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Voltage-sensitive Potassium Channels in Drosophila Photoreceptors

R. C. Hardie

Cambridge University, Department of Zoology, Cambridge CB2 3EdJ, United Kingdom

A preparation of dissociated Drosophila ommatidia is de-
scribed that allows single-channel and whole-cell patch-
clamp analysis of currents in identified sensory neurons.
Three distinct classes of voltage-sensitive potassium con-
ductances are characterized; all were detected in distal parts
of ommatidia from sevenless mutants and hence in one cell
class (R1-6 photoreceptors). Rapidly inactivating A-chan-
nels (/,), coded by the Shaker gene, were isolated in mui-
tichannel patches from adult flies. While showing similar
kinetics to muscle A-channels, they differ from previously
characterized wild-type Shaker channels in having a much
more negative voltage operating range, being half-inacti-
vated at =~ —70 mV. Two delayed rectifier conductances were
characterized in whole-cell recordings from pupal photore-
ceptors. The most commonly encountered class (/,) is sim-
ilar to previously reported delayed rectifier conductances in
Drosophila. It inactivates slowly (time constant, =500 msec)
and is half-inactivated at ~—40 mV. A more rapidly inacti-
vating delayed rectifier (/) was detected in ~30% of cells;
itis half-inactivated at =~ —80 mV. Both /, and i, are blocked
by 100 um quinidine. Neither are greatly affected by 4-ami-
nopyridine, which blocks /, at 1-5 mm. None of the three
conductances was calcium dependent, nor were they ob-
viously affected by the eag mutation, which affects K chan-
nels in muscle. The developmental profile of the channels
is the inverse of that described in muscle. Both /, and i,
are present at the earliest pupal stages examined (=60 hr),
but I, was only first detected at =76 hr. This novel prepa-
ration will not only facilitate the molecular and genetic anal-
ysis of native ion channels in identified cells but, because
of our extensive knowledge of photoreceptor function, will
allow a critical functional evaluation of channel properties
in situ.

Potassium channels are generally considered to represent the
most diverse of the ion channel families (reviews: Hille, 1984,
Rudy, 1988). It is now possible to explore both the biophysics
and the molecular biology of specific potassium channels in a
number of in vivo and in vitro systems; however, the advantages
of the molecular genetic approach have made Drosophila one
of the most favored preparations (reviews: Salkoff, 1983; Ga-
netzky and Wu, 1985; Salkoff and Tanouye, 1986; Papazian et

Received Feb. 19, 1991; revised May 2, 1991; accepted May 13, 1991.
This research was supported by grants from the S.E.R.C. and the Royal Society.
1 thank Prof. O. