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Abstract

The Ca’** microdomains generated around the mouth of open ion channels represent the basic building blocks from which cytosolic
Ca?* signals are constructed. Recent improvements in optical imaging techniques now allow these microdomains to be visualized as single
channel calcium fluorescence transients (SCCaFTs), providing information about channel properties that was previously accessible only by
electrophysiological patch-clamp recordings. We review recent advances in single channel Ca>* imaging methodologies, with emphasis on
total internal reflection fluorescence microscopy (TIRFM) as the technique of choice for recording SCCaFTs from voltage- and ligand-gated
plasmalemmal ion channels. This technique of ‘optical patch-clamp recording’ is massively parallel, permitting simultaneous imaging of
hundreds of channels; provides millisecond resolution of gating kinetics together with sub-micron spatial resolution of channel locations; and

is applicable to diverse families of membrane channels that display partial permeability to Ca>* ions.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Calcium is unique among other intracellular second mes-
sengers in regard to the rapidity and tight spatial localization
of cytosolic Ca®* signals. This is possible because active
transport systems maintain enormous (ca. 10,000-fold) Ca2*
concentration gradients between the cytosol and reservoirs
in the extracellular fluid and endoplasmic reticulum, so that
openings of Ca>*-permeable membrane channels permit pas-
sive flux to generate large and rapid elevations of local cytoso-
lic [Ca2+]. For example, a single-channel Ca2* current of
0.5 pA during an opening of 10 ms duration corresponds to a
flux of ~10* Ca* ions; a transport rate that greatly exceeds
that of enzymatic synthesis of other messenger molecules,
and thereby endows Ca* signals with exquisite temporal
specificity. Moreover, the presence of immobile cytosolic
Ca®* buffers greatly inhibits the diffusional spread of Ca2*
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ions at distances of more than a few hundred nm, resulting
in sharply defined microdomains of Ca>* around local sites
of Ca”* influx or release. These spatially- and temporally-
defined microdomains serve to regulate numerous diverse cell
processes [1-9].

Following the introduction of highly-sensitive fluorescent
Ca”* indicator dyes [10] it became possible to directly image
Ca”* microdomains within cells. Initial experiments revealed
‘elementary’ Ca”* signals [11] such as puffs [12] and sparks
[13] that are believed to be generated by the concerted open-
ings of several, tightly clustered Ca2* release channels. Soon
after, yet smaller ‘fundamental’ events (blips and quarks)
were observed, and were interpreted to arise from the open-
ings of single channels [12,14,15]. However, the first con-
clusive demonstrations of single-channel Ca®* signals were
provided by Zou et al. and Wang et al. [16,17] who com-
bined optical and electrophysiological techniques to obtain
simultaneous recording of current flow through a single open
ion channel together with imaging of single-channel Ca**
fluorescent fransients (SCCaFTs).

Subsequent experiments have improved considerably on
the fidelity with which SCCaFTs can be imaged, and contin-
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uing developments are driven by two principal motivations.
One is to define better the cytosolic microdomains that con-
stitute the basic ‘building blocks’ of cellular Ca>* signaling.
What are their amplitudes? What is their spatial spread?
Where are the Ca>* channels located and are they motile? A
second aspect is that SCCaFTs can provide information about
channel gating and Ca**-permeation properties analogous
to that obtained by electrophysiological patch-clamp record-
ings, but with the great advantage that imaging is massively
parallel, capable of recording from hundreds of channels at
once.

