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Calcium (Ca2þ) indicators (Continued)
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myocytes (protocol), 430–437
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discussion, 434–436
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transport)
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binding parameters of, 52t
use in yeast, 452

Camera
complementary metal oxide semiconductor

(CMOS), 20, 28, 436
electron-multiplying charge coupled device

(EMCCD), 13, 20, 28, 111, 436
Ca2þ mix (recipe), 242
CaMKII, 411
Capacitative Ca2þ influx, measurement of, 188–189
Carbachol, 188
Carbonyl cyanide m-chlorophenyl hydrazone

(CCCP), 291, 293
Carboxymethyl (CM)-cellulose, voltage-dependent

anion-selective channel protein 1
(VDAC1) purification using,
345–346

Cardiomyocytes (cardiac myocytes)
compartmentalized models of Ca2þ signaling

and, 555, 556
excitation-contraction coupling, 411–412, 412f
systematic approach for assessing Ca2þ handling

in, 411–443
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assessing Ca2þ-removal pathways in cardiac
myocytes (protocol), 438–443

discussion, 441–442
materials, 438–439
method, 439–441, 440f, 441f
recipes, 442–443

characterizing trigger for sarcoplasmic
reticulum Ca2þ release in cardiac
myocytes (protocol), 420–424, 422f

discussion, 421–423, 422f
materials, 420
method, 421
recipes, 423–424

measuring Ca2þ sparks in cardiac myocytes
(protocol), 430–437

analysis of Ca2þ-spark recordings, 435
discussion, 434–436
evaluating ryanodine receptor function

in intact cells, 431–432
evaluating ryanodine receptor function

in permeabilized cells, 433–434,
433f

intact versus permeabilized cells,
434–435

materials, 430–431
method, 431–434, 433f
recipes, 436–437
SR Ca2þ leak, 435

measuring sarcoplasmic reticulum Ca2þ

content, fractional release, and
Ca2þ buffering in cardiac myocytes
(protocol), 425–429, 427f

discussion, 426–428, 427f
materials, 425
method, 426
recipes, 428–429
troubleshooting, 426

monitoring intracellular Ca2þ in cardiac
myocytes using Fluo-3 (protocol),
414–419, 415f

discussion, 417–418
materials, 414–415, 415f
method, 416–417
recipes, 418
troubleshooting, 417

two-dimensional imaging of fast intracellular
Ca2þ release in (protocol),
130–133, 132f

two-photon photolysis combined with
kilobeam array scanner to probe
calcium signaling in (protocol),
116–120, 118f

Ca2þ release-activated Ca2þ (CRAC) channels
overview, 277, 279–281, 280f
protocols

measuring endogenous ICRAC and ORAI
currents with the patch-clamp
technique, 283–290, 287f

minimum requirements to use calcium
imaging to analyze ICRAC, 291–295,
293f

Ca2þ signatures, 465
Ca2þ uptake solution for assaying Ca2þ transport in

mitochondria (recipe), 361
CBPs. See Calcium (Ca2þ)-binding proteins
Cch1 channels, 445, 446, 446f, 447, 448t, 449f
CD38, 489–490, 491f

measuring CD38 activity by reverse-phase
HPLC (protocol), 498–502

Cell wall integrity (CWI) Pkc1/Slt2 pathway, 450
Central core disease, 323
Cerebella, harvesting rat, 327
CFP, in Yellow Cameleons, 466, 466f, 471–472,

471f, 475, 477, 480, 482, 486–487
Channel conductance, recording through voltage-

dependent anion-selective channel
protein 1 (VDAC1), 349–354, 351f,
352f

Channelopathies, 447
Channels. See Calcium (Ca2þ) channels
Charcoal, 496
Chelator solution for metal-chelate buffer system

(recipe), 72
Chelex-treated ultrapure H2O (recipe), 63, 72
Chemicals, properties of common hazardous,

575–576
Chimeras, aequorin, 181t–182t
Chromatic aberration, 7
CICR (Ca2þ-induced Ca2þ release), 555–556, 559
Ci-InsP3, 90–91
Cis recording solution (recipe), 336
Coelenterates, 177
Coelenterazine, 178–179, 178f, 180, 187–190,

193–194, 203, 209
loading yeast with, 452, 457, 459

Collagenase B, 402
Complementary metal oxide semiconductor

(CMOS) camera, 20, 28, 436
Concentration. See Calcium (Ca2þ) concentration
Confocal laser scanning microscopy (CLSM)

basic elements of, 8f
complications of, 9
dwell time, 9
image speed, 10–11, 10f
imaging Ca2þ dynamics in plants

high-resolution imaging of cytoplasmic
Ca2þ dynamics in Arabidopsis roots
(protocol), 474–478, 476f

imaging of mitochondrial and nuclear Ca2þ

dynamics in Arabidopsis roots
(protocol), 484–488, 485f

live cell imaging of cytoplasmic and nuclear
Ca2þ dynamics in Arabidopsis roots
(protocol), 479–483, 481f

lasers, 12
line scan, 11
measuring Ca2þ sparks in cardiac myocytes

(protocol), 430–437
photomultiplier gain, 11–12
pinhole size, 9–10, 9f
principles of operation, 7–8, 8f
spatially limited photolysis, 77
spectral imaging, 12–13

Confocal microscopy
calcium signaling investigations using, 113–138

confocal FLIM of genetically encoded FRET
sensors of quantitative Ca2þ

imaging (protocol), 134–138
discussion, 137–138
materials, 134–135
method, 135–137, 136f
recipe, 138
troubleshooting, 137

multibeam two-photon imaging of fast
Ca2þ signals in Langendorff mouse
heart (protocol), 121–125

discussion, 124
materials, 121–122
methods, 122–124, 123f
recipes, 124
troubleshooting, 124

multichannel imaging of cellular signaling
(protocol), 126–129

discussion, 129
materials, 126–127
method, 127–128, 128f
recipe, 129
troubleshooting, 128–129

overview, 113–114
two-dimensional imaging of fast

intracellular Ca2þ release
(protocol), 130–133

discussion, 131, 133
materials, 130
method, 131, 132f
recipe, 133

troubleshooting, 131
two-photon photolysis combined with

kilobeam array scanner to probe
calcium signaling in cardiomyocytes
(protocol), 116–120

discussion, 119
materials, 116–117
method, 117–118, 118f
recipes, 119–120
troubleshooting, 118–119

optical sectioning, 29
overview, 7–13

basic elements of, 8f
complications of, 9
dwell time, 9
goal of, 8
image speed, 10–11, 10f
lasers, 12
line scan, 11
photomultiplier gain, 11–12
pinhole size, 9–10, 9f
principles of operation, 7–8, 8f
spectral imaging, 12–13
spinning disc confocal microscopy, 13

pixel size, 31
Connexin 43 hemichannels, 490
Connexin (Cx) proteins, 94–96, 99–101
CoroNa-Red, 363–364, 364t
Coupling gain, 427–428
Coverslips

diameter and size of, 37
transferring to imaging chamber, 38

CPA, 292
cpVenus, 486–487
Creatine kinase, 505
Creatine phosphokinase, 513, 522
Crz1, 449
Cs-aspartate-based internal pipette solution

(recipe), 423, 429
CsCl-based internal pipette solution (recipe), 442
Cs-Tyrode-based external solution (recipe), 423,

429, 443
Ctenophores, 177
Culture medium for cells expressing recombinant

Ca2þ channels (recipe), 275
Culture medium for DRG neurons (recipe), 269
Currents

ICRAC (Ca2þ release-activated Ca2þ current),
277–295

activation of, 278–279
measuring endogenous ICRAC and ORAI

currents with the patch-clamp
technique (protocol), 283–290,
287f

minimum requirements to use calcium
imaging to analyze ICRAC (proto-
col), 291–295, 293f

Kþ, 427
L-type Ca2þ current (ICaL), 420–423
Naþ, 423
Naþ/Ca2þ exchanger current (INCX), 425–428,

427f, 439–441, 440f, 441f
recording through voltage-dependent

anion-selective channel protein 1
(VDAC1), 349–354, 351f, 352f

Cutting devices, safe handling of, 573
Cyclic adenosine dinucleotide phosphate ribose

(cADPR), 489–507, 509, 510
caged, 528
Ca2þ release evoked by

measuring, 503–507
release from sea urchin egg homogenates,

514f
Ca2þ release from sea urchin egg homogenates,

514f
cycling assay determining intracellular levels

(protocol), 493–498
discussion, 496
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Cyclic adenosine dinucleotide phosphate ribose
(cADPR), (Continued)

materials, 493–494
method, 494–495

for adherent cells, 494–495
for cells in suspension, 494

troubleshooting, 495–496
degradation of, 490
hydrolase activity, measuring, 498–500
measuring Ca2þ release evoked by (protocol),

503–507
discussion, 506
materials, 503–504
method, 504–506

measuring in permeabilized cells,
504–505

microinjection of cADPR and Ca2þ

imaging, 505–506
recipes, 507
troubleshooting, 506

measuring CD38 activity by reverse-phase
HPLC (protocol), 498–502

discussion, 500–501
materials, 498–499
method, 499–500
recipes, 501
troubleshooting, 500

metabolism of, 490
overview, 489
structure of, 490f
topological paradox, 490

Cycling assay determining intracellular cyclic ADP-
ribose levels (protocol), 493–498

Cyclopiazonic acid, 161, 188–189, 241
Cyp D, 338
Cytochrome C, 99
Cytosolic Ca2þ, measurement of, 187–188

D
D1, binding parameters of, 62t
Danieau’s solution (recipe), 204, 210
Darier disease, 241
D3cpV, binding parameters of, 62t
Dechorionating embryos, 200
Department of Health, Education, and Welfare

(HEW), U.S., 575
Dextran and leakage-resistant Ca2þ indicators, 30
De Young-Keizer model, 562–565
D-family cameleons, binding parameters of, 52t
Diacylglycerol (DAG), 94, 450, 451f
Dialysis buffer for purification of VDAC1 from

mitochondria (recipe), 348
Diaphorase, 495
1(2-nitrophenyl)diazoethane, 526
DibromoBAPTA, affinity for Ca2þ, 537t
Dichroic mirror, 4, 5
DIDS, 421, 426, 427
Diffraction limit, 3
Diffusion coefficient, 557
Digitonin, 58, 63, 68, 188–190, 213, 364
Dihydropyridines, 259, 260t
Diisopropylethylamine (DIEA), 518–519
DinitroBAPTA, affinity for Ca2þ, 537t
Disposal

general cautions, 571–573
of laboratory waste, 573

Dissociating medium for DRG neurons (recipe), 269
Dissociation constant (Kd) of indicator for Ca2þ, 28

measuring the in situ Kd of GECI (protocol),
65–73

2,5-di-t-butyl-1,4-benzohydroquinone, 241
Divalent-cation-free minimal medium (recipe), 408
DM-nitrophen

affinity of, 550
collecting data to determine the Ca2þ-binding

properties of DM-nitrophen and
proteins (protocol), 546–551, 547f

measuring rate constants of Ca2þ indicators
(protocol), 541–545, 542t, 543f

preparation of stock, 543
in two-photon photolysis combined with

kilobeam array scanner to probe
calcium signaling in
cardiomyocytes (protocol),
116–119

DMSO
sulfinpyrazone, 45
use in electroporation loading, 106

Dorsal root ganglion (DRG) neurons
dissecting, 265, 266f
L-type Ca2þ current in, 260
N-type Ca2þ current in, 260
whole-cell patch-clamp recordings of Ca2þ

currents from isolated neonatal
dorsal root ganglion (DRG)
neurons (protocol), 264–270

Dounce homogenizer, 311, 513
DsRed in multichannel imaging of cellular

signaling (protocol), 126–129,
128f

Dual emission detectors, 27
Duall homogenizer, 311
Dual-wavelength Ca2þ indicators, 26–27
Dwell time, in confocal microscopy, 9
Dyes, hazards of, 575

E
EDTA, affinity for Ca2þ, 537t
Efflux medium for intact cells (recipe), 228
Efflux medium for permeabilized cells (recipe), 222
EGTA

affinity for Ca2þ, 537t
in Ca2þ sparks measurement, 435
Ca2þ store depletion by, 279, 286

EGTA (0.5 M) (recipe), 63, 72
EGTA Ca2þ- free artificial seawater (recipe), 515
EGTA mix (recipe), 242
EGTA solution (100 mM) (recipe), 436
Electrodes, Ca2þ-sensitive, 367–380

advantages of, 369, 370
disadvantages of, 370
history of, 369
making microelectrodes (protocol), 376–380

discussion, 379–380, 380f
double-barreled electrodes, 378–379
materials, 376–377
single-barreled electrodes, 377–378
troubleshooting, 379

making minielectrodes (protocol), 372–375
discussion, 374–375
materials, 372–373
method, 373–374, 374f
troubleshooting, 374

PVC use in, 369–370
response time and Ca2þ indicator choice,

368–369
uses of, 370
in vitro calibration curves, 368f

Electron-multiplying charge coupled device
(EMCCD), 13, 20, 38, 111, 436

Electroporation loading
bipolar pulsed electroporation, 97
electrical pulse protocol, 97
loading efficiency, 97, 106, 107
of membrane-impermeable molecules

(protocol), 104–108
materials, 104–105
method, 105–106

electroporation, 105–106
loading efficiency, 106

recipes, 107
troubleshooting, 106–107

overview, 97–101
setup, 97, 98f

single-cell electroporation, 97
Electroporation of C6 glioma cells, 99t
Embryos

aequorin introduction into zebrafish, 193–210,
195f

microinjecting holo-aequorin into
dechorionated and intact zebrafish
embryos (protocol), 197–205

reconstitution of holo-aequorin with
apoaequorin mRNA and
coelenterazine in zebrafish embryos
(protocol), 206–210

dechorionating, 200
Emission filter, 3f, 4
ENA1 gene, 450
Endolysosomal channels, NAADP and, 509, 510
Endoplasmic reticulum, measurement of Ca2þ in,

190
Endoplasmic reticulum Ca2þ channels, 321–336

black lipid membrane (BLM) experiments to
study InsP3R and RyanR, 322–323

overview, 321–322
preparation of microsomes to study Ca2þ

channels (protocol), 326–329
harvesting rat cerebella, 327
materials, 326–327
method, 327–328
microsomal preparation, 328
preparation of Sf9 cells, 327–328
recipes, 329
troubleshooting, 328

reconstitution of endoplasmic reticulum InsP3

receptors into black lipid
membranes (protocol), 330–336

materials, 330–331, 331f
method, 331–334, 332f, 334f, 335f
recipes, 336
troubleshooting, 334–335

Environmental Protection Agency (EPA), U.S., 573
EPSPs (excitatory postsynaptic potentials),

142–143, 142f
ETH 129 sensor, 369, 373, 377
ETH 1001 sensor, 369
European Saccharomyces cerevisiae Archives of

Functional Analysis
(EUROSCARF), 445

EUROSCARF (European Saccharomyces cerevisiae
Archives of Functional Analysis),
445

Evanescent wave, 17, 20, 28
Exchanges of media/solutions, 38–39
Excitation-contraction coupling, 411–412, 412f
Excitation filter, 3f, 4
Excitation wavelength selection, in two-photon

microscopy, 15
Excitatory postsynaptic potentials (EPSPs),

142–143, 142f
External recording solution for Ca2þ currents

(recipe), 269
External recording solution for recombinant Ca2þ

channels (recipe), 275
Extracellular buffer (recipe), 501
Extracellular solution with 1 mM Ca2þ (recipe), 294
Extracellular solution with no free Ca2þ (recipe),

295

F
Fatty acid oxidation, 338
Fibronectin, 401
Fig1 protein/gene, 446f, 447, 448t, 449f
Filter cube, 4
Filters

blocking, 4–5
light separation and, 3, 3f
orientation of, 5
polarizing to attenuate laser power, 12
sources of, 3
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FITC-IP3, 173–174, 173f, 174f
Fks2 protein/gene, 450
Flame photometry, total cellular Ca2þ

measurements in yeast using
(protocol), 460–462

materials, 460–461
method, 461–462
troubleshooting, 462

Flash photolysis of caged IP3 to trigger intercellular
Ca2þ waves (protocol), 109–112

materials, 109–110
methods, 110–111

ester loading of fluorescent Ca2þ indicator,
110

quantification of ICW size, 111
uncaging of IP3 using flash photolysis,

110–111
recipe, 112
troubleshooting, 111–112

FlexStation 3, 163, 164
FLIM (fluorescence lifetime imaging), confocal of

genetically encoded FRET sensors
of quantitative Ca2þ imaging
(protocol), 134–138

discussion, 137–138
materials, 134–135
method, 135–137, 136f
recipe, 138
troubleshooting, 137

Fluo-3
Fluo-3-AM

calcium transients in developing Xenopus
spinal neurons (protocol),
399–409, 403f

in flash photolysis of caged IP3 to trigger
intercellular Ca2þ waves (protocol),
109–111

monitoring intracellular Ca2þ in cardiac
myocytes using Fluo-3 (protocol),
414–419

measuring Ca2þ release from sea urchin egg
homogenates, 514

measuring Ca2þ sparks in cardiac myocytes
(protocol), 432–434

peak excitation and emission wavelengths, 417
Fluo-4

accumulation in mitochondria, 30
Fluo-4-AM

in analyzing Ca2þ dynamics in intact
epithelial cells using spatially
limited flash photolysis (protocol)

materials, 90–91
calcium transients in developing Xenopus

spinal neurons (protocol),
399–409, 403f

in multibeam two-photon imaging of fast
Ca2þ signals in Langendorff mouse
heart (protocol), 122

in multichannel imaging of cellular
signaling (protocol), 126–129, 128f

in two-dimensional imaging of fast
intracellular Ca2þ release
(protocol), 130–133, 132f

Fluo-4FF, 539
as single-wavelength Ca2þ indicators, 27–28
in two-photon photolysis combined with

kilobeam array scanner to probe
calcium signaling in
cardiomyocytes (protocol),
116–119, 118f

variations in batches of, 539
Fluo-8-AM, in multibeam two-photon imaging of

fast Ca2þ signals in Langendorff
mouse heart (protocol), 122

Fluo-3-AM solution (recipe), 409
Fluo-4-AM solution (recipe), 409
Fluorescence, principles of, 2–3, 2f
Fluorescence intensity, factors influencing, 26

Fluorescence lifetime imaging (FLIM), confocal of
genetically encoded FRET sensors
of quantitative Ca2þ imaging
(protocol), 134–138

discussion, 137–138
materials, 134–135
method, 135–137, 136f
recipe, 138
troubleshooting, 137

Fluorescence light separation, 3–5
blocking filters, 4–5
dichroic mirror, 4
filter cube, 4
multiple fluorophores, 5
orientation of dichroic mirrors and filters, 5

Fluorescence microscopy, 1–23
confocal microscopy

overview, 7–13
basic elements of, 8f
complications of, 9
dwell time, 9
goal of, 8
image speed, 10–11, 10f
lasers, 12
line scan, 11
photomultiplier gain, 11–12
pinhole size, 9–10, 9f
principles of operation, 7–8, 8f
spectral imaging, 12–13
spinning disc confocal microscopy, 13

fluorescence light separation, 3–5
blocking filters, 4–5
dichroic mirror, 4
filter cube, 4
multiple fluorophores, 5
orientation of dichroic mirrors and filters, 5

light paths, basic, 3, 3f
principles of fluorescence, 2–3, 2f
super-resolution microscopy

overview, 21–23
PALM/STORM super-resolution

imaging, 21–23
STED super-resolution imaging, 23, 23f

total internal reflection fluorescence (TIRF)
microscopy

overview, 17–21
imaging, 20–21
prism-based, 18
safety issues, 20
sample preparation, 21
through-the-objective, 18–19, 19f

two-photon microscopy
overview, 13–17

auto-fluorescence, 16
basic elements of, 14f
excitation wavelength selection, 15
implications for design, 14
laser damage, 14
photobleaching, 15
second-harmonic imaging, 16
trans-illumination imaging, 16–17, 17f

wide-field
combined transmitted and fluorescence

microscopy, 7
overview, 5–7

Fluorescent indicators. See Calcium (Ca2þ)
indicators; specific indicators

Fluorescent proteins
in high-throughput fluorescence polarization

assay of ligand binding to IP3

receptors protocol, 167–175, 169f
multiple excitation wavelengths, 15
PA-FPs, 22

Fluorophores, multiple, 5
Förster resonance energy transfer (FRET)

confocal FLIM of genetically encoded FRET
sensors of quantitative Ca2þ

imaging (protocol), 134–138

genetically encoded Ca2þ indicators (GECIs),
51–73

converting fluorescent data into Ca2þ

concentration (protocol), 46–49
Yellow Chameleons, 466–467, 466f, 472, 477

FRET. See Förster resonance energy transfer
Fura-2

dissociation constant of, 141
as dual-wavelength indicator, 26–27
Fura-2-AM

calcium imaging to analyze ICRAC, 292, 294
calcium transients in developing Xenopus

spinal neurons (protocol),
399–409

microinjection of cADPR and Ca2þ

imaging, 505–506
isosbestic point, 27
measuring cADPR-evoked Ca2þ release in

permeabilized cells, 505
Mn2þ binding to, 27
in yeast, 452

Fura dyes
in combining Ca2þ and membrane potential

imaging, 140–143, 141f, 146–149,
147f

in combining Ca2þ imaging with
neurotransmitter photorelease, 144

dissociation constants of, 141
Fura-FF, 141, 142f, 143
Fura Red

advantage of, 27
Fura-Red-AM in calcium transients in

developing Xenopus spinal neurons
(protocol), 399–409

G
Gadolinium, 447
Gain setting, 32–33, 32f
Gap junctions, 94–96, 94f
Gas containers, safe handling of, 572
GCI promoter, 469
GECIs. See Genetically encoded Ca2þ indicators
Gene expression

copy numbers of expressed proteins, 383
Xenopus oocyte, 381–383, 383t, 388–393

Genetically encoded Ca2þ indicators (GECIs),
51–73

intensiometric, 51
measuring the in situ Kd of GECI (protocol),

65–73
discussion, 71
materials, 65–66
method, 66–70, 67t–68t, 69f–70f
recipes, 72–73
troubleshooting, 70–71

ratiometric
binding parameters, 53t
design and use, 51–54, 52f

verifying function and localization of GECIs
and converting FRET ratios to Ca2þ

concentrations (protocol), 55–64
materials, 55–56
method, 56–62, 57f, 60f–61f
recipes, 63–64
troubleshooting, 62–63

Yellow Cameleons, 465–466, 479, 482
GIC (glucose-induced calcium) transporter, 446f,

447, 449f
Glass-bottom imaging dishes, construction of, 56,

57f
Glucose-induced calcium (Ca2þ) signaling,

450–451, 451f, 457, 458f
Glutamate, 476
Glutamate receptors, activating with L-glutamate

photorelease, 140, 150–152, 151f
Glutathione, 222
G protein-coupled receptors (GPCRs), 94f, 95
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Gramicidin, 280, 418
Group velocity dispersion, 14
Growth medium (Arabidopsis) (recipe), 487
Guard cells, live cell imaging of cytoplasmic Ca2þ

dynamics in Arabidopsis (protocol),
469–473

H
HACS (high-affinity calcium system), 446f, 447, 450
Hailey-Hailey disease, 241
Halistaurin, 177
Halothane, 323
Hanks balanced salt solution-HEPES (recipe),

107, 112
Hazardous chemicals, properties of common,

575–576
Heart

excision and cannulation of mouse heart, 122
excitation-contraction coupling, 411–412, 412f
measuring Ca2þ-dependent Ca2þ-uptake

activity in the mouse heart
(protocol), 245–254

multibeam two-photon imaging of fast Ca2þ

signals in Langendorff mouse heart
(protocol), 121–125, 123f

two-dimensional imaging of fast intracellular
Ca2þ release (protocol), 130–133,
132f

two-photon photolysis combined with
kilobeam array scanner to probe
calcium signaling in
cardiomyocytes (protocol),
116–120, 118f

HEDTA, affinity for Ca2þ, 537t
HEK-293 cells, whole-cell patch-clamp recordings

of recombinant voltage-sensitive
Ca2þ channels heterologously
expressed in (protocol), 271–275,
273f

Heparin, 246
HEPES-buffered Hanks balanced salt solution

(HHBSS) with Ca2þ (recipe), 64, 72
HEPES-buffered Hanks balanced salt solution

without Ca2þ (Ca2þ-free HHBSS)
(recipe), 64

HEPES-buffered Hanks balanced salt solution
without Ca2þ and Mg2þ

(Ca2þ/Mg2þ-free HHBSS) (recipe),
73

HEPES-buffered saline (HBS) (recipe), 165
Heterologous expression in Xenopus oocyte,

381–383, 383t, 388–393
High-salt buffer (HSB) for microsomal preparation

(recipe), 329
High-throughput screens, history of, 156–157
Histamine, 188, 190
Homogenization

of mouse heart, 247–248
for nuclei isolation, 310, 311
of rat liver, 344
of sea urchin eggs, 513

Homogenization buffer for Ca2þ-uptake assay
(recipe), 253

Homogenization buffer (HB) for cerebellar
microsomal preparation (recipe), 329

Homogenization buffer for sea urchin homogenates
(recipe), 515

Homogenization buffer (SF9HB) for Sf9
microsomal preparation (recipe),
329

HPLC, measuring CD38 activity by reverse-phase
(protocol), 498–502

discussion, 500–501
materials, 498–499
method, 499–500
recipes, 501
troubleshooting, 500

HPLC buffer A (recipe), 501
HPLC buffer B (recipe), 501
Hsl1, 450
Hydrogen/potassium (Hþ/Kþ) exchanger,

338, 339
Hydroxyapatite:celite column, for VDAC1

purification, 344–345
Hypotonic shock in yeast, 445, 450, 457, 458f

I
IBlot, 398
ICRAC (Ca2þ release-activated Ca2þ current),

277–295
activation of, 278–279
protocols

measuring endogenous ICRAC and ORAI
currents with the patch-clamp
technique, 283–290, 287f

discussion, 288
materials, 283–284
method, 284–287, 287f
recipes, 289–290
troubleshooting, 287–288

minimum requirements to use calcium
imaging to analyze ICRAC, 291–295,
293f

discussion, 294
materials, 291–292
method, 292–294, 293f
recipes, 294–295
troubleshooting, 294

ICRAC Ca2þ-containing bath solution (recipe), 289
ICRAC Ca2þ-free bath solution (recipe), 289
ICRAC divalent-free (DVF) bath solution (recipe),

289
ICRAC pipette solution for active depletion (recipe),

289
ICRAC pipette solution for passive depletion (recipe),

289
ICW. See Intercellular Ca2þ wave
IGOR Pro (software), 137
Illumination

selective, 28–29
trans-illumination imaging, 16–17, 17f
for uncaging IP3, 111
uneven illumination, 34–35, 36f, 49

ImageJ, 39–40, 435
analyze intensity over time, 40
background subtraction, 39
importing data, 39
Ratio Plus plug in, 486

Image speed, in confocal microscopy, 10–11, 10f
Image storage, 33–34
Imaging

analyzing imaging data with ImageJ, 39–40
analyze intensity over time, 40
background subtraction, 39
importing data, 39

calcium (Ca2þ) imaging in plants, 465–488
Ca2þ dynamics, 467–468
high-resolution imaging of cytoplasmic

Ca2þ dynamics in Arabidopsis roots
(protocol), 474–478

data analysis, 477
discussion, 477
imaging, 475–477
materials, 474–475
method, 475–477, 476f
plant growth, 475
sample preparation, 475, 476f
troubleshooting, 477

imaging of mitochondrial and nuclear Ca2þ

dynamics in Arabidopsis roots
(protocol), 484–488

CLSM analysis, 486
discussion, 487
imaging analyses, 486

materials, 484–485
method, 485–486
recipes, 487
sample preparation, 486
seed sterilization and growth of

plantlets, 485–486
troubleshooting, 487

live cell imaging of cytoplasmic and nuclear
Ca2þ dynamics in Arabidopsis roots
(protocol), 479–483

Ca2þ imaging, 480
data analyses, 482
discussion, 482
materials, 479–480
method, 480–482, 481f
plant growth, 480
recipes, 483
sample preparation, 480, 481f
troubleshooting, 482

live cell imaging of cytoplasmic Ca2þ

dynamics in Arabidopsis guard cells
(protocol), 469–473

data analysis, 472
discussion, 473
imaging, 471–472
materials, 469–470
method, 470–472, 471f
plant growth, 470
recipe, 473
sample preparation, 470–471, 471f
troubleshooting, 472–473

overview, 465–486
Yellow Cameleon Ca2þ indicators,

466–467, 466f
calcium transients in developing Xenopus spinal

neurons (protocol), 399–409
combining calcium imaging with other optical

techniques, 139–153
applications

combining Ca2þ and VM optical
measurements, 141–143, 142f

combining Ca2þ imaging with
neurotransmittter photorelease,
143–144, 144f

overview, 139–140, 141f
protocols

combining Ca2þ and membrane
potential imaging in single neurons,
146–149, 147f

combining Ca2þ imaging with
L-glutamate photorelease, 150–153,
151f

data processing and calibration, 33–37
background removal, 34, 35, 35f, 36f
calibration of fluorescence into Ca2þ

concentration, 36–37
data presentation, 37, 37f
image storage, 33–34
uneven illumination, 34–35, 36f, 49

imaging parameters, 30–33
bit depth, 31–32
detector settings

gain, 32–33, 32f
offset, 32f, 33

look-up table, 33
objective lens, 30–31, 31t
pixel size, 31

microinjection of cADPR and Ca2þ imaging,
505–506

minimum requirements to use calcium imaging
to analyze ICRAC, 291–295, 293f

sample handling
mounting, 37–38, 38f
perfusion, 38, 38f
solution exchange, 38–39

Imaging chamber, 38
Imaging hardware, 28–29
Imaging medium (Arabidopsis) (recipe), 487
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Imaging solution (recipe), 92
Immobilon-P membrane plate, 495
Incubation buffer (recipe), 473
INCX (Naþ/Ca2þ exchanger current), 425–428,

427f, 439–441, 440f, 441f
Indicator leakage, 30
Indicators. See also Calcium (Ca2þ) indicators;

specific agents
multiple, 5
spectra of excitation and emission, 3

Indo-1, 452
disadvantage of, 27
dual emission detectors and, 27

Inositol 1,4,5-trisphosphate (IP3), 173–174,
173f, 174f

caged IP3, 79, 81f, 90–92, 96, 99–101, 100f,
109–112, 528

calcium release in yeast, 445, 450–451, 451f
Ca2þ release from sea urchin egg homogenates,

514f
Ca2þ store depletion by, 278, 286
diffusion of, 95
gap junction permeability of, 95
intercellular Ca2þ waves and, 94–95, 94f, 96,

109–112
intracellular Ca2þ signaling and, 212, 213

Inositol 1,4,5-trisphosphate receptor (IP3R), 99,
155–175, 277, 297

activation by means of G-protein-coupled
receptors, 321–323

black lipid membrane (BLM) experiments
to study InsP3R and RyanR,
322–323

Ca2þ signaling via, 155–156, 212, 213
channels, 94, 99

in endoplasmic reticulum, 321–323
high-throughput fluorescence polarization

assay of ligand binding to IP3

receptors (protocol), 167–175,
169f

discussion, 173–174, 173f, 174t
materials, 167–168
method, 168–172

anisotropy measurements, 170–171
data analysis, 171–172
optimization of FP assay, 168
preparation of plates for FP

equilibrium competition binding
assays, 170

preparation of plates for FP saturation
binding assays, 168–170

recipe, 174
troubleshooting, 172–173

high-throughput functional assays of IP3-
evoked Ca2þ release (protocol),
159–166, 162f

discussion, 164–165
materials, 159–160
method, 160–163

cell culture, 160
data analysis, 163
loading cells with Mag-Fluo-4, 161
measurement of Ca2þ uptake and

release, 163
permeabilization of cells, 161, 163
preparation of assay plates and

compound plates, 160–161
recipes, 165
troubleshooting, 163–164

impact of buffers on, 557
in models of intracellular calcium

signaling, 554–560, 566–568, 567f,
568f

stochastic simulation of single channel
opening, 566–568, 567f, 568f

patch-clamp electrophysiology of channels
isolating nuclei from cultured cells

(protocol), 308–312, 309t, 311f

nuclear patch-clamp protocol, 313–318
cytoplasmic-side-out configuration,

315–316
luminal-side-out configuration, 315
materials, 313–314
on-nucleus configuration, 314–315
patching inner nuclear membrane, 316

studying single InsP3R channel activity
in inner nuclear membrane, 303–304
methods for, 298–300, 299f
in outer nuclear membrane, 300–303,

301f, 302f
reconstitution of endoplasmic reticulum InsP3

receptors into BLMs (protocol),
330–336

materials, 330–331, 331f
method, 331–334, 332f, 334f, 335f
recipes, 336
troubleshooting, 334–335

regulation of, 156
structure of, 156
study using 45Ca2þ-flux technique, 217, 222

InsP3. See Inositol 1,4,5-trisphosphate (IP3)
InsP3R. See Inositol 1,4,5-trisphosphate receptor

(IP3R)
Institutional safety office, 571
Intercellular Ca2þ wave (ICW)

flash photolysis of caged IP3 to trigger
(protocol), 109–112

materials, 109–110
methods, 110–111

ester loading of fluorescent Ca2þ

indicator, 110
quantification of ICW size, 111
uncaging of IP3 using flash photolysis,

110–111
recipe, 112
troubleshooting, 111–112

functions of, 95–96
induced by photolysis of electroporation-loaded

caged IP3, 100f, 101
mechanisms of propagation, 94–95, 94f
methods to induce, 96
in pathological conditions, 96
quantification of ICW size, 111
velocity of, 95

Internal recording solution for Ca2þ currents
(recipe), 269, 275

Internal solution for calcium imaging (recipe),
149, 153

Intracellular buffer (recipe), 191, 507
Intracellular calcium (Ca2þ)

assessing Ca2þ-removal pathways in cardiac
myocytes (protocol), 438–443

discussion, 441–442
materials, 438–439
method, 439–441, 440f, 441f
recipes, 442–443

45Ca2þ fluxes in intact cells, technique of,
216–217

45Ca2þ fluxes in permeabilized cells
analysis of, 215–216, 216f
technique, 213–215

calcium signaling and, 277–278
in excitation-contraction coupling, 411
measurement of release, 211–229

in intact cells using 45Ca2þ (protocol),
225–229

discussion, 227
materials, 225–226
method, 226–227
recipes, 228
troubleshooting, 227

overview, 212–213
in permeabilized cells using 45Ca2þ

(protocol), 219–224
discussion, 221–222, 222f
materials, 219

methods, 219–221
recipes, 222–223
troubleshooting, 221

models of signaling/dynamics, 553–569
compartmentalized models, 555–557
exploring oscillations in a point model of

intracellular Ca2þ concentration
(protocol), 562–565, 564f

fire-diffuse-fire (FDF) models, 558–559,
559f

ordinary differential equation (ODE)
models, 554–555, 562–565

spatially extended models, 557–559, 559f
threshold models, 558
time to blip-stochastic simulation of single

channel opening (protocol),
566–569, 567f, 568f

two-dimensional models, 558–559, 559f
whole-cell models, 554–555

monitoring yeast intracellular Ca2þ levels using
in vivo bioluminescence assay
(protocol), 456–459

materials, 456–457
method, 457–459, 458f
troubleshooting, 459

signaling, 211–212, 212f
Intracellular Ca2þ waves, modeling calcium signal-

ing and, 553–554, 557–559, 559f
Intracellular medium (recipe), 515, 524
Intracellular organelles, using targeted variants of

aequorin to measure Ca2þ levels in
(protocol), 185–191

calibration, 187, 188f
discussion, 191
materials, 185–187, 186f
measurement of Ca2þ in ER and its release, 190
measurement of capacitative Ca2þ influx,

188–189
measurement of cytosolic Ca2þ, 187–188
measurement of mitochondrial Ca2þ uptake,

189, 189f
measurement of mitochondrial Ca2þ uptake in

permeabilized cells, 190
recipes, 191
reconstitution of functional photoprotein, 187
transfection, 187
troubleshooting, 190–191

Intracellular solution with DM-Nitrophen and
Fluo-4 (recipe), 119

Inverted microscope, through-the-objective total
internal reflection fluorescence
(TIRF) microscopy on, 19

Ion channels. See also Calcium (Ca2þ) channels
investigating ion channel distribution using

combination of spatially limited
photolysis, Ca2þ imaging, and
patch-clamp recording (protocol),
85–89

studying activation of epithelial ion channels
using global whole-field photolysis
(protocol), 79–84

Ion lasers, 12
Ionomycin, 58, 62, 68, 190, 215, 216, 278
IP3. See Inositol 1,4,5-trisphosphate (IP3)
IP3R. See Inositol 1,4,5-trisphosphate receptor

(IP3R)
IRBIT, 222
Isoaequorins, 193
Isosbestic point, 27

J
Jablonski energy transitions, 3
Johnson, Frank H., 177
JPW1114, 142f, 143, 146, 147f
JPW-3028, 142
Junctional sarcoplasmic reticulum, 411
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K
K-aspartate-based internal pipette solution (recipe),

436
K-aspartate-based pipette solution (recipe), 418
Kþ current, 427
Kilobeam array scanner, 116–120, 118f
Krebs-Ringer Modified Buffer (KRB) (recipe), 191

L
La3þ, 287
LACS (low-affinity calcium system), 446f, 447
l-protein phosphatase, 250
Laminin, 401, 406
Lampbrush chromosomes, 383
Lasers

in confocal microscopy, 12
ion, 12
polarizing filters to attenuate laser power, 12
pulsed, 2
safety, 20, 572
stimulated emission depletion (STED)

microscopy, 23
two-photon fluorescence and, 2–3

Laser-scanning confocal microscopy (LSCM)
basic elements of, 8f
complications of, 9
dwell time, 9
image speed, 10–11, 10f
imaging Ca2þ dynamics in plants

high-resolution imaging of cytoplasmic
Ca2þ dynamics in Arabidopsis roots
(protocol), 474–478, 476f

imaging of mitochondrial and nuclear Ca2þ

dynamics in Arabidopsis roots
(protocol), 484–488, 485f

live cell imaging of cytoplasmic and nuclear
Ca2þ dynamics in Arabidopsis roots
(protocol), 479–483, 481f

lasers, 12
line scan, 11
measuring Ca2þ sparks in cardiac myocytes

(protocol), 430–437
photomultiplier gain, 11–12
pinhole size, 9–10, 9f
principles of operation, 7–8, 8f
spatially limited photolysis, 77
spectral imaging, 12–13

LDAO, voltage-dependent anion-selective channel
protein 1 (VDAC1) purification
using, 345

LDAO solution for purification of VDAC1 from
mitochondria (recipe), 348

LED light sources, 5, 28
Lens chromatic aberration, 7
Letm1, 338, 339
L-glutamate photorelease, combining Ca2þ

imaging with (protocol),
150–153, 151f

configuration of imaging equipment,
151–152, 151f

materials, 150–151
photorelease, 152
recipes, 152–153
troubleshooting, 152

Light sources, for spatially limited photolysis, 77
Line scan, in confocal microscopy, 11
Liposomes, assay of Ca2þ transport by VDAC1

reconstituted into (protocol),
355–358

Ca2þ efflux from VDAC1-containing
proteoliposomes, 356–357

discussion, 357
liposome preparation, 356
materials, 355–356
method, 356–357
recipe, 357

reconstitution of VDAC1 and loading with
Ca2þ, 356

troubleshooting, 357
Li-Rinzel approximation of the De Young-Keizer

model, 562–565, 564f
Loading medium for intact cells (recipe), 228
Loading medium for permeabilized cells (recipe),

223
Look-up table, 33
Low-conductivity electroporation buffer (recipe),

107
L-type Ca2þ current (ICaL), 420–423
L-type calcium channels (LTCCs), 411–412

voltage-dependent Ca2þ channels (VDCCs),
555–556

Lysis buffer for microsome preparation (recipe),
242

Lysosensor Green DND-189, 521, 522
Lysosensor Yellow/Blue DND-160, 521, 522
Lysotracker Red DND-99, 521, 522

M
Macspark, 435
Mag-Fluo-4, in high-throughput functional assays

of IP3-evoked Ca2þ release
protocol, 161, 163

Mag-Fura-2, dissociation constant of, 141
Malignant hyperthermia mutations, 323
Manganese oxide, 526, 527
Master mix (4�) (recipe), 242
Master mix for Ca2þ-uptake assay (recipe), 254
Material safety data sheets (MSDSs), 571
MathLab (software), 137
MATLAB (software), 566–568
Maxchelator (software), 82–83, 433, 537
Media exchanges, 38–39
Medical Pathological Waste (MPW), 573
Membrane potential imaging

combining Ca2þ and VM optical measurements,
141–143, 142f

combining with Ca2þ imaging in single neurons
(protocol), 146–149

discussion, 149
materials, 146–147
method, 147–148, 147f
recipes, 149
troubleshooting, 148

overview, 139–140
Mercury arc lamps, 28
Metal-chelate buffer systems, 66–71

buffering ranges of, 67t
[Ca2þ]free of Ca2þ-EDTA, 67t
[Ca2þ]free of Ca2þ-EGTA, 68t
[Ca2þ]free of Ca2þ-HEDTA, 68t

MetaMorph (software), 404
Methylnitro indolinyl (MNI)-caged glutamate, 77
Mg2þ-free cytosol-like medium (recipe), 165
Microinjection

of apoaequorin mRNA into zebrafish
embryos, 209

of cyclic adenosine dinucleotide phosphate
ribose (cADPR), 505–506

of holo-aequorin into dechorionated and intact
zebrafish embryos (protocol),
197–205

of nicotinic acid adenine dinucleotide
phosphate (NAADP), 523

Microinjection pipettes, preparation of, 198, 199f
Micro-Manager (software), 28
Microscopy. See Fluorescence microscopy
Microsomes

high-throughput measurement of Ca2þ-
dependent ATPase in (protocol),
234–244

preparation of microsomes to study Ca2þ

channels (protocol), 326–329
harvesting rat cerebella, 327

materials, 326–327
method, 327–328
microsomal preparation, 328
preparation of Sf9 cells, 327–328
recipes, 329
troubleshooting, 328

Microwave safety, 572
Mid2p, 450
Mid1 protein/gene, 446f, 448t, 449f, 450
Minimal medium (recipe), 409
Mirror, dichroic, 4, 5
Mitochondria

calcium (Ca2þ) transport (see Mitochondrial
Ca2þ transport)

Ca2þ uptake, measurement of, 189, 189f
in permeabilized cells, 190

imaging of mitochondrial and nuclear Ca2þ

dynamics in Arabidopsis roots
(protocol), 484–488

isolation of, 344
voltage-dependent anion-selective channel

protein 1 (VDAC1) purification
from rat liver (protocol),
343–348

Mitochondria Ca2þ uniporter (MCU), 337–339
Mitochondrial calcium uptake 1 (MICU1), 339
Mitochondrial Ca2þ transport, 337–366

assays of mitochondrial Ca2þ transport and
Ca2þ efflux via MPTP (protocol),
359–361, 361f

discussion, 360, 361f
materials, 359–360
method, 360
recipe, 361

components of, 338–339, 338f
importance of mitochondrial calcium,

337–338
mitochondrial Naþ/Ca2þ exchange assays

(protocol), 362–366
discussion, 364
materials, 362–363
method, 363–364, 364f
recipes, 365–366
troubleshooting, 364

voltage-dependent anion-selective channel
protein 1 (VDAC1), 337–341, 338f

assay of Ca2þ transport by VDAC1
reconstituted into liposomes,
355–358

Ca2þ efflux from VDAC1-containing
proteoliposomes, 356–357

discussion, 357
liposome preparation, 356
materials, 355–356
method, 356–357
recipe, 357
reconstitution of VDAC1 and loading

with Ca2þ, 356
troubleshooting, 357

channel conductance and permeability, 340
conformational states, 340
permeability to Ca2þ, 340–341
purification from rat liver mitochondria

