-803.

6) Merkwirth C. Langer T. Mitofusin 2 builds a bridge
between ER and mitochondria. Cell 2008:135:1165-17,

7) Brito OM, Scorrano L. Mitofusin 2 tethers endoplasmic

- 20q -



Su-Yong Eun, Sung-Cherl Jung

reticulum fo mitochondria. Nature 2008;456:605-11.

8) Sanz-Blasco S, Valerc RA, Rodriguez—Crespe I, Villalobecs
C, Nunez L. Mitochondrial Ca2' overload underlies AS
oligomers neurotoxicity providing an unexpected
mechanism of neurcprotection by NSAIDs. PLos ONE
2008:3:e2718,

9) Jouaville LS, Pinton P, Bastianutto C, Rutter GA, Rizzuto
R. Regulaticn of mitochondrial ATP synthesis by calcium:
evidence for a long—term metabolic priming. Proc Natl
Acad Sci USA 1999:96:13807-12,

10) Krieger C, Duchen MR. mitochondria, Ca2® and
neurodegencrative disease, Eur J Pharmacol 2002;447:177-
188,

11} Giorgi G, Romagnoli A, Giorgi C, Pinton P, Rizzuto R,
Ca?2" signaling, mitochondriz cell death. Curr Mol Med
2008:8:119-130, '

12} Berg JM, Tymoczko TL, Stryer L. Biochemistry. W.H.
Freeman. bth eds. 2003; pp. 491-526.

13) Lodish HF, Kong N, Wikstrom L, Calcium is required for
folding of newly made subunits of the asialoglycoprotein
receptor within the endoplasmic reticulum, J Biol Chem
1992;267:12753-760,

14) Kuznetsov G, Brostrom MA, Bbrostrom CO,
Demonstraticn of a calcium requirement for secrstory
protein processing and export, Differential effects of
calcium and dithiothreitol, J Biol Chem 1992:265:3932—-39.

15) Marciniak SJ, Ron D. Endoplasmic stress signaling in
disease. Physiol Rev 2006; 86:1133-49.

16) Verkhrafsky A. Physiology and pathophysiology of the
caleium store in the endoplasmic reticulum of neurons,
Physiol Rev 2005:85:201-79.

17) Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K,
XBP1 mRNA is induced by ATF6 and spliced by IRE] in
response to ER stress to produce a highly active
transcription factor. Cell 2001:107:881-891.

18) Oyadomari S. Mori M. Roles of CHOP/GADDI153 in
endoplasmic reticulum stress. Cell Death Differ 11
2004.11:381-89,

19} Nakagawa T, Zhu H, Miroshima N, Li E, Xu J, Yankner
BA, Yuan JY. Caspase-12 mediated endoplasmic
reticulum-—specific apoptosis and cytotoxicity by amyloid—
beta, Nature 2000:403:381-9.

20) Gonsette RE. Neurodegeneration in muiltiple sclerosis:
the role of oxidative stress and exicitotoxicity. J Neurcl
Sei 2008:274:48-53.

21) Mosley RL, Benner EJ, Kadiu I, Thomas M, Boska MD,
Hasan K, et al. Neurcinflammation, oxidative stress and
pathogenesis of Parkinson's disease. Clin Neurosci Res
2006:6:261-81,

22) Ha JS, Park SS. Glutamate—induced cxidative siress, but
not cell death, .is largely dependant upon extracellular
calcium in mouse neuronal HT22 cells, Neuroscience
2006:393:165-9, .

23) Seo YJ, Lee JW, Lee EH, iee HK, Kim HW, Kim YH.

~ Role of glutathione in the adaptive tolerance to HzQ2.
Free radical Biology & Medicine 2004:37:1272-81.

24} Schaffer SW, Suleiman MS., Mitochondria, advances in
biochemistry in health and disease. Springer 2007:241-
70.

25) Martinou JC, Desagher S, Antonsson B. Cytochrome ¢
release from mitochondria: all or nothing, Nat Cell Biol

- 2000:2(3)E41-3.

26) Giacomello M, Drago I, Pizzo P, Pozzan T. Mitochondria
Ca2+ as a key regulator of cell life and death. Cell
Death Differ 2007:14(7):1267-74.

27) Hajnoczky G, Csorddas G, Das S, Garcia—Perez C,
Saotome M, Sinha Roy S, et al. Mitochondrial caleium
signaling and cell death: approaches for assessing the
role of mitochondrial Ca2" uptake in apoptosis. Cell
Caleium 2006,40(5—-6):553-60.

98) Csordds G, Renken C, Varnai P, Walter L, Weaver D,
Buttle KF, et al. Structural and functional features and
significance of the physical linkage between ER and
mitochondria. J Cell Biol 2006;174(7):915-21.

29) Basso E, Fante L, Fowlkes J, Petronilli V, Forte MA,
Bernardi P. Properties of the permeability transition pore
in mitochondria devoid of Cyelophilin D. J Biol Chem
2005:280(19):1858-61.

30) Schlattner U, Dolder M, Wallimann T, Tokarska—
Schlattner M. Mitochondrial cretinine kinase and
mitochondrial outer membrane porin show a direct
interactionthat is modulated by calcium. J Biol Chem
2001:276(51).48027-30.

- 205 -



