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Ion channels play pivotal roles in a wide variety of cellular functions; therefore, their physiological
characteristics, pharmacological responses, and molecular structures have been extensively investigated.
However, the mobility of an ion channel itself in the cell membrane has not been examined in as much
detail. A total internal reflection fluorescence (TIRF) microscope allows fluorophores to be imaged in a
restricted region within an evanescent field of less than 200 nm from the interface of the coverslip and
plasma membrane in living cells. Thus the TIRF microscope is useful for selectively visualizing the
plasmalemmal surface and subplasmalemmal zone. In this review, we focused on a single-molecule
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TH{F imaging analysis of the dynamic movement of ion channels in the plasma membrane using TIRF microscopy.
Single-molecule imaging We also described two single-molecule imaging techniques under TIRF microscopy: fluorescence reso-
Ton channel nance energy transfer (FRET) for the identification of molecules that interact with ion channels, and

FRET subunit counting for the determination of subunit stoichiometry in a functional channel. TIRF imaging
Subunit stoichiometry can also be used to analyze spatiotemporal Ca’* events in the subplasmalemma. Single-molecule ana-
lyses of ion channels and localized Ca®* signals based on TIRF imaging provide beneficial pharmaco-

logical and physiological information concerning the functions of ion channels.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

The activity of ion channels is critical for determining diverse
biogenic functions in various types of cells. The molecular struc-
tures, pharmacological characteristics, and physiological/patho-
logical significance of ion channels have been extensively studied
for many decades. Although many types of ion channels are present
in the cell membrane and mediate a large number of cellular pro-
cesses, their dynamics and organization in the plasma membrane
have not yet been elucidated in detail. Difficulties have been
associated with imaging molecular mobility using traditional epi-
fluorescence or confocal microscopy, because specific fluorescent
signals on the surface of the plasma membrane are easily obscured
by fluorescence originating from the bulk of the cell. Recent ad-
vances in fluorescence microscopy have enabled imaging at the
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single-molecule level in living cells. A total internal reflection
fluorescence (TIRF) microscope with high spatial resolution and
fast scanning is now used to investigate the localization and
dynamics of ion channels in the plasma membrane in living cells.

In this review, we focused on the molecular dynamics of single
ion channels in the membrane surface of cells using TIRF micro-
scopy with fluorescent probes and fluorescent-tagged proteins. We
also described how to identify molecules interacting with ion
channels by fluorescence resonance energy transfer (FRET) analysis
at the single-molecule level under TIRF microscopy. Furthermore,
we summarize the subunit counting method based on single-
molecule photobleaching under TIRF microscopy that is used to
determine subunit stoichiometry in a functional channel. TIRF
imaging for spatiotemporal Ca%>* events such as Ca®>" sparklets,
Ca®* hotspots, and Ca®* sparks has also been reviewed.

2. TIRF microscopy

A TIRF microscope (also known as an evanescent field micro-
scope) uses an evanescent field to selectively illuminate and excite
fluorophores in a restricted region immediately adjacent to the

1347-8613/© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological Society. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Diagram of single-molecule imaging using a TIRF microscope. A TIRF mi-
croscope uses an evanescent field that is generated when excitation light is totally
internally reflected at the interface between glass (coverslip on which cells are grown)
and water (medium solution immersing the cell membrane and subplasmalemmal
region). Thus, a TIRF microscope enables the distribution and movement of functional
membrane proteins, including ion channels labeled with fluorophores, to be detected
at the single-molecule level in a restricted region within less than 200 nm from the
interface in living cells. Spatiotemporal Ca®* signals can also be imaged with fluo-
rescent Ca®>* indicators using a TIRF microscope.

