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Abstract

Functional studies of single membrane ion channels were made possible by the introduction of the patch-clamp technique, which allows
single-channel currents to be measured with unprecedented resolution. Nevertheless, patch clamping has some limitations: including the
need for physical access of the patch pipette, possible disruption of local cellular architecture, inability to monitor multiple channels, and
lack of spatial information. Here, we demonstrate the use of confocal fluorescence microscopy as a non-invasive technique to optically
monitor the gating of individual G& channels. Near-membrane fluorescence signals track the gating of N-typei@mnels with a
kinetic resolution of about 10 ms, provide a simultaneous and independent readout from several channels, and allow their locations to be
mapped with sub-micrometer spatial resolution. Optical single-channel recording should be applicable to diverse voltage- and ligand-gated
Catt-permeable channels, and has the potential for high-throughput functional analysis of single channels.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction ics, and single-channel imaging has been restricted to chan-
nels with unusually high G4 permeability and long open

The introduction of the patch-clamp technique by Ne- times[10,11] or to channels whose lifetime was pharmaco-

her and Sakmanifil,2] revolutionized our understanding logically prolonged12]. Here, we employed high-resolution

of ion channel functioning by allowing measurement of confocal microscopy to image €& flux through individ-

single-channel currents with exquisite resolution. Neverthe- ual voltage-gated G4 channels under physiological con-

less, the patch-clamp technique suffers some limitations. Theditions, and demonstrate the utility of this methodology

channel of interest must be physically accessible to the patchas a practicable, non-invasive tool to measure the func-

pipette; seal formation may disrupt the local cytoskeletal tional kinetics and spatial localization of &apermeable

architecture[3]; independent measurements cannot be ob- channels.

tained from multiple channels; and little information is pro-

vided regarding the spatial distribution of channels. Recent

developments in optical techniques hold promise as an al-2. Materials and methods

ternative, less invasive approach for monitoring the kinetic ) )

activity of multiple single channels. In particular, the use of 2-1. Oocyte preparation and electrophysiology

highly sensitive fluorescent &a indicators[4] has permit- ) ,

ted imaging of C&" flux through clusters containing a few Experiments were.performed on defolhcglated stage V

Ce&*+-permeable channe[§-7], and even through individ- ~@nd VI oocytes obtained frortenopus laevigl13]. Plas-

ual channel§8—12] However, this approach had not previ- Mids containing cDNA clones coding for the N-type’Ca

ously provided sufficient resolution to study channel kinet- channelaig-q and B3 subunits were linearized and tran-
scribed in vitro[14], and equal quantities of each subunit
cRNA were mixed to a final concentration of 0. 1@/l
Abbreviations: IP3, inositol 1,4,5-trisphosphate; ACh, acetylcholine; and iniected (50 nl) into oocvtes 3-5 davs prior to imadin
FWHM, full-width at half-maximal amplitude; CICR, G&-induced C&*" J ( . ) Y ys P ging
release or electrophysiological recordings. Patch-clamp recordings
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software) data acquisition package. Currents were filtered subunits of an N-type voltage-gated4tachanne[14]. De-
at 500 Hz (4-pole Bessel) and sampled at 1 ms. The patchfolliculated oocytes were injected with €aindicator dye

pipette solution contained 110 mM BaClk mM HEPES,

(usually fluo-4 dextran; 4QM) and were voltage-clamped

pH 7.5. The oocyte resting membrane potential was sepa-while bathed in Ringer’s solution containing 6 mM CacCl
rately monitored by an intracellular microelectrode, and the Recordings of C& -activated Ct current [Toy current)[16]

patch potential was held at60 mV and stepped te-20 or

evoked by depolarizations #5830 mV were used to assay ex-

+20mV during 1s pulses delivered at 1s intervals. Leak pression of N-type channels: oocytes used for imaging gave
and capacitative currents were removed by subtracting aver-currents of 5-1@.A, whereas non-mRNA-injected oocytes

aged records without activity. Records of whole-celPBa

showed<100 nA. Confocal linescan images were acquired

currents were obtained using a two-electrode voltage-clamp,along a 5Qum scan line focused on the cell membrane.

with oocytes bathed in a solution containing (in mM) NacCl,
110; BaCy, 5; KCI, 2; HEPES, 5; at pH 7.2. Records of

Fig. 1 shows representative images recorded during depo-
larizations to increasingly positive potentials from a holding

Cé&t-activated Ct currents were obtained in response to potential of —60 mV. C&* signals were first evident with

depolarization to+30mV, in Ringer’s solution containing
6 mM CaCp.