(protocol), 343–348
discussion, 346
isolation of mitochondria, 344
materials, 343–344
method, 344–346
recipes, 346–348
troubleshooting, 346
VDAC1 purification using

carboxymethyl (CM)-cellulose,
345–346

VDAC1 purification using LDAO, 345
VDAC1 purification using reactive

red-agarose (RRA), 345
VDAC1 purification using Triton

X-100, 344–345
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reconstitution of purified VDAC1 into
lipid bilayer and recording of
channel conductance (protocol),
349–354

assembly of bilayer system, 350–351
discussion, 353
formation of planar bilayer membrane,

351
materials, 349–350
method, 350–353, 351f
recipes, 353
reconstitution of VDAC1 into planar

lipid bilayer, 351–352
recording currents through VDAC1,

352–353, 352f
troubleshooting, 353

Mitochondrial inhibitors, 215
Mitochondrial ratiometric pericam (RP-mt),

363, 364t
Mitochondrial ryanodine receptor (mRyR), 339
Mitochondria NCLX (Naþ/Ca2þ exchanger),

337–339, 364
Mitochondria permeability transition pore (MPTP)

assays of mitochondrial Ca2þ transport and
Ca2þ efflux via MPTP (protocol),
359–361, 361f

discussion, 360, 361f
materials, 359–360
method, 360
recipe, 361

described, 337–339, 343
MitoTracker Red, 57
MLIV (mucolipidosis type IV), 447
mMESSAGE mMACHINE SP6 kit, 208
Mnemiopsin, 177
MNI (4-methoxy-7-nitroindolinyl)-caged

L-glutamate, 143–144, 150–152,
151f

Modified Barth’s saline (MBS) (1�, pH 7.8)
(recipe), 393

MonoQ columns, 527
Mpk1 MAP kinase cascade, 449
MPTP. See Mitochondria permeability transition

pore
MPW (Medical Pathological Waste), 573
mRNA injection into zebrafish embryos, 209
mRyR (mitochondrial ryanodine receptor), 339
MSDSs (material safety data sheets), 571
MS medium with sucrose (liquid) (recipe), 483
MS medium with sucrose (solid) (recipe), 483
Mucolipidosis type IV (MLIV), 447
Multichannel imaging of cellular signaling

(protocol), 126–129
discussion, 129
materials, 126–127
method, 127–128, 128f
recipe, 129
troubleshooting, 128–129

Myocytes. See Cardiomyocytes

N
NA (numerical aperture), objective lens, 30–31, 31t
NAADP. See Nicotinic acid adenine dinucleotide

phosphate
NAADP-AM (nicotinic acid adenine dinucleotide

phosphate-acetoxymethylester),
517–520, 518f

Naþ-containing solution for measuring Ca2þ fluxes
across the mitochondrial inner
membrane (recipe), 365

NAD (nicotinamide adenine dinucleotide), 490,
491f, 493, 495, 496, 499, 530–531

NADH (nicotinamide adenine dinucleotide
hydrogen), 493

NADP (nicotinamide adenine dinucleotide
phosphate), 509, 510f

NAD reaction buffer (recipe), 531

Naþ-free solution for measuring Ca2þ fluxes across
the mitochondrial inner membrane
(recipe), 365

NaN3, 215
National Institute of Environmental Health and

Human Services, 575
NBQX, 144
NCLX. See Sodium/calcium (Naþ/Ca2þ)

exchanger
NCX. See Sodium/calcium (Naþ/Ca2þ) exchanger
n-decane, 350
NEP-InsP3, 79, 81f, 82
Nernst equation, 368
Neurons

calcium transients in developing Xenopus spinal
neurons (protocol), 399–409

discussion, 407–408
materials, 399–400
method, 400–407

data analysis, 404
general imaging methodology,

401–402, 402f
imaging filopodial transients in vivo,

403–404, 403f
imaging growth cone transients in vivo,

402–403, 403f
imposition of Ca2þ spikes, 405, 405f
manipulation of Ca2þ dynamics in

growth cones, 406
manipulation of filopodial Ca2þ

dynamics, 406–407
perturbation experiments, 404
preparation of dissociated cell cultures,

400–401
preparation of spinal cords, 401

recipes, 408–409
troubleshooting, 407

combining Ca2þ and membrane potential
imaging in single neurons
(protocol), 146–149, 147f

dorsal root ganglion (DRG) neurons
dissecting, 265, 266f
L-type Ca2þ current in, 260
N-type Ca2þ current in, 260
whole-cell patch-clamp recordings of Ca2þ

currents from isolated neonatal
dorsal root ganglion (DRG)
neurons (protocol), 264–270

NiCl2, 438–439, 440f, 441
Nicolski-Eisenman equation, 368
Nicotinamide, 493, 495, 498
Nicotinamide adenine dinucleotide (NAD), 490,

491f, 493, 495, 496, 499, 530–531
Nicotinamide adenine dinucleotide hydrogen

(NADH), 493
Nicotinamide adenine dinucleotide phosphate

(NADP), 509, 510f
Nicotinic acid, 530
Nicotinic acid adenine dinucleotide phosphate

(NAADP), 212–213, 509–531
overview of, 509–510
protocols, 512–531

caged NAADP, 525–528
discussion, 528
materials, 525–526
method, 526–527
troubleshooting, 527–528

measurement of luminal pH of acidic stores
as a readout for NAADP action,
521–524

discussion, 523
materials, 521–522
method, 522–523
recipes, 523–524

preparation and use of sea urchin egg
homogenates for studying NAADP-
mediated Ca2þ release, 512–516

materials, 512–513

method, 513–514, 514f
recipes, 515
troubleshooting, 514

synthesis of NAADP-AM as a membrane-
permeant NAADP analog, 517–520

discussion, 519–520
materials, 517–518
method, 518–519, 518f
troubleshooting, 519

synthesis of [32P]NAADP for radioreceptor
binding assay, 529–531, 530f

discussion, 530–531
materials, 529
method, 530, 530f
recipe, 531

structure of, 510f
Nicotinic acid adenine dinucleotide phosphate-

acetoxymethylester (NAADP-AM),
517–520, 518f

Nifedipine, 267, 439, 447
Nifedipine stock solution (recipe), 270
Nisoldipine, 421
Nitrilo triacetic acid (NTA), affinity for Ca2þ, 537t
2-nitroacetophenone hydrazone, 526
Nitrobenzofuran-EGTA, 77
NMDA receptors, 142
Nominally Ca2þ- free artificial seawater (recipe),

515
Norepinephrine, 188
NP-EGTA, 79, 81f, 85–86, 86f, 88
NP-EGTA-AM, 90–91
NTA (nitrilo triacetic acid), affinity for Ca2þ, 537t
Nuclear Ca2þ dynamics

imaging of mitochondrial and nuclear Ca2þ

dynamics in Arabidopsis roots
(protocol), 484–488

live cell imaging of cytoplasmic and nuclear
Ca2þ dynamics in Arabidopsis roots
(protocol), 479–483

Nuclear microinjection to assess impact of
heterologously expressed proteins
on Ca2þ signals in Xenous oocytes
(protocol), 388–394

Nuclear patch-clamping
isolating nuclei from cultured cells (protocol),

308–312, 309t, 311f
discussion, 311
materials, 308–309, 309t
method, 309–311, 311f
recipe, 312

nuclear patch-clamp protocol, 313–318
cytoplasmic-side-out configuration,

315–316
luminal-side-out configuration, 315
materials, 313–314
on-nucleus configuration, 314–315
patching inner nuclear membrane, 316

studying single InsP3R channel activity
in inner nuclear membrane, 303–304, 304f
methods for, 298–300, 299f
in outer nuclear membrane, 300–303,

301f, 302f
studying single RyR channels in outer nuclear

membrane, 304
Nuclease-free H2O (recipe), 210
Nucleotide pyrophosphatase, 495
Numerical aperture (NA), objective lens,

30–31, 31t
Nystatin, 280, 418

O
Obeline, 177
Objective lens

imaging Ca2þ indicators and, 30–31, 31t
in through-the-objective total internal

reflection fluorescence (TIRF)
microscopy, 18–19, 19f
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Occupational Safety and Health Administration
(OSHA), 571

Offset control, 32f, 33
OGB-5N (Oregon Green BAPTA-5N), 144, 144f,

536, 539, 539t, 546–550, 547f
v-agatoxin IVA, 260
v-conotoxin GVIA stock solution (recipe), 270
v-conotoxin GVIA, 260, 267
One-photon fluorescence, 2–3, 2f
Oocyte, of Xenopus

mammalian cell compared, 384t
as single-cell model for studying Ca2þ signaling,

381–398
Oocyte dissociation solution (recipe), 393
Optical parametric oscillator (OPO), 15
ORAI channels

overview, 277–281, 280f
protocols

measuring endogenous ICRAC and ORAI
currents with the patch-clamp
technique, 283–290, 287f

minimum requirements to use calcium
imaging to analyze ICRAC, 291–295,
293f

Ordinary differential equation (ODE) models, of
intracellular calcium signaling,
554–555, 562–565

Oregon Green, 140, 144
Oregon Green BAPTA-5N, 144, 144f, 536, 539,

539t, 546–550, 547f
OSHA (Occupational Safety and Health

Administration), 571

P
PALM/STORM super-resolution imaging, 21–23

single particle tracking (sptPALM), 22
Pannexins (Panxs), 94, 95
Parallel fiber-Purkinje neuron (PF-PN) synapses, 143
Patch-clamp technique, 157

in cardiac myocytes, 416–417
described, 257–259, 258f
electrophysiology of intracellular Ca2þ

channels, 297–319
isolating nuclei from cultured cells

(protocol), 308–312, 309t, 311f
discussion, 311
materials, 308–309, 309t
method, 309–311, 311f
recipe, 312

nuclear patch-clamp protocol, 313–318
cytoplasmic-side-out configuration,

315–316
luminal-side-out configuration, 315
materials, 313–314
on-nucleus configuration, 314–315
patching inner nuclear membrane, 316

overview, 297
studying single InsP3R channel activity

in inner nuclear membrane, 303–304
methods for, 298–300, 299f
in outer nuclear membrane, 300–303,

301f, 302f
studying single RyR channels in outer

nuclear membrane, 304, 304f
error sources, 268–269
investigating ion channel distribution using

combination of spatially limited
photolysis, Ca2þ imaging, and
patch-clamp recording (protocol),
85–89

measurement of ICRAC and ORAI channel
activity

overview, 277–281, 280f
protocols

measuring endogenous ICRAC and
ORAI currents with the patch-
clamp technique, 283–290, 287f

minimum requirements to use calcium
imaging to analyze ICRAC, 291–295,
293f

perforated patch, 280, 280f, 418
recording voltage-sensitive Ca2þ channels,

257–276
current isolation methods, 268
overview, 257–262
whole-cell recordings of Ca2þ currents

from isolated neonatal dorsal root
ganglion (DRG) neurons (proto-
col), 264–270

discussion, 268–269
materials, 264–265
method, 265–267
recipes, 269–270
troubleshooting, 267–268

whole-cell recordings of recombinant
channels heterologously expressed
in HEK-293 cells (protocol),
271–275, 273f

discussion, 274
materials, 271–272
method, 272–274, 273f
recipes, 275
troubleshooting, 274

Patch pipette solution for InsP3R (recipe), 318
Patch pipette solution for RyR (recipe), 318
PCA (perchloric acid) extraction, 494,

495, 496
Pearson’s correlation analysis, 57
Perchloric acid (PCA) extraction, 494, 495, 496
Pericams

binding parameters of, 52t
mitochondrial ratiometric pericam (RP-mt),

363, 364t
Permeability transition pore (PTP), 337–339,

338f. See also Mitochondria
permeability transition pore

Permeabilization solution for measuring Ca2þ

fluxes across the
mitochondrial inner membrane
(recipe), 366

Permeabilized-cell internal solution (350 mM

EGTA) (recipe), 437
PF-PN (parallel fiber-Purkinje neuron)

synapses, 143
pH

measurement of luminal pH of acidic stores
as a readout for NAADP action
(protocol), 521–524

discussion, 523
materials, 521–522
method, 522–523
recipes, 523–524

pH buffers, pKa and temperature dependent of
common, 542t

PHERAstar plate-reader, 168–170
Pheromones, yeast and, 447, 450
Phialidin, 177
Phosphatidylcholine, 331–332
Phosphatidylethanolamine, 331–332
Phosphatidylinositol bisphosphate (PIP2), 94, 322,

450, 451f
Phosphatidylserine, 331–332
Phosphocreatine, 505, 513, 522
Phospholamban, 241, 245, 250–253, 250f
Phospholipase C

IP3 regeneration by, 94, 94f, 95
isoforms of, 94

Phosphorylation mix (4�) (recipe), 243
Photoactivated localization microscopy (PALM),

21–23
Photobleaching

Ca2þ indicators choice and, 29–30
with confocal microscopy, 11
with two-photon microscopy, 15
with wide-field fluorescence microscopy, 6

Photolysis
combining Ca2þ imaging with L-glutamate

photorelease (protocol), 143–144,
144f, 150–153, 151f

in determining the Ca2þ-binding properties of
DM-nitrophen and proteins
(protocol), 546–551, 547f

flash photolysis of caged IP3 to trigger
intercellular Ca2þ waves (protocol),
109–112

in measuring rate constants of Ca2þ indicators
(protocol), 541–545

two-photon photolysis combined with
kilobeam array scanner to probe
calcium signaling in
cardiomyocytes (protocol),
116–120

two-photon photolysis of MNI-glutamate, 144
Photomultiplier gain, 11–12
Photomultiplier tube (PMT)

avalanche, 11
in confocal microscopy, 11–12
InGaAsP, 11
in teo-photon microscopy, 14, 14f

Photoprotein, 177. See also Aequorin
Photorelease, combining Ca2þ imaging with

L-glutamate (protocol), 143–144,
144f, 150–153, 151f

Phototoxicity
Ca2þ indicators choice and, 29–30
with confocal microscopy, 11
with flash photolysis of caged IP3, 112
with wide-field fluorescence microscopy, 6

Pinhole size, in confocal microscopy, 9–10, 9f
PIP2. See Phosphatidylinositol bisphosphate
Pipettes, preparation of microinjection, 198, 199f
Pipette solution for Cl2 current recordings

(recipe), 83
Pipette solution for Kþ current recordings

(recipe), 84, 88
Pixel binning, 31
Pixel registration, problem with wide-field

fluorescence microscopy, 6–7
Planar lipid bilayer (PLB). See also Black lipid

membrane (BLM)
reconstitution of purified VDAC1 into lipid

bilayer and recording of channel
conductance (protocol), 349–354,
351f, 352f

Plants, Ca2þ imaging in, 465–488
Ca2þ dynamics, 467–468
high-resolution imaging of cytoplasmic Ca2þ

dynamics in Arabidopsis roots
(protocol), 474–478

discussion, 477
materials, 474–475
method, 475–477, 476f

data analysis, 477
imaging, 475–477
plant growth, 475
sample preparation, 475, 476f

troubleshooting, 477
imaging of mitochondrial and nuclear Ca2þ

dynamics in Arabidopsis roots
(protocol), 484–488

discussion, 487
materials, 484–485
method, 485–486

CLSM analysis, 486
imaging analyses, 486
sample preparation, 486
seed sterilization and growth of

plantlets, 485–486
recipes, 487
troubleshooting, 487

live cell imaging of cytoplasmic and nuclear
Ca2þ dynamics in Arabidopsis roots
(protocol), 479–483
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discussion, 482
materials, 479–480
method, 480–482, 481f

Ca2þ imaging, 480
data analyses, 482
plant growth, 480
sample preparation, 480, 481f

recipes, 483
troubleshooting, 482

live cell imaging of cytoplasmic Ca2þ dynamics
in Arabidopsis guard cells
(protocol), 469–473

discussion, 473
materials, 469–470
method, 470–472, 471f

data analysis, 472
imaging, 471–472
plant growth, 470
sample preparation, 470–471, 471f

recipe, 473
troubleshooting, 472–473

overview, 465–486
Yellow Cameleon Ca2þ indicators, 466–467,

466f
Plasma membrane Ca2þ ATPase (PMCA), 231, 277,

291, 293, 438, 446
PLB. See Planar lipid bilayer
Plc1, 450
Pluronic F-127, 42–43, 110, 161, 519
PMCA. See Plasma membrane Ca2þ ATPase
Pmc1 protein/gene, 446f, 447, 448t, 449f,

450, 451
PMR2 gene, 450
Pmr1 protein/gene, 446, 446f, 448t, 449f, 450
PMT. See Photomultiplier tube
Polycystins, 222
Poly-D-lysine, 401
Poly-L-lysine, 37, 160, 505
Poly-L-lysine stock solution (recipe), 270, 275
Porin 1. See Voltage-dependent anion-selective

channel protein 1 (VDAC1)
Potassium-based Ringer’s solution for Xenopus

neurons (recipe), 409
Prism-based total internal reflection fluorescence

(TIRF) microscopy, 18
Probenecid, 45
Progesterone, 391
Programmed cell death, 451–452
Promoters

GCI, 469
ubiquitin, 474

Protein concentration, determination of, 249–250
Protein kinase C, 126–129, 128f, 450
Proteins, Ca2þ-binding kinetics of, 533–551

challenges in studying, 533–534
collecting data to determine the Ca2þ-binding

properties of DM-nitrophen and
proteins (protocol), 546–551

discussion, 549–550
materials, 546
method, 547–549, 547f
recipe, 550
troubleshooting, 549

measuring rate constants of Ca2þ indicators
(protocol), 541–545

discussion, 545
materials, 541–542, 542t, 543f
method, 543–544
recipe, 545
troubleshooting, 544–545

measuring steady-state properties of Ca2þ

indicators with a set of calibrated
[Ca2þ] solutions (protocol),
536–540

discussion, 539–540, 539t
materials, 536
method, 537–538, 537t, 538t
recipe, 540

troubleshooting, 538
overview of method for measuring, 534–535,

534f
Proteoliposomes, Ca2þ efflux from VDAC1-

containing, 356–357
Protonophores, 450
PTP. See Permeability transition pore
Pulsed laser, 2
PVC use in Ca2þ-sensitive electrodes, 369–370,

373, 377
P2Y purinoceptors, 519

Q
QuickPALM (software), 23
Quin-2, 367

R
Radiation

safety procedures, 574
waste disposal, 573, 574

Radioreceptor binding assay, synthesis of
[32P]NAADP for (protocol),
529–531, 530f

discussion, 530–531
materials, 529
method, 530, 530f
recipe, 531

RapidSTORM project, 23
Rapid western blotting protocol Xenopus oocyte,

395–398
Ratiometric indicators, 26–27
Rayleigh criterion, 6
Reactive oxygen species (ROS), 29, 30
Reactive red-agarose (RRA), 345
Reagent 1 (recipe), 243
Reagent 2 (recipe), 243
Recipes

ACSF for calcium imaging, 149, 152
aequorin buffer, 204
agarose solution for building agar salt bridges,

353
artificial seawater (ASW), 515, 523
ATP stock solution for ER sensor calibrations,

63
bath solution for InsP3R, 317
bath solution for recording Cl2 currents, 83, 88
bath solution for recording Kþ currents, 83, 88
bath solution for RyR, 318
buffer A for assaying Ca2þ transport by VDAC1

reconstituted into liposomes, 357
buffer A for isolation of mitochondria from rat

liver, 346
buffer B for isolation of mitochondria from rat

liver, 346
buffer B for microinjection, 507
buffer C for purification of VDAC1 from

mitochondria, 347
buffer D for purification of VDAC1 from

mitochondria, 347
buffer E for purification of VDAC1 from

mitochondria, 347
buffer F for purification of VDAC1 from

mitochondria, 347
buffer for assaying Ca2þ transport by VDAC1

reconstituted into PLBs, 353
buffer G for purification of VDAC1 from

mitochondria, 347
buffer H for purification of VDAC1 from

mitochondria, 347
buffer I for purification of VDAC1 from

mitochondria, 348
Ca2þ-containing modified Krebs solution, 228
CaEGTA (100 mM), 436
Ca-EGTA solution, 336
Ca2þ-free cytosol-like medium, 165

Ca2þ-free perfusion solution, 124
calcium blocker cocktail, 408
calcium-chelator solution for metal-chelate

buffer system, 72
calcium-free Ringer’s solution for Xenopus

neurons, 408
Ca2þ loading solution for measuring Ca2þ

fluxes across the mitochondrial
inner membrane, 365

Ca2þ mix, 242
Ca2þ uptake solution for assaying Ca2þ

transport in mitochondria, 361
chelator solution for metal-chelate buffer

system, 72
Chelex-treated ultrapure H2O, 63, 72
cis recording solution, 336
Cs-aspartate-based internal pipette solution,

423, 428
CsCl-based internal pipette solution, 442
Cs-Tyrode-based external solution, 423, 429,

443
culture medium for cells expressing

recombinant Ca2þ channels, 275
culture medium for DRG neurons, 269
Danieau’s solution, 204, 210
dialysis buffer for purification of VDAC1 from

mitochondria, 348
dissociating medium for DRG neurons, 269
divalent-cation-free minimal medium, 408
efflux medium for intact cells, 228
efflux medium for permeabilized cells, 222
EGTA (0.5 M), 63, 72
EGTA Ca2þ- free artificial seawater, 515
EGTA mix, 242
EGTA solution (100 mM), 436
external recording solution for Ca2þ

currents, 269
external recording solution for recombinant

Ca2þ channels, 275
extracellular buffer, 501
extracellular solution with 1 mM Ca2þ, 294
extracellular solution with no free Ca2þ, 295
Fluo-3-AM solution, 409
Fluo-4-AM solution, 409
growth medium (Arabidopsis), 487
Hanks balanced salt solution-HEPES, 107, 112
HEPES-buffered Hanks balanced salt solution