Key requirements for both these purposes are to opti-
mize the spatial and temporal resolution of the imaging
system. Indeed, these aspects are tightly intertwined. Ca®*
concentrations in the close vicinity of a channel mouth are
large and rapidly track channel openings and closings, but
Ca®* transients become increasingly smaller and slowed by
diffusion at increasing distances. Imaging techniques with
improved resolution in both lateral (x—y) and axial (z) dimen-
sions are thus expected to provide not only a better spa-
tial localization, but also an enhanced temporal resolution
by virtue of monitoring Ca>*-dependent fluorescence from
tinier sampling volumes immediately adjacent to the chan-
nel. Several techniques have been used to image SCCaFTs,
including wide-field microscopy [17,18], confocal linescan
microscopy [16,19], and total internal reflection fluorescence
microscopy (TIRFM) [20-23]; see [24-27] for reviews. Each
methodology has particular advantages related to specific
applications, but we concentrate on recent developments in
TIRF microscopy as this is currently the most advantageous
technique for imaging plasmalemmal Ca** microdomains,
permitting fast, two-dimensional imaging of fluorescence
signals within an exceedingly thin (ca. 100 nm) optical sec-
tion adjacent to the cell membrane [24].

2. Spatial distribution of free Ca** and Ca**-bound
indicator around the channel mouth

Before reviewing experimental approaches to image
SCCaFTs it is helpful to consider some theoretical aspects
of single-channel Ca?* microdomains, as numerical models
provide our only insight into the underlying processes at time
and distance scales below the limits of optical resolution. A
number of studies have modeled Ca** diffusion in the cytosol
during channel opening with the aim of predicting the rapid
time course of Ca>*-dependent processes such as transmitter
release and Ca”*-induced receptor trafficking [28,29]. More
recently, theoretical approaches have been extended to con-
sider the relation between the free Ca2* microdomain around
a channel and the resulting fluorescence signal, so as to aid
interpretation of the fluorescence images and guide improve-
ment of the imaging techniques [30,31].

On the basis of modeling studies by Shuai and Parker [30],
we illustrate schematically in Fig. 1 how Ca* flux through
a single channel leads to the generation of experimentally-

observed SCCaFTs. The predicted distribution of free [CaZt]
is shown in Fig. 1A at a time 10 ms following the opening
of a plasma membrane channel passing a Ca®* current of
0.1 pA. The peak [Ca®*] exceeds 100 uM near the channel
mouth, but falls abruptly to <1 pM at a distance of ~100 nm.
In comparison, the distribution of Ca?*-bound indicator dye
(Fig. 1B) is much broader (full-width at half-maximal ampli-
tude, FWHM =270 nm), owing to the kinetics of Ca?* bind-
ing and the faster effective diffusion coefficient of the indica-
tor as compared to that of buffered Ca?* diffusion. To reflect
experimental conditions, we then introduce optical blurring
by the microscope (Fig. 1C), in this case considering the
point-spread function of a TIRF microscope (300 nm lateral
resolution and 100 nm axial; [30]), resulting in a SCCaFT
width (FWHM) of ~500 nm. This predicted width of the flu-
orescence signal matches well with the spatial profiles of
SCCaFTs obtained experimentally during opening of muscle
nicotinic receptors (green curve, Fig. ID: FWHM ~600 nm:
[21]. Thus, fluorescence images of SCCaFTs are apprecia-
bly broader than the underlying distribution of free [Ca®*]
(Fig. 1D and E), a blurring that involves roughly equal con-
tributions from the spread of Ca**-bound indicator dye and
the diffraction-limited resolution of optical microscopy.

The temporal resolution with which SCCaFTs can be
recorded depends also on spatial constraints, and simulations
[30] show that the kinetics of SCCaFTs recorded from local-
ized cytosolic volumes improve progressively with decreas-
ing size of the sampling volume. However, this involves a
compromise, because smaller volumes encompass less indi-
cator dye and statistical fluctuations in the number of Ca>*-
bound indicator molecules (‘molecular shot noise’) degrade
the signal-to-noise ratio. Volumes around 0.1 fl (107167
appear to offer a good compromise, and match well to
the volumes of the focal spot achieved with confocal or
TIRF microscopy. Under minimally-perturbing conditions
the model simulations predict that SCCaFTs should track
channel openings and closings with a temporal resolution
approaching 1 ms, and yet faster resolution may be achieved
by use of high (mM) cytosolic indicator concentrations and
by introduction of slow, mobile Ca®* buffers such as EGTA
[30].