2.2. Cc&*t imaging
Oocytes were injected with fluo-4-dextran (MW

10,000D) or Oregon Green 488 BAPTA-1 (OG-1) to a
final intracellular concentration of about 41, and were

polarization to about-25mV, and then increased progres-
sively with depolarizations up to abodt30 mV. In some
oocytes the amplitude of the &asignals then declined and
was almost completely suppressed-80 mV, but other cells

still showed strong responses eveR-400 mV (not shown).

Several observations indicate that these fluorescence

signals arose owing to €& entry through expressed
N-type channels. (1) No signals were observed in control

imaged 1h later using a custom-built linescan confocal (non-mRNA-injected) oocytesn( > 10). (2) Responses
scanner interfaced to an Olympus IX70 inverted microscope became smaller when extracellular f¢h was lowered
[15]. Fluorescence excitation was provided by the 488 nm from 6 to 1.8 mM ¢ = 5). (3) Signhals were abolished by
line of an argon ion laser, with the laser spot focused by a 2uM extracellular N¥* (» = 3), a selective blocker of
40x oil immersion objective (NA 1.35) and scanned along voltage-gated Ca channels. (4) The progressive increase
a 50 or 25um line at rates of 2-8ms per line. Emitted in C&* signals at potentials positive to abou®5 mV mir-
fluorescence was detected at wavelengths >510 nm througlrors the voltage-dependent activation of N-type channels
a confocal pinhole, providing lateral and axial resolutions [14], and their suppression at strongly positive voltages is
of about 0.3 and 0.pm, respectively. Linescan images consistent with a reduced electrochemical driving force for
were constructed and analyzed using routines written in C&* influx near the C&" equilibrium potential.

the IDL programming language (Research Systems Inc., Strong depolarizations evoked biphasic fluorescence re-
Boulder, CO). In all linescan images, distance along the sponses, comprising an initial, rapidly decaying transient
scan line is depicted vertically, time runs left to right, followed by a maintained, or slowly rising platedtiq. 1A
and C&"-dependent changes in fluoresceneeF) are and B). In contrast, only a maintained signal was apparent
expressed as a pseudo-ratio relative to the mean resting fluat voltages less thar10 mV (Fig. 10). Based on obser-
orescenceHy) at each pixel before stimulation. Scans were vations of biphasic whole-celHg. 4A) and single-channel
obtained from flattened areas of the animal hemisphere of (Fig. 4D) Ba?* currents, it is likely that the two compo-
the oocyte, imaged through a cover glass forming the basenents reflect the voltage-dependent inactivation of N-type
of the recording chamber. The bathing solution contained channels. That is to say, weak depolarizations induce a low
(in mM) NaCl, 110; CaCl, 6, KCI, 2; HEPES, 5; at pH  probability of channel opening which declines only slightly
7.2. The membrane potential was clamped at a holding with time, whereas the opening probability is high imme-
potential of —60 mV using a two-electrode voltage-clamp diately after strong depolarization but then falls rapidly to
(Gene Clamp 500, Axon Instruments, Foster City, CA), and a lower, but more sustained le@4]. Moreover, we inter-
stepped to more positive potentials to induce opening of pret the slow secondary rise in fluorescence during strong
N-type C&t channels expressed in the plasma membrane.depolarizationKig. 1A) to arise because €aions entering
C&t indicators were obtained from Molecular Probes Inc. through non-inactivated channels accumulate in the cytosol
(Eugene, OR); all other reagents were from Sigma. from where they are cleared relatively slowly.

