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1. Intro duc tion

The extra cel lu lar Ca2+ con cen tra tion is >1 mM, whereas the cyto-

plas mic Ca2+ con cen tra tion ([Ca2+]c) is t100 nM at the rest ing state. 

[Ca2+] in the mito chon drial matrix ([Ca2+]m) and nuclear matrix is 

sim i lar to [Ca2+]c. By con trast, the endo plas mic retic u lum (ER) (sar-

co plas mic retic u lum (SR) in muscle cells) shows high Ca2+ con cen tra-

tion (100–500 lM) as com pared to [Ca2+]c. The activ ity of the plasma 

mem brane Ca2+ pumps (PMCA) and the sarco/endo plas mic retic u lum 

Ca2+ ATP as es (SER CAs) is pri mar ily respon si ble for the main te nance 

of the large [Ca2+] gra di ents. Open ing of the ER/SR Ca2+ release chan-

nels, IP3 recep tors (IP3Rs) and ryan o dine recep tors (RyRs) results 

in Ca2+ mobi li za tion from the ER/SR that man i fests as a decrease of 

[Ca2+]ER and an increase of [Ca2+]c [1]. Acti va tion of plasma mem-

brane Ca2+ chan nels allows Ca2+ to enter along the con cen tra tion and 

elec tri cal gra di ents and also yields a [Ca2+]c increase. The mito chon-

drial matrix is sep a rated from the cyto plasm by two mem branes and 

the inner mito chon drial mem brane (IMM) has a very lim ited per me-

abil ity to ions. How ever, con di tions of ele vated [Ca2+]c evoke acti va-

tion of the Ca2+ uni porter that medi ates DWm-driven Ca2+ uptake to 

the mito chon dria [2,3]. Despite the presence of robust Ca2+ buf fer ing 

capac ity in the mito chon drial matrix, [Ca2+]c spikes yield rapid ele-

va tions in [Ca2+]m from 100 nM to at least micro mo lar and in some 

cases over hun dred micro mo lar [4]. Due to the rel a tively low affin ity 

of the uni porter, the global [Ca2+]c rise (t1 lM) estab lished by ER Ca2+ 

release and Ca2+ entry dur ing phys i o log i cal [Ca2+]c sig nals results in 

only a slow increase in [Ca2+]m. How ever, long-lasting global [Ca2+]c 

sig nals may result in accu mu la tion of vast amounts of Ca2+ in the 

mito chon dria. Alter na tively, mito chon dria close to the ER or plasma 

mem brane may sense the large and local [Ca2+]c increases in prox-

im ity to the acti vated Ca2+ chan nels and exhibit a [Ca2+]m rise closely 

cou pled to the rise of the [Ca2+]c sig nal [5].

In phys i o log i cal con di tions, cal cium sig nal prop a ga tion to the 

mito chon dria results in stim u la tion of ATP pro duc tion through acti-

va tion of the Ca2+-sen si tive dehy dro gen ases and yields feed back 

effects on cyto plas mic cal cium sig nal ling (Fig. 1A). How ever, Ca2+ 

over load ing of the mito chon dria trig gers per me abil ity tran si tion 

pore (PTP) open ing that appears as uncou pling, IMM reor ga ni za-

tion, mito chon drial swell ing and finally, outer mito chon drial mem-

brane (OMM) per me abi li za tion [6–9]. Dis rup tion of the OMM bar rier 

induces apop to sis by stim u lat ing the release of apop to sis pro mot ing 

fac tors from the mito chon drial inter mem brane space (IMS) to the 

cyto plasm (cyto c, AIF, Smac/DIABLO, OMI/HtrA2, pro-casp as es, etc.) 

and by impair ing mito chon drial func tion [10,11]. The PTP is thought 

to be a multi-pro tein com plex that is assem bled at the con tact sites 

between the IMM and OMM but the exact molec u lar com po si tion 

of the PTP has not been elu ci dated [12]. In the pres ence of var i ous 

stress fac tors (e.g. cer a mide, ara chi donic acid, reac tive oxy gen spe-

cies (ROS) etc.) the PTP becomes sen si tized to phys i o log i cal [Ca2+]m 

spikes that in turn, trig ger mito chon drial mem brane per me abi li za-

tion and apop to sis instead of a met a bolic response (Fig. 1B) [13–17]. 
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Alter na tively, con di tions that enhance the Ca2+ mobi li za tion from the 

ER/SR or recruit mas sive Ca2+ entry may aug ment the mito chon drial 

Ca2+ uptake to cause alone acti va tion of the PTP and apop to sis (Fig. 

1C) [18]. These con di tions may include muta tions in the IP3R/RyR or 

in their asso ci ated pro teins (e.g. hun ting tin) [19], post trans la tional 

mod i fi ca tions of IP3R/RyR and path o logic acti va tion of the NMDA 

recep tors by glu ta mate, glu ta mate ex cito tox ic ity [20]. Fur ther more, 

nar row ing the ER-mito chon drial gap by syn thetic in ter or ga nel-

lar link ers also causes increased Ca2+ trans fer to the mito chon dria 

and pro motes mito chon drial over load and apop to sis [21]. Another 

remark able fea ture of the acti va tion of PTP by Ca2+ is that the  open ing 

of the PTP per mits release of the accu mu lated Ca2+ that is sub se-

quently taken up by adja cent mito chon dria (Fig. 1C). This mech a-

nism may result in a regen er a tive response that spreads through out 

the entire mito chon drial pop u la tion of the cell as a prop a gated wave 

[22,23]. Nota bly, mito chon drial Ca2+ may also recruit ROS for ma tion 

and ROS for ma tion and release from the mito chon dria can also form 

a regen er a tive mech a nism for driv ing mito chon drial waves [24,25]. 