3. Single Ca%* channel imaging methodologies

Fig. 2 shows some of the imaging techniques that have
been applied to record single-channel Ca”* transients, and
illustrates progressive improvements in resolution achieved
over the past few years.

By employing high-speed, wide-field fluorescence
microscopy Zou et al. [17] were able to record localized flu-
orescence transients associated with the opening of sparsely-
distributed stretch-activated cation channels in smooth
muscle cells (Fig. 2A). This technique provides little or no
axial ‘sectioning’ of the fluorescence image, so that signals
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Fig. 1. Imaging single-channel Ca>* microdomains: relationships between the spatial distribution of free [Ca**] and the resulting fluorescence image. (A)
Schematic depicting the concentration profile of free [Ca?*] as a function of distance from the mouth of a Ca?* channel carrying a current of 0.1 pA for
10 ms. (B) Corresponding distribution of concentration of Ca**-bound indicator dye (Fluo-4). The total indicator concentration is 25 wM. (C) Spatial profile of
fluorescence (green) that would be imaged from the Ca**-bound indicator by total-internal reflection microscopy. The blue gradient and the inset graph depict
the depth penetration of the evanescent wave employed to excite fluorescence. (D) Comparison of the simulated spatial distribution of free Ca>* (red curve)
and the experimentally-observed fluorescence signal (SCCaFT: green curve) resulting from opening of a nicotinic ACh channel. The green curve is a Gaussian
fit (FWHM =600 nm) to an average of 6 SCCaFTs. (E) Image overlay shows the predicted two-dimensional distribution of free Ca2* (red) in the microdomain
around a single channel, together with an experimentally-observed SCCaFT (green) imaged by TIRFM microscopy. Simulation data in (A—C) are adapted from
Ref. [30]; the experimental SCCaFTs in (D and E) were obtained by imaging adult muscle nAChRs (A.D. & I.P.; unpublished data). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)

are recorded from large cytosolic volumes and are therefore
relatively slow—primarily reflecting Ca>* accumulation in
the cytosol rather than instantaneous Ca”* flux. Nevertheless,
measurements of rate-of-rise of fluorescence at the source
track channel gating more faithfully, and wide-field imaging
directly provides a measure of ‘signal mass’ [32] that is
directly proportional to the cumulative Ca>* flux during a
channel opening [33]. Significant improvements in spatial
and temporal resolution were subsequently obtained by
using ‘optical sectioning’ techniques, including confocal and
TIRF microscopy to image fluorescence signals from sub-
femtoliter volumes near the channel mouth. Fig. 2B shows
simultaneous recordings of Ca>* fluorescence signal and uni-
tary Ca®* currents associated with depolarization-induced
opening of L-type Ca®* channels in rat myocytes [16].
Fluorescence was imaged by confocal linescan microscopy,
and single channel signals (here called ‘sparklets’) were
enhanced by increasing the Ca>* concentration in the bathing
to 20 mM, and by prolonging the channel open time with the
L-type channel agonist FPL64176. Confocal linescan imag-
ing was similarly employed to record SCCaFTs generated

by openings of N-type Ca>* channel transiently expressed in
Xenopus oocytes (Fig. 2C) [19,24]. Using scan rates of 2 ms
per line events with durations <10 ms were resolved, with
rising and falling time of about 4 ms (Fig. 2C; left inset),
although the decay of the fluorescence slowed to ~10ms at
the end of longer events (Fig. 2C; inset at right).

Although linescan confocal microscopy offers a good
combination of small sampling volume (point-spread func-
tion <0.1fl) and fast instrumental time resolution (~1ms
per line), it samples from only one spatial dimension. Dis-
advantages are thus that only few channels may lie close
to the scan line, and recordings may be distorted by of-
focus signals arising from channels some distance from the
scan line. A major improvement in optical single-channel
imaging has been achieved by using total internal reflection
microscopy coupled with ultra-fast, high-sensitivity cameras
for two-dimensional fluorescence imaging of plasmalem-
mal SCCaFTs [20,21,23]. For example, Fig. 3D illustrates
SCCaFTs generated by Ca®* flux through nicotinic acetyl-
choline receptors (nAChRs) expressed in Xenopus oocytes
[21]. Channel openings were evoked by adding 30 nM ACh to
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Fig. 2. Time-resolved single-channel Ca** fluorescence transients obtained using different imaging techniques. (A) SCCaFTs imaged by wide-field fluorescence
microscopy during openings of a stretch-activated cation channel. Fluorescence images were acquired at 15 ms frame intervals (upper trace), in conjunction with
single-channel current measurements obtained by whole-cell patch-clamp. Data are reproduced with permission from Ref. [17]. (B) Confocal linescan record
(1.4 ms per line) of fluorescence transients (‘sparklets’: upper trace) generated by the opening of an L-type Ca2* channel in cardiac muscle and simultaneous
recording of the unitary Ca?* current (lower trace) during 400 ms depolarization pulses from —S0mV to the indicated voltages. The patch pipette contained
20mM Ca?* and 10 uM FLP to, respectively, enhance Ca>* flux and prolong channel openings. Data are reproduced with permission from Ref. [16]. (C)
Confocal linescan recordings (2 ms per line) of SCCaFTs from N-type Ca?* channels expressed in Xenopus oocytes. Upper trace shows several SCCaFTs
evoked during depolarization to —10mV in the presence of 8 mM extracellular [Ca?*]: lower traces show a single, brief sparklet (a) and averages of nine
longer sparklets (b) formed after aligning their rising phases (left) and falling phases (right). Exponential curves fitted to the rising and falling phases have
respective time constants of 4 and 10 ms. Reproduced with permission from Ref. [19]. (D) Imaging of SCCaFTs through muscle nAChR expressed in Xenopus
oocytes by TIRF microscopy using a c.c.d. camera operating at 500 frames s~!. Upper trace shows several SCCaFTs monitored from a (0.7 wm x 0.7 wm)
region around a single nAChR in the presence of 300 nM ACh and 8 mM [Ca*]; lower traces show expanded views of selected events as indicated by the grey

boxes. Reproduced with permission from Ref. [21].

the bathing solution and the membrane potential was stepped
to — 150 mV to increase the electrochemical driving force
for Ca?* influx. The inset traces (Fig. 3D) show expanded
version of selected SCCaFTs in the upper trace, revealing a
temporal resolution of ~2 ms.

4. TIRF microscopy for ‘optical patch-clamp’
recording

Our work focuses on the use of Xenopus oocytes as a
model cell system to image single-channel Ca* flux through
expressed voltage- and ligand-gated Ca®*-permeable chan-
nels [19-21,24,30,34]. Important advantages of this prepara-
tion include the ready ability of the oocyte to express a large
variety of channel types, the relative scarcity of endogenous
ion channels in the plasma membrane, and the enormous size
of the oocyte that results in a low channel density even for
very high overall levels of expression. In conjunction, we find
that TIRF microscopy is currently the most favorable tech-
nique for imaging the activity of plasma membrane channels,

because the restriction in fluorescence excitation to a very thin
(ca. 100 nm) evanescent wave resulting from total internal
reflection at the refractive index boundary between the micro-
scope cover glass and the aqueous specimen minimizes the
sampling volume [35]. Moreover, a two-dimensional (x—y)
image of this thin optical section can be recorded by a camera,
rather than requiring the raster-scanning of a confocal laser
spot where mechanical constraints limit the maximal imag-
ing speed. The basic principle of TIRFM has been reviewed
recently [24,35], and here we emphasize practical details
regarding our application of this method for imaging single-
channel Ca%* microdomains [20,21].