(HHBSS) with Ca2þ, 64, 72
HEPES-buffered Hanks balanced salt solution

without Ca2þ (Ca2þ-free HHBSS),
64

HEPES-buffered Hanks balanced salt solution
without Ca2þ and Mg2þ

(Ca2þ/Mg2þ-free HHBSS), 73
HEPES-buffered saline (HBS), 165
high-salt buffer (HSB) for microsomal

preparation, 329
homogenization buffer for Ca2þ-uptake assay,

253
homogenization buffer (HB) for cerebellar

microsomal preparation, 329
homogenization buffer for sea urchin

homogenates, 515
homogenization buffer (SF9HB) for Sf9

microsomal preparation, 329
HPLC buffer A, 501
HPLC buffer B, 501
ICRAC Ca2þ-containing bath solution, 289
ICRAC Ca2þ-free bath solution, 289
ICRAC divalent-free (DVF) bath solution, 289
ICRAC pipette solution for active depletion, 289
ICRAC pipette solution for passive depletion, 289
imaging medium (Arabidopsis), 487
imaging solution, 92
incubation buffer, 473
internal recording solution for Ca2þ currents,

269, 275
internal solution for calcium imaging, 149, 153
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Recipes (Continued)
intracellular buffer, 191, 507
intracellular medium, 515, 524
intracellular solution with DM-Nitrophen and

Fluo-4, 119
K-aspartate-based internal pipette solution, 436
K-aspartate-based pipette solution, 418
Krebs-Ringer Modified Buffer (KRB), 191
LDAO solution for purification of VDAC1 from

mitochondria, 348
loading medium for intact cells, 228
loading medium for permeabilized cells, 223
low-conductivity electroporation buffer, 107
lysis buffer for microsome preparation, 242
master mix (4�), 242
master mix for Ca2þ -uptake assay, 254
Mg2þ-free cytosol-like medium, 165
minimal medium, 409
modified Barth’s saline (MBS) (1�, pH 7.8),

393
MS medium with sucrose (liquid), 483
MS medium with sucrose (solid), 483
Naþ-containing solution for measuring Ca2þ

fluxes across the mitochondrial
inner membrane, 365

NAD reaction buffer, 531
Naþ-free solution for measuring Ca2þ fluxes

across the mitochondrial inner
membrane, 365

nifedipine stock solution, 270
nominally Ca2þ- free artificial seawater, 515
nuclease-free H2O, 210
v-conotoxin GVIA stock solution, 270
oocyte dissociation solution, 393
patch pipette solution for InsP3R, 318
patch pipette solution for RyR, 318
permeabilization solution for measuring Ca2þ

fluxes across the mitochondrial
inner membrane, 366

permeabilized-cell internal solution (350 mM

EGTA), 437
phosphorylation mix (4�), 243
pipette solution for Cl2 current recordings, 83
pipette solution for Kþ current recordings,

84, 88
poly-L-lysine stock solution, 270, 275
potassium-based Ringer’s solution for Xenopus

neurons, 409
reagent 1, 243
reagent 2, 243
recording solution for measuring Ca2þ fluxes

across the mitochondrial inner
membrane, 366

Ringer’s solution for measuring Ca2þ fluxes
across the mitochondrial inner
membrane, 366

Ringer’s solution for Xenopus neurons, 409
sample buffer for phosphorylation assay, 243
Sþ and S2 media, 223
solution 1M, 243
standard reaction buffer for Ca2þ indicators,

540, 545, 550
stop solution for phosphorylation assay, 244
storage buffer for microsomal preparation, 329
sucrose buffer, 312
TBST for western blotting, 398
tetrodotoxin (TTX) stock solution, 270
trans recording solution, 336
Tris-acetate-EDTA (TAE) buffer (50�), 210
Triton X-100 solution for purification of

VDAC1 from mitochondria, 348
trypsin solution for HEK-293 cells, 275
Tyrode’s external solution, 437, 443
Tyrode solution for bath perfusion, 418, 424, 429
Tyrode solution for probing Ca2þ signaling,

120, 124, 129, 133, 138
vegetable oil (EGTA-washed), 204
wash buffer for Ca2þ-uptake assay, 254

Recording solution for measuring Ca2þ fluxes
across the mitochondrial inner
membrane (recipe), 366

Red light, 2–3
Resazurin, 493, 495
Research Genetics, 445
Reverse-phase HPLC, measuring CD38 activity by

(protocol), 498–502
discussion, 500–501
materials, 498–499
method, 499–500
recipes, 501
troubleshooting, 500

Rhod-FF, 539
Ringer’s solution for measuring Ca2þ fluxes across

the mitochondrial inner membrane
(recipe), 366

Ringer’s solution for Xenopus neurons (recipe), 409
RNase Block, 208
RNaseZap, 208
RNA transcription, 208
Rolling ball subtraction method, 35, 36f
Roots, Arabidopsis

high-resolution imaging of cytoplasmic Ca2þ

dynamics in (protocol), 474–478
imaging of mitochondrial and nuclear Ca2þ

dynamics in (protocol), 484–488
live cell imaging of cytoplasmic and nuclear

Ca2þ dynamics in (protocol),
479–483

ROS (reactive oxygen species), 29, 30
RP-mt (mitochondrial ratiometric pericam),

363, 364t
RRA (reactive red-agarose), 345
Ru360, 339
Ruthenium red, 334, 339, 356
Ryanodine receptor (RyR), 94, 212, 277

caffeine effect on, 426–428, 427f, 433, 433f
in cardiac myocytes, 411–413, 426–428,

430–436
cyclic adenosine dinucleotide phosphate ribose

(cADPR) and, 489–490, 491f
measuring Ca2þ sparks in cardiac myocytes

(protocol), 430–437
analysis of Ca2þ-spark recordings, 435
discussion, 434–436
evaluating ryanodine receptor function in

intact cells, 431–432
evaluating ryanodine receptor function in

permeabilized cells, 433–434, 433f
intact versus permeabilized cells, 434–435
materials, 430–431
method, 431–434, 433f
recipes, 436–437
SR Ca2þ leak, 435

mitochondrial (mRyR), 339
in models of intracellular calcium signaling,

554–556, 558
Ryanodine receptor (RyR) channels

black lipid membrane (BLM) experiments to
study InsP3R and RyanR, 322–323

channels in endoplasmic reticulum, 321–323
patch-clamp study of single channels in outer

nuclear membrane, 304, 304f, 313
RyanR. See Ryanodine receptor; Ryanodine receptor

(RyR) channels
RyR. See Ryanodine receptor; Ryanodine receptor

(RyR) channels

S
Saccharomyces cerevisiae, 445–452, 446f, 448t, 449f.

See also Yeast
Saccharomyces Genome Database (SGD), 445
Safety, 571–576

biological safety procedures, 574–575
general cautions, 571–573
institutional safety office, 571

laser, 20
material safety data sheets (MSDSs), 571
properties of common hazardous chemicals,

575–576
radioactive safety procedures, 574
waste disposal, 573

Sample buffer for phosphorylation assay (recipe),
243

Sample handling
mounting, 37–38, 38f
perfusion, 38, 38f
solution exchange, 38–39

Sþ and S2 media (recipe), 223
Saponin, 58, 63, 161, 213, 219, 433, 504, 506
Sarco-endoplasmic Ca2þ ATPases (SERCAs), 180,

211, 214–215, 222, 277, 291, 446
measuring activity of, 231–255
measuring calcium (Ca2þ) pump activity

high-throughput measurement of Ca2þ-
dependent ATPase in COS micro-
somes (protocol), 234–244

measuring Ca2þ-dependent Ca2þ-uptake
activity in the mouse heart
(protocol), 245–254

mechanisms and features of action,
231–232

strategies for measuring transporter activity,
232–233

models of, 556
in myocytes, 411, 438, 441–442

Sarcolipin, 241, 245, 252
Sarcoplasmic reticulum

calcium release from, 411, 413, 418
characterizing trigger in cardiac myocytes

(protocol), 420–424, 422f
measuring fractional in cardiac myocytes

(protocol), 425–429
junctional, 411
measuring Ca2þ content, 425–428, 427f

Sea urchins
egg collection, 513
measurement of luminal pH of acidic stores as a

readout for NAADP action
(protocol), 521–524

discussion, 523
materials, 521–522
method, 522–523
recipes, 523–524

preparation and use of sea urchin egg
homogenates for studying NAADP-
mediated Ca2þ release (protocol),
512–516

materials, 512–513
method, 513–514, 514f
recipes, 515
troubleshooting, 514

Second-harmonic imaging, 16
Second messenger, criteria for, 489
Second-messenger-operated channels (SMOCs),

278
Secretory pathway Ca2þ ATPase (SPCA), 231, 446
Selective illumination, 28–29
SERCA. See Sarco-endoplasmic Ca2þ ATPases
Sf9 cells, preparation of, 327–328
Shimomura, Osamu, 177–178
Signaling. See Calcium (Ca2þ) signaling
Simon, Willy, 369
Single-wavelength Ca2þ indicators, 27–28
Slt2, 450
SMOCs (second-messenger-operated channels),

278
Snf3, 451, 451f
SOCCs (store-operated calcium channels), 278, 278f
SOCE (store-operated calcium entry), 278, 278f,

279
Sodium/calcium (Naþ/Ca2þ) exchanger, 291. See

also Mitochondria NCLX (Naþ/
Ca2þ exchanger)
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in cardiac myocytes, 412, 413, 421–423,
438–442

current through, 425–428, 427f, 438–441,
440f, 441f

mitochondrial, 337–339, 364
Sodium (Naþ) current, 423
Sodium (Naþ) fluxes across mitochondrial inner

membrane, measuring, 363–364,
364f

Sodium/lithium (Naþ/Liþ) transporter, 448t, 450
Sodium pentobarbital, 246
Softmax Pro, 163
SOICR (store-overload-induced Ca2þ release), 323
Solution 1M (recipe), 243
Solvents, safe handling of, 572, 575
Soybean asolectin, 350, 356
Spatially limited photolysis

analyzing Ca2þ dynamics in intact epithelial
cells using spatially limited flash
photolysis (protocol), 90–92, 91f

investigating ion channel distribution using
combination of spatially limited
photolysis, Ca2þ imaging, and
patch-clamp recording (protocol),
85–89

light sources for, 77
SPCA (secretory pathway Ca2þ ATPase), 231, 446
SPC-Image (software), 137
Spectral imaging, in confocal microscopy, 12–13
Spinning disc confocal microscopy, 13
Standard reaction buffer for Ca2þ indicators

(recipe), 540, 545, 550
STED. See Stimulated emission depletion (STED)

microscopy
STIM proteins, 277, 278f, 279, 287, 287f, 288
Stimulated emission depletion (STED) microscopy,

3, 23, 23f
Stochastic optical reconstruction microscopy

(STORM), 21–23
Stokes shifts, 3
Stop solution for phosphorylation assay (recipe),

244
Storage buffer for microsomal preparation (recipe),

329
Storage of image, 33–34
Store-operated calcium channels (SOCCs), 278, 278f
Store-operated calcium entry (SOCE),

278, 278f, 279
Store-overload-induced Ca2þ release (SOICR), 323
Stress response in yeast, 448, 450
Styrl voltage-sensitive dyes, 140, 141
Subtraction of background signal, 34, 35,

35f, 36f, 39
Sucrose buffer (recipe), 312
Sugar-induced calcium signaling pathway,

450–451, 451f
Sulfinpyrazone, 45
Super-resolution microscopy, 21–23

PALM/STORM super-resolution imaging,
21–23

STED super-resolution imaging, 23, 23f
Swe1, 450
SYLGARD 184, 56, 57f
SymPhoTime (software), 137

T
tBHQ, 292
TBST for western blotting (recipe), 398
TCA (tricarboxylic acid) cycle, 338, 338f
T cells (T lymphocytes), 277, 278f, 281, 291–294,

503–506
Tenascin, 401
Tetrahydrofuran use in Ca2þ-sensitive electrodes,

373–374, 377
Tetrodotoxin (TTX), 144, 423, 439
Tetrodotoxin (TTX) stock solution (recipe), 270

Thapsigargin, 59, 161, 211, 215, 216f, 241, 278, 286,
292, 439

Through-the-objective total internal reflection
fluorescence (TIRF) microscopy,
18–19, 19f

TIRF. See Total internal reflection fluorescence
(TIRF) microscopy

Ti:Sapphire lasers, 15
Tissue homogenization

of mouse heart, 247–248
for nuclei isolation, 310, 311
of rat liver, 344
of sea urchin eggs, 513

TN-XL, 134–138, 136f
Topological paradox, 490
Total internal reflection fluorescence (TIRF)

microscopy
blocking filters for, 4–5
overview, 17–21

imaging, 20–21
prism-based, 18
safety issues, 20
sample preparation, 21
through-the-objective, 18–19, 19f

selective illumination, 28–29
Toxic compounds, 576
Trans-Blot Turbo system, 398
Transient receptor potential (TRP) channels,

277, 278
Trans-illumination imaging

in total internal reflection fluorescence (TIRF)
microscopy, 18

in two-photon microscopy, 16–17, 17f
Transport proteins, mitochondrial, 337–341.