We can further exclude the possibility that®ainduced
C&t release (CICR) from intracellular stores contributed to
the fluorescence signals. Inositol 1,4,5-trisphosphatg) (IP
receptors constitute the sole intracellula?Ceelease chan-
nels inXenopusocyteg17], and display CICR only in the
presence of elevated4fevels: which was not the case here.
Moreover, depolarization-activated €asignals remained
unchanged after blocking $Receptors with 10 mM caffeine

3. Results
3.1. Imaging C&* flux through N-type channels

We used th&Xenopuocyte as a model cell system to im-
age C&" flux through channels expressed dys-g andps
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Fig. 1. Voltage-dependence of Sasignals in oocytes expressing N-type?Cachannels. (A-D) Macroscopic and single-channel fluorescence signals

in an oocyte loaded with fluo-4 dextran. Linescan confocal images show fluorescefitesignals evoked by depolarizing steps froa60mV to

the potentials indicated in millivolts. In each panel, distance along the scan line is depicted vertically, time runs left to right, and increa&ing flu
fluorescence ratiosF(Fo: proportional to increasing [G4]) are represented as shown by the color bars. Note that the pseudocolor scale is different

for the upper panel to encompass the wide dynamic range of the responses. Bar indicates the duration of the voltage steps. Black traces at the
right show corresponding mean fluorescence measurements over 30 pixgty (égions as indicated. The blue traces show measurements of local

(3 pixels average) fluorescence from the regions in (D) marked by the arrows that displayed sparklets. Records are representative of results in >15
oocytes. (E) Similar linescan image and fluorescent traces obtained from a oocyte loaded with Oregon Green-1, in response to depolarization from
—60 to —20mV.

[17], even though C& waves evoked in the same cells single-channel C& current would be greater at increas-

(n = 3) by photoreleased gRwvere abolished. ingly negative voltages away from the €aequilibrium
Fluorescence signals evoked by strong depolarizationspotential.

usually appeared spatially homogeneobgy( 1A), prob-

ably because numerous ¥achannels opened simultane- 3.2. Indicator dyes

ously and the resulting flood of €ainflux precluded reso-

lution of signals arising from individual channels. However, Most experiments were done using fluo-4 as thé*Ca

at more negative voltages the linescan images became inindicator, as the fluorescence of this probe is low in the

creasingly ‘streaky’, and localized, stepwise transients were absence of C&, but increases enormously (>15-fold) on

evident Fig. 1D). On the basis of evidence presented be- binding C&+ [18]. Oocytes loaded with free fluo-4 showed

low, we interpret these pulsatile signals to arise frord"Ca  strong compartmentalization of the dye after only a few

flux through single channels and, following the nomencla- minutes, but this problem was largely overcome by use of

ture of Wang et al[12], refer to them as ‘sparklets’. The dextran-conjugated fluo-4. Moreover, the lower affinity (ca.

enhanced ability to resolve single-channel signals with weak 3 .M [18]) of the dextran conjugate would aid in localiz-

depolarizations probably arose because only a few channeldng the fluorescence signal to regions of high {Clanear

opened so that their €& flux could be better discriminated  the channel. Using fluo-4 dextran, sparklets showed peak

on a low background of resting [8]; and because the fluorescence signalsAfF/F) as great as 5. We were also
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able to image sparklets using Oregon Greerfiy.(1B). high [C&1]. These particles were in constant motion, and
This probe showed a higher resting fluorescence than didproduced transient streaks in linescan images as they crossed
fluo-4, so that fluorescence ratio signals during sparklets hack and forth over the scan line. They were observed mostly
were smaller (caAF/F = 1.7). Nevertheless, the higher in oocytes that had been loaded with fluo-4 >1h before
overall fluorescence of this dye provided brighter signals recording, and could be identified because of their shifting
that, for a given laser power, had a signal-to-noise ration position along the scan line and occurrence regardless of

only slightly inferior to fluo-4.
3.3. Imaging single-channel &4 transients

Fig. 2A illustrates sparklets arising autonomously at
several localized sites in response to a weakdmV)

depolarization that gave a low probability of channel open-

membrane potential.