We utilize defolliculated stage VI oocytes from Xeno-
pus laevis because these largely lack the abundant microvilli
seen in the oocyte membrane at earlier developmental stages,
thereby minimizing damage during removal of the surround-
ing vitelline envelope and facilitating close apposition of
the oocyte membrane to the coverglass for TIRFM imag-
ing. About 24 h after injecting mRNA or cDNA encoding for
the desired channels, oocytes are mechanically stripped from
the vitelline membrane and positioned with the animal pole
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Fig. 3. Schematic view of TIRF microscope system used for time-resolved single-channel imaging. This is based around an Olympus IX 71 inverted microscope
equipped with an Olympus 60x TIRFM objective (NA = 1.45). Excitation light (488 nm) from a 50 mW argon ion laser is attenuated by a neutral density filter,
expanded by a 10x beam expander and focused by a lens via a dichroic mirror to a spot at the back focal plane of the objective lens. Translation of the focusing
lens allows the beam to be introduced either at the extreme edge of the objective aperture (for TIR excitation), or more centrally (for ‘wide field”) excitation.
An adjustable rectangular knife-blade aperture located at the conjugate image plane restricts the excitation to the field imaged by the camera. Laser light is
directed into the objective by the primary dichroic mirror (A =500 nm) in the epifluorescence turret (front view). The emitted fluorescence is collected through
the objective lens, and passes through the primary dichroic and a barrier filter (>510 nm) to focus on an ultrafast back-illuminated, electron-multiplied c.c.d.
camera (Cascade 128+, Roper Scientific). To correct for focus drift while imaging an autofocus system utilizes a red laser diode as a reference beam. After
undergoing TIR at the coverglass/water interface, the reflected laser beam emerging from the objective is directed onto a quadrant photodiode, establishing a
negative feedback for fine control of the focus motor. A third light path allows delivery of UV light flashes for rapid photolysis of caged agonists such as caged

carbamycholine.

facing a clean coverglass forming the bottom of the recording
chamber. A conventional two-electrode voltage clamp allows
the membrane potential to be clamped to strongly hyperpolar-
ized potentials to increase the electrochemical driving force
for Ca* entry through ligand-gated channels, or to be depo-
larized to activate voltage-gated channels.

The TIRFM imaging system (Fig. 3) utilizes excitation
light (488 nm) from the expanded beam of an argon ion laser
which is reflected by a dichroic mirror and focused at the rear
focal plane of the TIRFM objective (Olympus 60X ; numer-
ical aperture = 1.45). Translation of the focusing lens allows

introduction of the beam light either at the extreme edge of
the objective lens for TIRF excitation, or more centrally for
wide-field excitation. The emitted fluorescence is collected
through the same objective and passed through a dichroic mir-
ror (490 nm) and band-pass filter (510-600 nm) to a cooled,
back-illuminated c.c.d. camera with on-chip electron multi-
plication (Cascade 128+; Roper Scientific). The camera pro-
vides full frame images (128 x 128 pixels; 1 pixel =0.33 pum
at the specimen) at a frame rate of 500s~!, with yet faster
speeds possible by pixel-binning or selection of sub-frame
regions. Accessory features include an autofocus device to
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correct for focus drift during long recordings, and a photolysis
light path for use with caged agonists such as carbamycholine
and NMDA (Fig. 3).

5. Optical measurements of channel gating

Analogous to electrophysiological patch-clamp record-
ing, TIRFM imaging provides kinetic information of ion
channel gating. For example, Fig. 4A and B shows represen-
tative traces of SCCaFTs resulting from Ca®* flux through