See also specific transport proteins
Trans recording solution (recipe), 336
Tricarboxylic acid (TCA) cycle, 338, 338f
Tris-acetate-EDTA (TAE) buffer (50�) (recipe), 210
Triton X-100, 202, 203

voltage-dependent anion-selective channel
protein 1 (VDAC1) purification
using, 344–345

for yeast cell lysis, 458
Triton X-100 solution for purification of VDAC1

from mitochondria (recipe), 348
TroponinC family, binding parameters of, 52t
TRP (transient receptor potential) channels,

277, 278
Trypan blue, 161
Trypsin solution for HEK-293 cells (recipe), 275
Tsien, Robert, 157
TTX (tetrodotoxin), 144, 423, 439
Two-dimensional imaging of fast intracellular

Ca2þ release (protocol), 130–133
discussion, 131, 133
materials, 130
method, 131, 132f
recipe, 133
troubleshooting, 131

Two-photon fluorescence, 2–3, 2f
Two-photon microscopy

calcium signaling investigations using, 113–138
multibeam two-photon imaging of fast Ca2þ

signals in Langendorff mouse heart
(protocol), 121–125

discussion, 124
materials, 121–122
methods, 122–124, 123f
recipes, 124
troubleshooting, 124

overview, 13–17
auto-fluorescence, 16
basic elements of, 14f
excitation wavelength selection, 15
implications for design, 14
laser damage, 14
photobleaching, 15
second-harmonic imaging, 16

trans-illumination imaging, 16–17, 17f
Two-photon photolysis combined with kilobeam

array scanner to probe calcium
signaling in cardiomyocytes
(protocol), 116–120

discussion, 119
materials, 116–117
method, 117–118, 118f
recipes, 119–120
troubleshooting, 118–119

Two-pore channels, 531
Tyrode’s external solution (recipe), 437, 443
Tyrode solution for bath perfusion (recipe), 418,

424, 429
Tyrode solution for probing Ca2þ signaling

(recipe), 120, 124, 129, 133, 138

U
Ubiquitin promoter, 474
UBQ10 promoter, 474
Ultrasonicators, 572–573
Uneven illumination, 34–35, 36f, 49
Unfolded-protein response (UPR), 242

V
Vacuole, yeast, 445–451, 446f, 449f, 451f
Vapor-phase chloride, 485
Vcx1 protein/gene, 446f, 447, 448t, 449, 449f
VDAC1. See Voltage-dependent anion-selective

channel protein 1
VDCC (voltage-dependent Ca2þ channel), 555–556
Vegetable oil (EGTA-washed) (recipe), 204
Verapamil, 447
Veratridine, 405
VGCC (voltage-gated Ca2þ channel), 139–140, 142
Video synchronization, in combined transmitted

and fluorescence microscopy, 7
Vision suite (software), 82, 86
Vitronectin, 401
Voltage-dependent anion-selective channel

protein 1 (VDAC1), 337–341, 338f
assay of Ca2þ transport by VDAC1

reconstituted into liposomes,
355–358

discussion, 357
materials, 355–356
method, 356–357

Ca2þ efflux from VDAC1-containing
proteoliposomes, 356–357

liposome preparation, 356
reconstitution of VDAC1 and loading

with Ca2þ, 356
recipe, 357
troubleshooting, 357

channel conductance and permeability, 340
conformational states, 340
permeability to Ca2þ, 340–341, 353
purification from rat liver mitochondria

(protocol), 343–348
discussion, 346
materials, 343–344
method, 344–346

isolation of mitochondria, 344
VDAC1 purification using carboxy-

methyl (CM)-cellulose, 345–346
VDAC1 purification using LDAO, 345
VDAC1 purification using reactive

red-agarose (RRA), 345
VDAC1 purification using Triton

X-100, 344–345
recipes, 346–348
troubleshooting, 346

reconstitution of purified VDAC1 into lipid
bilayer and recording of channel
conductance (protocol), 349–354
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Voltage-dependent anion-selective channel
protein 1 (VDAC1) (Continued)

discussion, 353
materials, 349–350
method, 350–353, 351f

assembly of bilayer system, 350–351
formation of planar bilayer membrane,

351
reconstitution of VDAC1 into planar

lipid bilayer, 351–352
recording currents through VDAC1,

352–353, 352f
recipes, 353
troubleshooting, 353

Voltage-dependent Ca2þ channel (VDCC),
555–556

Voltage-gated Ca2þ channel (VGCC), 139–140, 142
Voltage-sensitive Ca2þ channels, patch-clamp

recordings and, 257–276
overview, 257–262
whole-cell recordings of Ca2þ currents from

isolated neonatal dorsal root
ganglion (DRG) neurons
(protocol), 264–270

discussion, 268–269
materials, 264–265
method, 265–267
recipes, 269–270
troubleshooting, 267–268

whole-cell recordings of recombinant channels
heterologously expressed in
HEK-293 cells (protocol),
271–275, 273f

discussion, 274
materials, 271–272
method, 272–274, 273f
recipes, 275
troubleshooting, 274

W
Wash buffer for Ca2þ-uptake assay (recipe), 254
Waste, disposal of, 573, 574
Western blot

rapid western blotting protocol Xenopus oocyte,
395–398

for SERCA expression, 239, 239f, 250–251,
250f

Wide-field fluorescence microscopy
combined transmitted and fluorescence

microscopy, 7
overview, 5–7

advantages of, 6
disadvantages of, 6–7
image quality, 6
imaging ions, 6
LED light sources, 5
sample selection for, 6

Wsc1p/Slg1p, 450

X
Xenopus

calcium transients in developing Xenopus spinal
neurons (protocol), 399–409

discussion, 407–408
materials, 399–400
method, 400–407

data analysis, 404
general imaging methodology,

401–402, 402f
imaging filopodial transients in vivo,

403–404, 403f

imaging growth cone transients in vivo,
402–403, 403f

imposition of Ca2þ spikes, 405, 405f
manipulation of Ca2þ dynamics in

growth cones, 406
manipulation of filopodial Ca2þ

dynamics, 406–407
perturbation experiments, 404
preparation of dissociated cell cultures,

400–401
preparation of spinal cords, 401

recipes, 408–409
troubleshooting, 407

oocyte as single-cell model for studying Ca2þ

signaling, 381–398
advantages of, 382–385, 383t, 384t
nuclear microinjection to assess impact of

heterologously expressed proteins
(protocol), 388–394

discussion, 392
materials, 388–389
method, 389–391
recipes, 393
troubleshooting, 391–392

overview, 381–382
rapid western blotting protocol, 395–398

discussion, 397–398, 397f
materials, 395–396
method, 396–397
recipe, 398

XPPAUT (software), 562–564, 564f

Y
Yeast

calcium (Ca2þ) signaling, 445–464
calcium homeostasis, 445–448
calcium transport, 446–448, 448t
measuring calcium concentration, 452
measuring calcium uptake using 45Ca

(protocol), 463–464
materials, 463
method, 463–464

monitoring yeast intracellular Ca2þ levels
using in vivo bioluminescence assay
(protocol), 456–459

materials, 456–457
method, 457–459, 458f
troubleshooting, 459

signaling pathways, 448–452
calcium-binding proteins, 448–450,

449f
glucose-induced signaling, 450–451,

451f
intracellular calcium modification,

450–452, 451f
programmed cell death, 451–452

total cellular Ca2þmeasurements using flame
photometry (protocol), 460–462

materials, 460–461
method, 461–462
troubleshooting, 462

Saccharomyces Genome Database (SGD), 445
Yellow Cameleon indicators

advantages of, 467
binding parameters of, 52t
for Ca2þ imaging in plants

high-resolution imaging of cytoplasmic
Ca2þ dynamics in Arabidopsis roots
(protocol), 474–478

data analysis, 477
discussion, 477
imaging, 475–477
materials, 474–475

method, 475–477, 476f
plant growth, 475
sample preparation, 475, 476f
troubleshooting, 477

imaging of mitochondrial and nuclear Ca2þ

dynamics in Arabidopsis roots
(protocol), 484–488

CLSM analysis, 486
discussion, 487
imaging analyses, 486
materials, 484–485
method, 485–486
recipes, 487
sample preparation, 486
seed sterilization and growth of

plantlets, 485–486
troubleshooting, 487

live cell imaging of cytoplasmic and nuclear
Ca2þ dynamics in Arabidopsis roots
(protocol), 479–483

Ca2þ imaging, 480
data analyses, 482
discussion, 482
materials, 479–480
method, 480–482, 481f
plant growth, 480
recipes, 483
sample preparation, 480, 481f
troubleshooting, 482

live cell imaging of cytoplasmic Ca2þ

dynamics in Arabidopsis guard cells
(protocol), 469–473

data analysis, 472
discussion, 473
imaging, 471–472
materials, 469–470
method, 470–472, 471f
plant growth, 470
recipe, 473
sample preparation, 470–471, 471f
troubleshooting, 472–473

overview, 466–467, 466f
Förster resonance energy transfer (FRET),

466–467, 466f, 472, 477
functional principle of, 466f

Yvc1 protein/gene, 446, 446f, 447, 448t, 449f,
450–451

Z
Zebrafish embryos, aequorin introduction into,

193–210, 195f
microinjecting holo-aequorin into

dechorionated and intact
zebrafish embryos (protocol),
197–205

dechorionating embryos, 200
discussion, 203
imaging chamber preparation, 198–200,

200f
materials, 197–198
method, 198–202
micropipette preparation, 198, 199f
recipes, 205
troubleshooting, 202–203

reconstitution of holo-aequorin with
apoaequorin mRNA and
coelenterazine in zebrafish embryos
(protocol), 206–210

discussion, 209
materials, 206–207
method, 207–209
recipes, 210
troubleshooting, 209
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