interface between glass (coverslip on which cells are grown) and
water (medium solution immersing the cell) (Fig. 1) (1). The
evanescent field is only generated when the incident light is totally
internally reflected at the glass—water interface. According to the
laws of optics, when an angle is larger than the critical angle
determined by the ratio of the two refractive indices (glass and
water), the incident light is not primarily transmitted to the second
medium. The incident light is instead reflected, whereas all the
light energy is not. The component penetrating into the second
medium is referred to as an evanescent field. The fluorescent
probes and fluorescent-tagged proteins are excited by an evanes-
cent light in close proximity to the coverslip. The evanescent light
decays exponentially with increase in the distance from the inter-
face between the coverslip and medium, and thus, selectively il-
luminates only the thin section (less than 200 nm) of the cell in
contact with the coverslip, including the plasma membrane (which
are approximately 7~10 nm in thickness) and cytoplasmic region
immediately beneath the plasma membrane. In addition, back-
ground fluorescence is minimized because fluorophores located
further away from the coverslip are rarely excited. Therefore, TIRF
microscopy allows single fluorescent-labeled molecules at the level
of the plasmalemma and subplasmalemma in living cells to be
visualized in a limited TIRF zone less than 200 nm from the
chamber bottom.

The dynamical processes of receptors and signal transduction
molecules have been observed at the level of a single-molecule in
living cells using TIRF microscopy. Molecules of interest are labeled
with small organic dyes (Cy5, FITC, Alexa) and quantum dots as well
as fluorescence proteins (CFP, GFP, YFP) (2). The movement of a
motor protein, DNA transcription, receptor signaling, membrane
architecture, and insulin exocytosis have so far been imaged at the
level of single molecules using TIRF microscopy (3—5). TIRF mi-
croscopy can be used in a wide range of cell physiological appli-
cations, and is particularly suited for the analysis of the localization
and dynamics of molecules in the plasma membrane. In living cells,
the ability to selectively detect a single molecule or clusters
(or a small number of molecules) is a powerful method that allows

for a deeper understanding of the dynamics involved in cellular
organization.

3. Single-molecule imaging using TIRF microscopy

In contrast to single-molecule analysis for receptors and signal
transductions, the dynamic behaviors of ion channels have not yet
been investigated extensively. The distribution and molecular
behavior of single ion channels in the membrane surface of living
cells were visualized by TIRF imaging (Fig. 2). The diffusion co-
efficients of several types of ion channels, obtained from TIRF im-
aging, are summarized in Table 1: Na' channels (6), transient
receptor potential (TRP) channels (7—9), CI~ channels (10—12), and
aquaporin water channels (13, 14) in addition to K* channels (15,
16). Although it is difficult to compare these diffusion coefficients
under different experimental conditions, the mobility of
fluorescent-labeled ion channels in reconstituted cells only repre-
sents one-thousandth the value of that in a lipid bilayer environ-
ment (17). Similar analyses for ion channels have been performed
using other microscopic techniques with the same precision,
including the fluorescence recovery after photobleaching (FRAP)
method (2, 18) under confocal microscopy for K™ channels (19),
Ca?* channels (20), and Cl~ channels (21, 22).

Several studies reported that the molecular behavior of ion
channels was more restricted by auxiliary subunits (16, 23), cyto-
skeleton and scaffold proteins (6, 11, 16, 24), and region of the cell
(20, 25) than expected from the molecular size of the ion channels.
Moreover, the behavior of ion channels in intact cells is known to be
more complex than that in cell lines. Our previous findings showed
that the molecular movement of single ion channels in vascular
smooth muscle cells was markedly slower than that in HEK293 cells
(16). On the other hand, previous studies found no significant
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Fig. 2. Single-molecule imaging of BKc, channels using TIRF microscopy. The
localization and behavior of single BKc 2 (Kc,1.1) subunit molecules in the plasma
membrane were imaged using TIRF microscopy. BKc,0-YFP was transiently expressed
in HEK293 cells. (A) Representative TIRF image of a HEK293 cell expressing BKc,0-YFP.
Single channels or clusters of BKc,0-YFP were observed in the TIRF region. (B) Single
BKca0-YFP molecules on the membrane surface, indicated by the image in A (particles
a~d), were tracked for 60 s. Values for the diffusion coefficient of fluorescent particles
for 10 s are given in parentheses ( x 10° nm?/s). Black dots indicate the starting points
of tracking. (C) The dynamic mobility of a BKc,a-YFP molecule (particle b in A and B)
was imaged every 5 s. [Modified from (16)].
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Table 1
Diffusion coefficients of several types of ion channels.