acetylcholine
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muscle nicotinic receptors (af3yd nAChR) activated by dif-
ferent agonists. SCCaFTs evoked by ACh (Fig. 4A) were
relatively brief, and the distribution of SCCaFT durations
was well fitted by an exponential with a time constant of
7.9 ms (Fig. 4C); a value that correspond to the open lifetime
of the channel in similar experimental conditions [36,37].
Conversely, suberyldicholine, an agonist that evokes longer
channel openings [37,38] generated SCCaFTs with a mean
duration of 15.8 ms (Fig. 4B). Moreover, the concentration-
dependence of channel opening may be derived by equilibrat-
ing different concentrations of agonist in the bathing solution.
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evoked from two fetal muscle nicotinic AChR channels by 30nM ACh. (B) SCCaFTs evoked from fetal muscle nicotinic AChR channels by 1 pM
suberyldicholine. (C and D) Distributions of SCCaFT durations evoked, respectively, by ACh and suberyldicholine. Curves are single exponentials, with
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probability. Data are reproduced with permission from Ref. [21].
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Fig. 4E shows traces illustrating the increase in SCCaFT 6. Massively-parallel and spatially-resolved
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ing simultaneous measurement from hundreds of Ca®*-
permeable channels, as well as providing spatial informa-
tion of channel locations. This is illustrated in Fig. SA,
where the locations of 191 nAChR channels expressed
in a 40 wm square of oocyte membrane were mapped by
visually identifying all SCCaFT coordinates observed dur-
ing an 8s hyperpolarizing pulse to —150mV in the pres-
ence of 100nM suberyldicholine. Fortuitously, all chan-
nels that have so far been imaged appear to be rigidly
anchored [20,21]. Multiple repeated SCCaFTs can thus
be recorded for prolonged periods (minutes) from fixed
regions of interest centered on channel sites, and chan-
nel locations can be inferred from the centroids of the
fluorescence transients with a resolution appreciably bet-
ter (<100nm) than the diffraction-limit of the microscope
[21].

The high throughput of TIRFM single-channel imaging
presents considerable challenges in terms of data acqui-
sition, analysis and display. One minute of recording at
500 framess~! generates a roughly 1 GB raw image file,
which may contain data from several hundred channels.
We thus developed a novel graphical representation, the
“channel-chip” (Fig. 5C), wherein the activity of multiple
channels is encapsulated in a single image to provide an
immediate overview [21]. For example, it is evident from
Fig. 5C that the gating kinetics differ widely from chan-
nel to channel, resulting in a broad spread of mean open
probabilities (Fig. 5D). Finally, optical imaging enables not
only positional mapping, but also functional mapping to
reveal whether channel properties may be regulated accord-
ing to their location [21]. Thus, far we have not found
clear evidence for spatially-correlated variation in properties
of channels expressed in the oocyte (Fig. 5E), but TIRFM
imaging of L-type channels in smooth muscle has revealed
specific sites of coordinated, high probability openings
[23].

7. Perspective and future applicability of
single-channel Ca** imaging

The technique of monitoring single-channel ion flux
via optical imaging is likely to remain restricted to Ca>*-
permeable channels, primarily because the resting cytosolic
Ca”* levels are maintained much lower than that of other ions
so thatinflux results in enormous local increases in concentra-
tion that are readily detectable by fluorescence indicator dyes.
Nevertheless, numerous types of ion channels show apprecia-
ble permeability to Ca>* (summarized in Table 1), so imaging
of SCCaFTs has widespread potential applicability. The var-
ious families of voltage-gated Ca’* channels are the most
obvious mechanisms for regulating plasma membrane Ca>*
flux, but growing evidence emphasizes also the importance
of numerous ligand-gated channels [39-45], among which
attention has focused on nAChRs and ionotropic glutamate
receptors (GluR) because of their involvement in synaptic
transmission.

In terms of applicability for optical single-channel imag-
ing an obvious prerequisite is that sufficient Ca>* passes
through the channel to provide a detectable fluorescence sig-
nal. In practice, a surprisingly high sensitivity can be attained.
A channel with a unitary Ca®* current of 0.1 pA opening for
10 ms corresponds to a flux of about 3000 Ca* ions, generat-
ing a few hundred Ca*-bound indicator molecules within the
sub-femtolitre volume sampled by the point-spread function
of a confocal or TIRF microscope [30]. Since dyes molecules
such as fluo-4 can readily be excited to emit >10* photons s !
this provides a strong optical signal even after taking into
account losses in collection efficiency in the microscope and
quantum efficiency of the detector. Thus, we have obtained
records with good temporal resolution (2 ms) and signal-to-
noise ratio from fetal nAChR that have a Ca®* conductance
of less than 1 pS (Table 1) by hyperpolarizing the membrane
to generate predicted Ca** currents of a few hundred fA