3.5. Kinetic analysis of sparklets

We next explored the utility of optical recording for
analysis of channel kinetics by imaging several hun-
dred sparklets during weak—@0 mV) polarizing pulses

ing. As with the macroscopic fluorescence signals resulting (Fig. 2B). No spontaneous events were observed at the
from strong depolarizations, sparklets became smaller (butholding potential {60 mV) before or after depolarization,

could still be resolved) when extracellular {23 was low-
ered from 6 to 1.8 mM, and were not observed in control

but local fluorescence signals occurred in an apparently
stochastic manner throughout the voltage pulse. Their

(non-mRNA-injected) oocytes. Successive events at a givendurations (measured at half-maximal amplitude) varied

site were of similar amplitude (except for filtering of brief

widely between<10ms to several hundred milliseconds,

events), but greater variability was seen between sites; pre-and signals often arose as flickering bursts (e.g. second

sumably owing to differing proximity of channels to the
scan line.

As with the macroscopic CGa signals inFig. 1, sparklets
were little changed after applying caffeine (10 mM) to block
IP3 receptors, indicating that they arise solely through influx
of extracellular C&" across the plasma membrane without
further ‘amplification’ by subsequent CICR from intracellu-

trace from top,Fig. 2Bg. The distribution of event dura-
tions Fig. 2Bb was well fitted by a single exponential,
with a time constant of about 28 ms. There was, however,
a fall-off in observations with durations20 ms, likely
reflecting missed brief events that were low-pass filtered
by the optical recording. The latencies of sparklets dur-
ing the depolarizing pulses followed double-exponential

lar stores. Moreover, sparklets were tightly localized to the distributions Fig. 2Bg, suggesting that the probability of
cell membrane such that their amplitude declined abruptly channel opening was maximal immediately after depolar-

when the microscope was focusedx® into the cytosol.

In contrast, IR receptors are clustered more deeply in the
endoplasmic reticulum and generate discretétQalease
events (‘puffs’) that are maximal 4—10n inward from the
surface membrang 3].

3.4. Channel-like artifacts

The voltage-dependent activation of pulsatileCéran-

ization and subsequently declined following two kinetic
components.

To extend these studies to different voltages, we scanned
the oocyte to find regions expressing a low density of
channels (cfFig. 50, where even strong depolarizations
evoked only widely separated sparklets. The distribution of
event durations a#-20mV (Fig. 2Ca and pwas similar
to that at—20 mV, and fit a single exponential with a time
constant of about 34 ms. However, the latencies of event

sients during depolarizing pulses in mRNA-injected oocytes occurrences during the pulse were markedly different be-
provided strong evidence that these signals arose throughween these two voltages. At20 mV sparklets arose with

Cat influx through expressed N-type channels. We also ob-

high probability almost immediately following the onset

served two types of ‘artifactual’ fluorescence transients that of depolarization, and fewer events were observed during
mimicked the sparklets in some respects. However, thesethe remainder of the pulseFig. 2C3. The distribution
could be clearly distinguished, and records containing suchof event latencies thus showed two distinct components
artifacts were rejected before analysis. One signal appearedFig. 2C9, with the relative amplitude of the first, rapidly

to result from C&" influx through an unknown type of

decaying component being much greater than-20 mV.

spontaneously active channel endogenously present in theThis behavior mirrors the kinetics of the macroscopiéCa
oocyte membrane. These transients resembled sparklets isignal shown inFig. 1A and B and presumably reflects
amplitude, durations, and spatial spread, but could be read-voltage-dependent inactivation processes of the N-tyge Ca

ily distinguished because they arose at negativé(( to
—120mV) holding potentials, were seen in control as well

as mRNA-injected oocytes, and reduced in amplitude dur-
ing depolarizing pulses. A second artifact arose from bright,

channels.