lon channel Size (KDa) Diffusion coefficient ( x 10°> nm?/s) Probe Cell type Reference
Kcal.1/BKcao 138 3000 Cy5 Lipid bilayer 17)
Keal.1/BKcaot 138 6.7 YFP HEK293 (16)
Kcal.1/BKcao 138 0.29 YFP Vascular SMC (16)
BKc,B1 22 39 CFP HEK293 (16)
BKca0p1 138, 22 2.5 YFP/CFP HEK293 (16)
Kca3.1/IKca 48 67.3 Qdot 655 MDCK-F (15)
Kca3.1/IKca 48 139 Alexa 488 MDCK-F (15)
ENaCafy 76, 73, 74 0.078 eYFP COS-7 (6)
TRPC5 111 0.019 eGFP HEK293 (7)
TRPV5 83 0.2~1 eGFP MDCK (8)
TRPM8 128 1.68~10.7 eGFP HEK293T, F11 9)
CFTR 168 5 Qdot 655 COS-7 (10)
CFTR 168 4 Qdot 655 COS-7, MDCK 11 (11)
GlyRa3 54 130 Alexa 647 HEK293 (12)
AQP1 29 25~84 Qdot 655 COS-7, MDCK (14)
AQP1 29 30~81 Qdot 655 COS-7, MDCK (13)
AQP4 35 60 Qdot 655 COS-7, MDCK (13)
AQP4 35 6~50 Qdot 655 Astrocyte (13)

Kcal.1/BKca, large-conductance Ca>*-activated K* channel.
Kca3.1/IKc,, intermediate-conductance Ca?*-activated K* channel.
ENaC, epithelial Na* channel.

TRPC5, transient receptor potential channel canonical subfamily 5.
TRPVS5, transient receptor potential channel vanilloid subfamily 5.
TRPMS, transient receptor potential channel melastatin subfamily 8.
CFTR, cystic fibrosis transmembrane conductance regulator (Cl~ channel).
GlyR, glycine receptor (Cl~ channel).

AQP, aquaporin (water channel).

SMC, smooth muscle cell.

CFP/GFP/YFP = 27 KDa.

difference in molecular behaviors between cell lines and intact cells
(13, 19, 21, 26). The reason for this discrepancy currently remains
unknown, but may be attributed to differences in types of cells.
The large-conductance Ca®"-activated K+ (BKc,, also known as
Kcal.1) channel is a tetrameric assembly of pore-forming a-subunits
with four auxiliary pB-subunits. The BKc,f subunit binds with the
BKc;0. subunit in a one-to-one manner, and modulates Ca%* sensi-
tivity, voltage dependence, and pharmacological responses. The
BKcaf subunit has a tissue-specific distribution and is responsible
for tissue-specific variations in the characteristics of the BKc,
channel (27, 28). A cotransfection experiment with BKc,o-YFP and
BKcaf31-CFP cDNAs at a ratio of 1:1 into HEK293 cells did not lead to
all BKc,a-YFP being colocalized with BKc,f31-CFP (64% of particles).
It is noteworthy that BKc,oo alone (30%) and BKc,B1 (6%) were
distributed independently of each other on the plasma membrane
in HEK293 cells (16). Functional BKc,0.82 currents under whole cell
or single-channel configurations in Xenopus oocytes were previ-
ously shown to be formed with less than four BK¢,82 subunits per
tetrameric BKc,oo channel (29). Furthermore, 17B-estradiol, a se-
lective opener for the BKc;f1 subunit, did not always produce the
expected responses in HEK293F cells (30). These contradictory
findings may be attributed to, at least in a heterologous expression
system, a small number of BKc, channels consisting of BKc,o sub-
units without coupling to BKcaf subunits, even if equally cotrans-
fected. Therefore, we require careful attention when performing
cotransfection experiments in reconstituted expression systems.