Table 1
Plasma membrane ion channels with Ca permeability
B(%) YPS) Yica) PS) Reey Y PS) Yica) P
p dult (@ B. 8, ¢) 4 ~ B0 [40.42,46) 24 Caffeine channels 20 80 [40.49] 16
muscle
™ fetal (o B.%8) 2 ~ 40 @o4za8) 0.8 CNG-channels (cNca1-a4:81) ~0.6 ~28 1501 17
nAChRs
(02-6, f2-4) 2-5  ~32-45 M348 06-2.3 /L-type 51 13
neuronal 4 7
N (07-09) 20 ~19-23 @346 3.8-4.6 vGaee JType e
\ N-type 53] 13
NMDA ——  (NR1, NR2A- NR2D) 8-12 ~18-50 147481 1 4.6 P/Q type g -1
AMPA 7 (GWRACD) 4 ~1020 0.4-0.8 TRPC  (Classic) 40-50 ~ 110-135 (55~ 40-65
. (GIUR-B) 02 g; 1.5-6 [@7.48) 0.0 TRP TRPM (Melastatin} 40-70 ~ 40-130 ~16-90
—_— . 2-0. ~1.5- s >
ainate (GLRsT) o4 NTRPY (vanitod) 1400 -35-172 191 -4-80
ATP channels — (P2x1 to P2X7) 2-10 ~9-20 Mo49)  0.2-2 SAC (stretch-activated channels) 18 13 56l 2.3

Py is the fractional Ca** permeability, measured by electrophysiological or fluorescence techniques, in the presence of 10-60 mM extracellular Ca®*: y is the
total cation conductance: y(ca) is calculated as y-Ps. Single-channel imaging has been achieved with those channels marked by shading.
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[21]. Indeed, optical imaging may actually be superior to
patch-clamp recording for monitoring Ca>* currents under
physiological conditions. For example, patch-clamp experi-
ments recording from voltage-gated Ca** channels usually
employ high concentrations of Ba’* as the charge carrier
to increase the single channel current, whereas SCCaFTs
are readily imaged using only modestly elevated (ca. 6 mM)
extracellular [Ca”*], and remain detectable even at physio-
logical [Ca®*] [13,22,23,34].

Table 1 summarizes many of the channel types that are
likely candidates for ‘optical patch-clamp’ recording. Esti-
mates of the fractional Ca2* conductance (conductance to
Ca”* jons as a percentage of the total conductance to all
cations under physiological conditions) reveal a wide range
between different channel types, with values ranging from
as low as 0.2% for kainate receptors to almost 100% for
voltage-gated Ca* channels. However, it is not simply the
fractional Ca** permeability that is important for single-
channel Ca?* imaging, but rather the absolute single-channel
Ca?* flux. For example, the Ca** conductance of the fetal
type nAChR is only about 30% that of the adult type, owing
both to a lower fractional Ca®* permeability and to a smaller
overall cation conductance. The fact that good records of
SCCaFTs can be obtained from fetal nAChR — which have
among the lowest Ca’* conductance of all channels listed
in Table 1 — thus bodes well for the general utility of this
technique.

In conclusion, TIRFM imaging enables imaging of Ca2*
microdomains around single plasma-membrane channels
with unprecedented temporal and spatial resolution. We
anticipate that this technique will evolve as a powerful adjunct
to electrophysiological techniques for studying channel gat-
ing and permeation properties, with the particular advantage
of being massively parallel. Moreover, it affords spatial infor-
mation of channel location, and provides a direct, if slightly
blurred, visualization of the fate of Ca?* ions that enter the
cytosol.
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