Moreover, two patterns of inactivation were apparent dur-
ing depolarization to+20 mV. Different to the characteris-
tics illustrated inFig. 2C other channels showed no, or only

sub-resolution particles, akin to the ‘streakers’ previously a few sparklets following an initial event at the onset of de-

described in skeletal musc]&9], which may arise through
sequestration of indicator within small organelles having

polarization Fig. 2C3, so that the second, slow component
of the latency distribution was very smaki¢. 2Cq. This
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Fig. 2. Optical recording of CG& flux through single voltage-gated channels. (A) Linescan image and corresponding fluorescence profiles illustrating
single-channel events (sparklets). The oocyte expressed N-type voltage-gated channels and was depolasit€dtérer20 mV as indicated by the bars.
Fluorescence profiles were measured fromprdwide regions located as indicated by the arrows. (B) Kinetics of sparklets evoked by depolarization

to —20mV. (a) Traces show representative fluorescence measurements from eight different channels in response to voltage ptf€etofra2d mV,

delivered between the blue lines. (b) Distribution of lifetimes of sparklets (duration at half-maximal amplitude: 794 events in seven oocyikgk The

curve is a single-exponential fit, with time constant as indicated. (c) Corresponding measurements of latencies of all sparklets. The deplsiarizing p
began at 1000ms and ended at 4000 ms. The black curve is a double-exponential fit, with time constants as indicated. (C) Similar records and traces
obtained during depolarizations #20 mV. Data are from 500 channels (seven oocytes) that displayed multiple channel openings during the depolarizing
pulse. (D) Data from other channels £ 334: five oocytes) that displayed rapidly inactivating kinetics.

was not accompanied by any appreciable change in opennels. The fall-off in observations with duratioa20 ms (e.g.

durations Fig. 2Ch. Fig. 2Bb) is, therefore, likely to reflect a failure to resolve
fluorescence signals arising from brief channel openings. Al-
3.6. Factors limiting kinetic resolution though fluorescent indicator dyes track large {0zeleva-

tions with sub-millisecond resolutid0], an ultimate limit
Sparklet durations are, in principle, expected to follow a to the temporal resolution of the optical recordings is set
continuous exponential distribution, reflecting the underly- by the diffusion of C&" and C&*-bound indicator within
ing stochastic variation in open lifetimes of the?Cachan- the finite volume of the confocal spot. Our microscope
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Fig. 3. Kinetic resolution of optical single-channel recording. (A) Trace in (a) shows a single, brief sparklet, recorded at a scan rate of 2ms per line
Traces in (b) are averages of nine longer (>40 ms) sparklets, separately aligned to superimpose their rising and falling phases. Exponertted curves fi
to the rising and falling phases have respective time constants of 4 and 10ms. (B) Processing to improve the kinetic resolution of optical reéhgle-chan
records. Traces show: (a) ‘raw’ fluorescence record displaying several sparklets at a single site; (b) estimated accumulation of intrd¢eladalti6g

from the events in trace a, modeled as a ‘leaky integrator’ with a time constant of 600 ms; (c) fluorescence trace correctédaruBailation by
subtracting trace b from trace a; (d) partial correction for low-pass filtering, obtained by summing trace ¢ with its first derivative, using aallgmpiric
derived scaling factor with negative derivatives weighted 2.5-times greater than positive derivatives.

provides diffraction-limited optical performance<Q.1fl 3.7. Optical versus electrophysiological recording
confocal spot volumgl5]), and is able to scan at rates as
fast as 2ms per line. In favorable cases, where we presume The introduction of a new optical approach to moni-
the laser scan fell directly on a channel, we could resolve tor channel function requires that it be validated against
‘square’ events with durations10ms, and rise and fall  well-established electrophysiological measures. Our experi-
times of ~4ms Fig. 3Ag. The filtering of events shorter mental system (inverted microscopy of large, opaque oocyte
than 20ms inFig. 2B-D is, therefore, sub-optimal, and cells) did not allow us to obtain simultaneous patch-clamp
likely resulted both from use of a slower (8 ms per line) scan and optical records from a given channel as achieved by
rate in those experiments and inclusion of non-focal events. others [10-12] Instead, we obtained parallel whole-cell
Although brief events showed roughly symmetrical rise and single-channel currents from other oocytes expressing
and fall times, the decay of fluorescence at the end of longerN-type C&* channels, utilizing B& as the charge car-
sparklets was slower than the rise (respective time constantgier [14] both to enhance the single-channel current and to
about 4 and 10 msEig. 3Ab), probably because the greater minimize activation of C&f-dependent Cl channels.
accumulation of C& around the channel was slower to dis- Fig. 4A shows whole-cell inward Bd currents in
sipate. This latter factor also introduced a further distortion response to voltage-clamp depolarizations 420 and
in the record, in that the basal fluorescence showed a slow—20 mV. These may be compared with traces of meaitCa
rise throughout several hundred milliseconds during bursts flux, derived from optical single-channel recordsg; 4B)

of sparklets Fig. 3B9. by averaging baseline-corrected sparklet records like those
These limitations could be partially corrected by empiri- in Fig. 2Ba and CaThere is a close correspondence between
cal post-processing of fluorescence measuremeigs3b). the electrophysiological and optical measures. In both cases

First, the accumulation of G& during successive sparklets a marked inactivation of divalent cation influx is apparent at
was simulated by treating the cytosol as a leaky integrator +20 mV, whereas influx declines only slightly a20 mV.

with a time constant of 600 ms. Subtraction of the result- A more detailled comparison was obtained from
ing trace Fig. 3Bb from the ‘raw’ fluorescence record then patch-clamp recording of single N-type channels in
yielded a baseline-corrected signkig. 3Bg. Finally, this cell-attached patche§ig. 4C0). Using 110 mM B&* as the

was processed using a high-frequency boost function, with charge carrier, the single-channel current wa&5 pA at
asymmetrical weighting for positive- and negative-going sig- —20mV. We were unable to resolve individual openings
nals, to compensate for the low-pass filtering of the optical (noise threshold-0.2 pA) with 6 mM C&* as used for flu-
system Fig. 3Bd). orescence imaging. Measurements of mean channel open
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Fig. 4. Comparison of channel kinetics obtained by optical and electrophysiological recordings. (A) Whole%teltuBeents, recorded in an oocyte
expressing N-type G4 channels in response to depolarization frem80 to +20mV (eft) and —20mV (ight). (B) Measurements of kinetics of

mean C&" influx during depolarizing pulses, obtained from optical records like thoskign 2B and Cby averaging traces of sparklet occurrence.

(C) Patch-clamp recordings of N-type €achannels expressed ienopusoocytes. The pipette contained 110 mM2Baand the patch potential was

stepped from—60 to +20mV (eft) and —20 mV (right). Single-channel openings (downward deflections, corresponding to inward membrane currents)
were activated during polarization. (D) Mean channel open probabitgy &s a function of time during depolarizing pulses, derived by averaging traces

(n = 37) like those in panel C. (E) Distribution of channel open times obtained from patch-clamp da0atV, recorded with 500 Hz bandwidth.

Data are fitted by a single exponential, with time constant of 11.45ms. (F) Re-analysis of the same patch-clamp recordings after excluding closings
shorter than 20 ms, so as to simulate the low-pass filtering of optical recordings. The exponential curve has a time constant of 28 ms.

probability (P,), derived by summing single-channel traces, ings <20 ms yielded an exponential distribution of apparent
showed kinetics that were again similar to optical measure- open times (open barBjg. 4F with a time constant (27 ms)
ments. That is to say, prominent inactivation was apparentclosely matching that derived from sparklets.
at +20 mV, wherea$, was more sustained, but smaller at
—20mV (Fig. 4D). 3.8. Spatial spread and signal mass of sparklets

A discrepancy was, however, apparent in measurements
of channel open durations. Patch-clamp records showed an The spatial spread of fluorescence (full-width at
excess of brief openings as compared to fluorescence recordhalf-maximal amplitude: FWHM) during sparklets was
ings, and the distribution of open times followed a single tightly restricted (0.55%m during brief events and 0.{2m
exponential with a mean of 11.5ms a0mV (Fig. 4B at the end of long opening$iig. 5A), and little greater
versus 28 ms derived from unprocessed sparkiéts 2Bb). than the point-spread function of the microscop® 8um)
Failure to resolve brief openings in the optical records would [15], indicating that C&" remains restricted to within a few
not account for this difference, because fitting to the sparklet hundred nanometers. This tight localization of fluorescence
data excluded events25 ms. Instead, the discrepancy prob- permitted independent resolution of signals from channels
ably arose because the lower bandwidth of the optical record-spaced as close as 800 nFid. 5B).
ings attenuated brief closings during bursts of openings, so  An approximate measure of the amount of€involved
that measurements of sparklet durations reflected that ofin an elementary Cd signal can be obtained from its sig-
the bursts, rather than their constituent openings. In agree-nal masg19,21] defined as the volume integral &fF/F
ment, re-analysis of the patch-clamp data excluding clos- and calculated as mass peak AF/F x 0.6 x FWHM?,
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Fig. 5. Spatial aspects of sparklets. (A) Linescan images illustrate examples of brief and long sparklets. Plots show the spatial spread afefluorescen
signal measured at the end of similar brié#ft) and prolongedr{ght) sparklets. Data are normalized mean intensity profiles, averaged from six brief
(<10ms) events and six long (>50 ms) events. Red curves are Gaussian fits, with respective widths (FWHM) of 0.56 jamd (@Y Resolution of