4. FRET analysis under TIRF microscopy

FRET is an optical phenomenon of energy transfer from an
excited fluorophore (donor) to another fluorophore (acceptor)
when the acceptor is close to the donor (1~10 nm) (18, 31). The
efficiency of FRET is inversely proportional to the sixth power of the
distance between the donor and acceptor based on the Forster
equation. Numerous methods have been used to measure FRET. The

most direct method for measuring the efficiency of FRET is to
monitor changes in donor fluorescence before and after photo-
bleaching of the acceptor. FRET efficiency is calculated as a per-
centage increase in the emission of the donor fluorophore (CFP)
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Fig. 3. TIRF/FRET analysis based on the acceptor bleaching method. The molecular
interaction between BKc, channels and caveolin 1 (Cavl) molecules was examined
using FRET analysis under a TIRF microscope. (A) Diagram of the concept of FRET
analysis based on the acceptor bleaching method. BKc,o-YFP and Cav1-CFP were
transiently coexpressed in HEK293 cells. When BKc,o-YFP and Cav1-CFP were located
closely to each other within ~10 nm, YFP emission (EMygp, 527 nm) was detected by
CFP excitation (EXcpp, 405 nm) via FRET. After FRET disruption by YFP photobleaching,
the same CFP excitation caused the stronger emission of CFP (EMcgp, 475 nm) than that
before YFP photobleaching. (B) Representative TIRF images of a vascular smooth
muscle cell expressing BKc,o-YFP and Cav1-CFP are shown. Images were obtained
before and after YFP photobleaching. The values in each image indicate fluorescence
intensity relative to that before photobleaching. FRET efficiency was calculated as a
percentage increase in CFP emission after YFP photobleaching using the following
equation: FRET (%) = [(CFPafter— CFPpefore)/CFPafter] x 100, where CFPafer and CFPpefore
are CFP emissions after and before YFP photobleaching, respectively. FRET efficiency
between BKc,0-YFP and Cav1-CFP in this myocyte was 8.2%. [Modified from (16)].
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after photobleaching of the acceptor (YFP) according to the
following equation: FRET (%) = [(CFPafter— CFPpefore)/CFPafter] x 100,
where CFPafter and CFPpefore are CFP emissions after and before YFP
photobleaching, respectively. To obtain accurate FRET measure-
ments, this technique requires complete bleaching of the acceptor
(which can take several minutes) without bleaching the donor. An
advantage of acceptor bleaching analysis is that only a change in
donor fluorescence is used to calculate the efficiency of FRET,
making it possible to compare FRET efficiencies among different
studies. One potential disadvantage of acceptor bleaching analysis
is the movement of fluorophores during the bleaching period. This
is a matter of concern with TIRF microscopy, in which fluorophores
located in the cytoplasmic region (not excited) can move to the
plasma membrane during the bleaching time (subsequently
becoming excited). To avoid this, cells are typically fixed with
paraformaldehyde before acceptor bleaching experiments. Sepa-
rating from several biochemical approaches, the acceptor photo-
bleaching method is widely used to detect protein—protein
interactions.

Functional interactions and assemblies have been identified
between ion channels using a combination of FRET and TIRF mi-
croscopy: ATP-gated P2X, and 242 nicotinic channels (32); homo/
heteromeric voltage-dependent K™ (KCNQ/Ky7) channels (33);
homo/heteromeric transient receptor potential canonical channels
(TRPC4 and TRPC5) (34); transient receptor potential vanilloid
(TRPV) 1 and transient receptor potential ankyrin (TRPA) 1

channels (35); the BKc, channel and voltage-dependent Ca%t
channel (VDCC) a1C subunit (also known as Cay1.2) (36) in the
plasma membrane. TIRF/FRET analysis can also detect molecular
assemblies and signal complexes including ion channels: G protein-
coupled K channels (GIRK/K;;3) during GBy subunit activation (37,
38); the GIRK/K;;3 channel and GABAg receptor (39); the KCNQ/Ky7
channel, calmodulin, and A-kinase anchoring protein (AKAP79/
150) (40, 41); VDCCa1C and Cayp (42); the BKc; channel and cav-
eolin 1 (Fig. 3) (16); the BKc; channel and caveolin 3 (43); VDCC
(Cay1.2, Cayl.3, Cay2.3) and RalA GTPase (44); and VDCCa1C and
caveolin 1 (36). The acceptor photobleaching method is widely
used to visualize and quantify protein—protein interactions in real-
time with subcellular resolution.