PTP-depen dent in term i toc hond ri al cal cium sig nal ing has been 

reported to recruit mito chon dria to the apop to tic pro cess [26]. As 

a high den sity of mito chon dria facil i tates com mu ni ca tion between 

neigh bor ing organ elles, the local sig nal ling machin ery can be uti-

lized effec tively in the large myo tu bes of heart and skel e tal muscle 

that are among the cells most abun dant in mito chon dria. Thus, the 

cal cium sig nal! [Ca2+]m rise! PTP open ing!OMM per me abi li za-

tion axis effi ciently trig gers the exe cu tion of apop to sis and is likely to 

be rel e vant in tis sue dam age under a vari ety of stress con di tions and 

genetic alter a tions.

This review describes exper i men tal approaches that can be 

used for anal y sis of the role of cal cium sig nal ling in apop to sis. 

These meth ods tar get pri mar ily the mito chon drial phase of apop-

to sis. Direct mea sure ments of [Ca2+]c and [Ca2+]m in both intact 

and per me abi li zed cells became fea si ble using Ca2+ sen si tive fluo-

ro phores and fluo res cent pro teins. Mon i tor ing of the DWm allows 

detec tion of the PTP open ing and can be con ducted using poten-

ti o met ric dyes. Cyto chrome c release from the mito chon dria can 

be assessed by mon i tor ing the dis tri bu tion of cyto chrome c-GFP 

(cyto c-GFP) between mito chon dria and cyto sol. Caspase acti va-

tion, phos pha ti dyl ser ine (PS) expo sure and nuclear apop to sis 

can also be mon i tored using fluo res cent probes. Appli ca tion of 

these probes in fluo rom e try or in fluo res cence imag ing allows 

dynamic mea sure ments of the respec tive param e ters in real-

time.  Fur ther more, fluo res cence imag ing also offers res o lu tion of 

the indi vid ual cell responses and the intra cel lu lar spa tio tem po ral 

pattern of the mea sured param e ters. Com bi na tion of these capa-

bil i ties is extremely valu able for the study of cal cium sig nal ling 

in apop to sis and is a dis tinc tive fea ture of fluo res cence imag ing. 

How ever, other approaches like lumi nes cence mea sure ments of 

genet i cally tar geted report ers (e.g. Ca2+ and ATP) [27] and fluo res-

cence acti vated cell sort ing [28] have their own edge and pro vide 

com ple men tary infor ma tion.

2. Meth ods

2.1. Cells and reagents

Cell Cul ture:

 1. Human hep a toma cell line HepG2 (ATCC) and rat car diac 

muscle cell line H9c2 (ATCC).

 2. Dul becco’s Mod i fied Essen tial Medium (DMEM) sup ple mented 

with 10% fetal bovine serum (Gib co), 1 mM Sodium Pyru vate 

(Gib co), 2 mM l-glu ta mine (Bio whit tak er), 100 U/ml Pen i cil lin 

and 100 lg/ml Strep to my cin (Bio whit tak er).

 3. Solu tion of Tryp sin (0.25%) and EDTA (1 mM) (Gib co).

 4. Poly-d-lysine-coated 25 mm round glass cov er slips.

 5. Cyto c-GFP express ing cells were gen er ated by trans fec tion 

using plas mid DNA [29] and Lipo fec ta-AMINE 2000 (Invit ro-

gen) [26].

 6. For the stud ies with myo tu bes H9c2 cells were grown to reach 

con flu ency (1 week on aver age) and sub se quently for an addi-

tional 3–7 days to allow dif fer en ti a tion [30].

Assay Buf fers:

 1. Extra cel lu lar medium with 2% bovine serum albu min (BSA) 

(2% BSA/ECM) con sist ing of 121 mM NaCl, 5 mM NaHCO3, 10 

mM Na–Hepes, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2 

mM CaCl2 and 10 mM glu cose, pH 7.4.

 2. Extra cel lu lar medium with 0.25% BSA (0.25% BSA/ECM) con-

sist ing of 121 mM NaCl, 5 mM NaHCO3, 10 mM Na–Hepes, 4.7 

mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2 mM CaCl2 and 10 

mM glu cose (BSA), pH 7.4.

 3. Ca2+ free extra cel lu lar buffer (Na–Hepes–EGTA), con tain ing 

120 mM NaCl, 5 mM KCl, 1 mM KH2PO4, 0.2 mM MgCl2, 0.1 

mM EGTA, 20 mM Hepes–NaOH pH 7.4.

 4. Intra cel lu lar medium (ICM) com posed of 120 mM KCl, 10 mM 

NaCl, 1 mM KH2PO4, 5% Dex tran, 20 mM Hepes–Tris pH 7.2 

 sup ple mented with 1 l/ml of each of anti pain, leu pep tin and 

pep sta tin (Sigma). To lower the ambi ent [Ca2+], the ICM was 
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Fig. 1. Schematic rep re sen ta tion of the ER/SR-mito chon drial Ca2+ trans fer and the intra mi to chon drial con trol of energy metab o lism and PTP open ing by Ca2+ under dif fer ent 

con di tions: (A) Nor mal, cal cium oscil la tions acti vate the Ca2+-sen si tive mito chon drial dehy dro gen ases (CSMDH) to enhance ATP pro duc tion; (B) Mito chon dria are exposed 

to fac tors that increase the sen si tiv ity of the PTP towards Ca2+; (C) Increased mito chon drial Ca2+ trans fer leads to PTP open ing dur ing phys i o log i cal cal cium oscil la tions. 

UP—mito chon drial Ca2+ uni porter.
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