discrete channels separated by less tham1The linescan image shows events arising at three sites (colored arrows), evoked by polarizatie@rom

to —20mV as indicated by the step. Traces show corresponding fluorescence measurements at these sites as functions of time (lower) and distance alo
the scan linerfght). (C) Patchy variation in macroscopic density of channels in the oocyte membrane. The images show lin€seign@ks recorded

at three different locations about 2@én apart in the same oocyte. The scans were focused at the plasma membrane, and the oocyte was stimulated by
a 500 ms pulse from-60 to +20mV. (D) Microscopic mapping of individual channels. Successive images (examples shown in the upper panels, with
sparklets marked by arrows) were recorded at 30s intervals as the laser lipm (@5g) was moved in increments of 1.25 along they axis, so as

to scan a 2%m x 25um region of the membrane. At eaghposition, sparklets were evoked by a 3s pulse+&0) mV, and theix-y coordinates were

plotted to generate the map of channel locations shown in the lower panel.

assuming hemispherical distribution of &afrom a point

distribution, with functional N-type G& channels concen-

source in a planar membrane. For this purpose, we uti- trated within regions a few tens of micrometers across while

lized linescan images obtained using Oregon Green-1 asneighboring regions of the membrane appeared almost de-
the indicator, as we had previously calibrated signal massVoid of channels Kig. 5C. To demonstrate the capability

with this dye in terms of moles of @& (a signal mass
of 1umd is equivalent to roughly 2 10~?°mol C&™,

or a C&" current of 4pA for 1 ms)21]. Measurements
of brief (10-20ms half-duration) sparklets imaged with
Oregon Green-1 showed a mean signal mass.bd¥ &
0.019m?3, corresponding to an underlying €acurrent of
0.0374+ 0.017 pA.

3.9. Mapping single C& channels

At a coarse scale, imaging of macroscopi@Caignals

for sub-micrometer mapping of individual channels, we se-
lected a low density region, and applied strong depolariza-
tions so that all channels would be likely to open at least
once during each trial. The coordinates of channels were
located by identifying the positions of sparklets along the
scan line, as marked by the arrowheads next to the linescan
images inFig. 5D. This procedure was then repeated as the
scan line was stepped in increments of 1u®% along the

y axis, so as to build up a two-dimensional map of chan-
nel locations within a 2p.m x 25um region of the oocyte
membrane (lower panekig. 5D). The mean density de-