5. Subunit stoichiometry of ion channels using single-
molecule photobleaching

The subunit number and stoichiometry of functional membrane
proteins are difficult to determine without disrupting the mem-
brane environment. We herein described single-molecule imaging
to count the subunits of proteins in living cell membranes by
observing the bleaching steps of GFP fused to the proteins of in-
terest. The photobleaching of GFP fluorescence in a whole cell
gradually occurs with time, whereas the photobleaching of a single
GFP involves a discrete process in an all-or-none manner. Therefore,
the fluorescence intensity of a protein complex with one or several

Table 2
Subunit stoichiometry of ion channels in a channel complex.

Ion channel Stoichiometry Tag Cell type Reference
Cay2.3/VDCCa1E 1 eGFP Xenopus oocyte (45)
Cay1.2/VDCCa1C 1 eGFP Xenopus oocyte (46)
Cay1.2/VDCCal1C 1 GFP HEK293 (36)
KCNQ1/Ky7.1 4 eGFP Xenopus oocyte (47)
KCNQ1 + KCNE1 4:1~4:4 eGFP, mCherry Xenopus oocyte (47)
Kcal.1/BKc,o 4 GFP HEK293 (16)
TRPM8 4 eGFP HEK293T, F11 (9)
Orail 4 (activated) eGFP HEK293 (55)
Orail 2 (resting), 4 (activated) eGFP Xenopus oocyte (48)
Orail, 3 2 (resting), 4 (activated) eGFP HEK293 (54)
X-fA4 (CNG) 4 eGFP Xenopus oocyte (45)
HCN2 + TRIPSb 4:4 eGFP Xenopus oocyte (57)
ASIC1a, 2a 3 eGFP Xenopus oocyte (49)
ASICla + ASIC2a 2:1or1:2 eGFP Xenopus oocyte (49)
NMDA (NR1 + NR2B) 2:2 eGFP Xenopus oocyte (45)
NMDA (NR1 + NR3B) 2:2 eGFP Xenopus oocyte (45)
TRPP2 + PKD1 3:1 eGFP, mCherry Xenopus oocyte (58)
TRPP3 3 eGFP Xenopus oocyte (50)
TRPP3 + PKD1L3 3:1 eGFP, mCherry Xenopus oocyte (50)
CFTR 1 GFP CHO—K1, COS-7 (56)
Bestl, 2, 3,4 4 eGFP Xenopus oocyte (51)
TMEM16A 2 GFP HEK293 (61)
GlyR (GlyRa) 5 eGFP Xenopus oocyte (52)
GlyR (GlyRa + GlyRB) 3:2 Venus Xenopus oocyte (52)
Hy1 2 eGFP Xenopus oocyte (53)

Cay/VDCC voltage-dependent Ca®* channel.

KCNQ and KCNE, voltage-dependent K* channel (Ky7) and its auxiliary subunit, respectively.

Kcal.1/BKca, large-conductance Ca®*-activated K* channel.

TRPMS, transient receptor potential channel melastatin subfamily 8.
CNG, cyclic nucleotide-gated channel.

HCN, hyperpolarization-activated cyclic nucleotide-gated channel.
TRIP8b, tetratricopeptide repeat-counting Rab8b-interating protein.
ASIC, acid-sensing ion channel.

NMDA, N-methyl-p-aspartate receptor (glutamate receptor, non-selective cation channel).

PKD, polycystic kidney disease.

TRPP, transient receptor potential polycystic subfamily.

CFTR, cystic fibrosis transmembrane conductance regulator (Cl~ channel).
Best, bestrophin (Cl~ channel).

GlyR, glycine receptor (CI~ channel).

Hy1, voltage-gated H* channel.
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GFP molecules decreases in a stepwise fashion. The number of steps
indicates the number of GFP-tagged subunits in the complex. Based
on this principle, the number of subunits in an ion channel
component and its complex can be directly determined by counting
the number of discrete steps involved in photobleaching single
fluorescent molecules using TIRF microscopy (45).