evoked by strong depolarizations revealed a ‘patchy’ spatial fived in this way was about 1 channelfl0; but this var-
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ied considerably within the mapped region and was as high single C&* ion passing through a channel contributes only
as 1 channel/gm? in some areas. two electron charges to the single-channel current, but an
indicator molecule that binds €a can emit as many as
10° photons/ms with saturating excitation. In practice this
4. Discussion sensitivity cannot be fully realized, as only a fraction of en-
tering C&" ions will bind to the indicator, and only a small
The patch-clamp technique has been a mainstay of bio-fraction of the emitted photons are captured and detected by
physical research on channel function for over 25 years. Nev-the confocal microscope. Nevertheless, we obtained good
ertheless, patch-clamp recordings suffer some limitations. resolution of sparklets with near-physiological concentra-
Our object in this paper is to demonstrate the potential of tions of extracellular C& (6 mM), whereas patch-clamp
optical imaging as a practicable alternative, offering com- recordings almost invariably employ high concentrations of
plementary advantages to electrophysiological measures ofmore permeant B4 ions to enhance the single-channel
single-channel functioning. current.
We used theXenopusoocyte as a model cell system
to express voltage-gated N-type Zachannels, and used 4.2. Limitations and prospects for improvements
high-resolution confocal microscopy to image localized,
pulse-like fluorescence signals (sparklets) close to the cell The temporal resolution of channel openings in our ex-
membrane in response to membrane depolarizations. Sevperiments was at best about 10 ms. This is sufficient to pro-
eral lines of evidence, presented above, indicate that thevide useful information, but is an order of magnitude less
sparklets almost certainly arose as a result of'Caflux than achieved by patch-clamp recording, and inadequate
through individual C&" channels. In particular, sparklets for a detailed kinetic characterization of channel gating. Al-
were seen only in oocytes expressing N-type channels,though indicator dyes can track largeM) Ca?* transients
they displayed unitary amplitudes and stochastic kinetics with sub-millisecond resolutiof20], a main limiting factor
characteristic of single-channel behavior, they arose au-appears to be the diffusional spread of?Cawithin the
tonomously at discrete and well-separated sites, and theirvolume sampled by the confocal spot. Precipitou$'Ggra-
voltage-dependence and kinetics corresponded with elec-dients (microdomains) exist around an operf Cahannel,
trophysiological measures of N-type channels. Moreover, such that concentrations >10M are likely at the channel
it is unlikely that the sparklets reflected activity of clus- mouth, but fall to<1pM at distances of only aboutdm
tered C&" channels rather than individual channels. The [23,24] Further, although [C&] at the channel mouth al-
magnitude of fluorescence signals was consistent with themost instantly tracks the opening and closing of the channel,
expected single-channel current, and we did not observethe concentration changes slow quadratically as a function
double- or triple-size events as might be expected if multiple of distance from the channel mouth. Attempts to speed the

channels were active at a given locus. kinetic resolution, therefore, will hinge on more closely lo-
calizing the fluorescence signal. Incremental improvements
4.1. Advantages of optical single-channel imaging may be possible by using lower affinity indicators to signal

only the peak of the G4 microdomain, and by applying

Optical imaging is inherently less invasive than patch- algorithms to correct for local accumulation and dissipation
clamp recording, as there is no need for physical access ofof C&* ions in the cytosol (cfFig. 3B). A fundamental lim-
a patch pipette, and mechanical disturbance to the meme-itation, however, is that the size of the confocal spot is set by
brane and cytoskeleton associated with seal formation arethe laws of optics, and cannot readily be reduced. Instead,
avoided. Thus, it has the potential to monitor single-channel different techniques that more closely localize measure-
activity under physiological conditions from cells within in- ments to the channel mouth hold greater potential—for ex-
tact tissues, and from organelles within a cell. Perhaps theample, the application of optical techniques, such as evanes-
greatest advantage arises, however, from the spatial infor-cent wave microscopf25] or near-field recording26], to
mation provided by imaging. Currents arising from multiple provide an even thinner optical section, or by using Ca-
channels within a membrane patch are hard to disentangledicators targeted to the cell membrane or specific channels.
and, although it is possible to achieve spatial mapping by The ability to record large fluorescent signals from the
successively patching a cellular region with multiple patch tiny amount of C&t passing through a single-channel hinges
pipettes[22], this is exceptionally laborious and provides on the availability of highly sensitive and selective’Ca
only a coarse localization. In contrast, the ability of imaging indicators[4], coupled with the very low basal cytosolic
to provide independent readout from multiple channels and [Ca?*] (ca. 50 nM) of resting cells. Recording of the flux
map their positions with sub-micrometer resolution is likely of other ions (Na&, K+, CI7) through individual channels
to facilitate studies of processes, such as channel clusterings, therefore, likely to be less practicable. Nonetheless, nu-
and diffusional mobility. merous voltage- and ligand-gated channels display apprecia-

In principle, optical recording also provides an inherently ble C&+ permeability and should thus be amenable to this
greater amplification than does patch-clamp recording. A technique. For example, we have been able to recofd Ca
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