The subunit stoichiometry of ion channels obtained by GFP
photobleaching analysis under TIRF microscopy in Xenopus oocytes
are summarized in Table 2: VDCCs (45, 46), K™ channels (47), store-
operated Ca®* (SOC) channels (48), cyclic nucleotide-gated chan-
nels, non-selective cation channels (45), acid-sensing ion channels
(49), TRP channels (50), CI~ channels (51, 52), and H* channels (53).
Several groups applied this elegant technique to ion channels in
mammalian cell lines, including TRP channels (9), SOC channels
(54, 55), and CI™ channels (56). Furthermore this analysis has
revealed the assembly and stoichiometry of the pore-forming
subunit and its auxiliary subunit (47, 57) as well as its hetero-
meric component (45, 49, 50, 52, 58).

We also performed subunit counting experiments on the BKc,
channel and VDCC in the plasma membrane of HEK293 cells.
Single-molecule photobleaching analysis revealed that BKc,a sub-
units were composed of a tetramer in a single BKc; channel (Fig. 4A)
(16) while VDCCa1C subunits were composed of a monomer in a
single channel (Fig. 4B) (36). After testing this method with these
proteins of known stoichiometry, we elucidated the subunit
composition of the novel Ca**-activated ClI- (Clc,) channel,
TMEM16A. TMEM16A is expressed as a Clc; channel in various
tissues and is expected to regulate their functions (59, 60). Its
subunit stoichiometry had yet to be clarified: how many subunits
form a functional Clc; channel had yet to be determined. Our
single-molecule photobleaching analysis revealed that the homo-
dimers of TMEM16A may determine the features of Clc; activity
(Fig. 4C). To the best of our knowledge, this finding demonstrated

A Bk, B vbccaic C
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Fig. 4. Subunit stoichiometry of ion channels using the GFP photobleaching
technique under TIRF microscopy. The BKc,¢-GFP, VDCCo.1C-GFP, or TMEM16A-GFP
subunit was transiently expressed in HEK293 cells. Based on the single-molecule
photobleaching method, the bleaching steps of GFP signals in a TIRF region were
counted in order to determine the number of these subunits within a single fluores-
cent particle. Representative traces in the fluorescent intensity of the BKc,o (A),
VDCCa1C (B), or TMEM16A (C) channel after the photobleaching stimulation were
plotted (upper). Arrows and solid lines indicate bleaching step(s). The dotted line in-
dicates the complete bleaching (basal) level. The number of bleaching steps and pro-
portion (%) in HEK293 cells expressing these subunits was summarized (middle). The
subunit stoichiometry estimated by these results was shown (bottom). BKc oo and
VDCCa1C subunits were expressed as a tetramer and monomer, respectively, in the
plasma membrane. Moreover, this analysis revealed that the novel Clc, channel
component, TMEM16A, potentially formed a dimer. [Modified from (16, 36, 61)].

for the first time in a living cell that TMEM16A molecules prefer-
entially formed dimers in a functional channel (61). The single-
molecule photobleaching method under TIRF microscopy pro-
vides a tool for quickly determining the subunit stoichiometry of
membrane proteins in living cells by counting the bleaching steps
of GFP tags.

6. Spatiotemporal Ca?t imaging using TIRF microscopy

The cytosolic Ca®* concentration ([Ca2+]cyt) is an important
factor that regulates a wide range of physiological functions
including gene expression, cell proliferation, neurotransmitter
release, hormone secretion, and muscle contraction. Changes in
cytosolic Ca®* signaling were shown to be reorganized in order to
vary both spatially and temporally in various types of cells (Fig. 5)
(62). For example, Ca®* influx through nicotinic channels in Xen-
opus oocytes was imaged with a Ca®* indicator using a TIRF mi-
croscope (63). A Ca** sparklet, a fluorescent image of the influx of
Ca** through Ca®*"-permeable channels including VDCCs, was
imaged with Fluo-5F in vascular smooth muscle cells using a TIRF
microscope (64). In addition, the elementary unit of SOC entry
mediated by a direct interaction between STIM1 molecules in the
endoplasmic reticulum (ER) and Orail channels in the plasma
membrane was clearly shown in Jurkat cells using TIRF microscopy
(65).

In smooth muscle cells, we successfully imaged depolarization-
evoked local Ca®* transients through ryanodine receptors (RyRs) in
the subplasmalemmal sarcoplasmic reticulum (SR), termed as Ca®*
hotspots, using fast-scanning confocal fluorescent microscopy
(66—69). Ca>* hotspots activated the BKc, channels in the plasma
membrane, thereby contributing to the repolarization phase of an
action potential in smooth muscle cells. However, it was difficult to
separate the component of Ca>* influx through VDCCs from local
Ca’* transients evoked by depolarization at a lower spatial reso-
lution of confocal imaging (0.33 x 0.27 um per pixel and 1.2~1.5 pm
to Z-axis direction). On the other hand, TIRF imaging with higher
spatial resolution (178 x 178 nm per pixel and less than 200 nm to

Ca?-permeable

s (e
RYR /"""

CaZ+gSEncn

Fig. 5. Spatiotemporal Ca®>" signaling. Changes in [Ca’']y vary spatially and
temporally in various types of cells. A Ca®* sparklet is a fluorescent image of the influx
of Ca®* through the Ca**-permeable channels and VDCCs. A Ca®* hotspot is a fluo-
rescent image of CICR from RyR on the SR. A Ca®* sparklet may represent a trigger
while a Ca** hotspot is an amplification mechanism underlying smooth muscle
contraction. A Ca®* spark is a fluorescent image of spontaneous Ca?* release from RyR
on the SR. A Ca®* spark contributes to the regulation of smooth muscle tone. Abbre-
viations: CaU, Ca®* uniporter; IP3R, IP3 receptor; RyR, ryanodine receptor; SERCA, SR/
ER Ca®* ATPase; SR, sarcoplasmic reticulum; VDCC, voltage-dependent Ca®* channel.
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Z-axis direction) clearly visualized the depolarization-evoked
influx of Ca’* through VDCCs (Ca®* sparklets through single or
clustered L-type VDCCs) prior to Ca>-induced Ca®* release (CICR,
Ca* hotspots) in smooth muscle cells (70). Alternatively, a typical
example of a spatiotemporal Ca>* event is likely to be Ca®* sparks.
A Ca* sparkis due to a spontaneous Ca* release from a single Ca**
release unit, or RyR on the SR. In smooth muscle cells, Ca®* sparks
play crucial roles in the regulation of smooth muscle tone
(62,71—73). We also imaged Ca®* sparks using TIRF microscopy (74,
75). The physiological and pathological significance of spatiotem-
poral Ca®* events in various tissues have yet to be clarified.

7. Conclusions

TIRF microscopy is now widely used to observe the fluorescence
of a single molecule and localized Ca®* signaling, making it a
valuable tool in the fields of biophysics and cell biology. According
to the PubMed database, over 1500 publications on ‘total internal
reflection fluorescence’ have been published since the develop-
ment of the TIRF microscope in the 1980s, and approximately 200
studies are added to the database every year. The single-molecule
analysis of ion channels by means of TIRF imaging, FRET analysis,
and subunit counting after photobleaching in living cells has pro-
vided useful physiological and pathological information on ion
channel functions and a functionally-coupled molecular complex in
the cell membrane. In addition, TIRF imaging of spatiotemporal
Ca®* events that occur in the junctional structures of the plasma-
lemma specific to Ca** signal sites (or Ca** microdomain) has
facilitated a deeper understanding on the cellular mechanisms
underlying the local microdomain at the plasmalemmal and sub-
plasmalemmal regions. Furthermore, accurate determinations of
the distribution, dynamic behavior, subunit composition, stoichi-
ometry, and interacting proteins of ion channels in vitro have been
directly linked to understanding channel function and developing
effective therapeutic drugs. TIRF imaging will shed new light on
insights into cell physiology and pharmacology in the future.
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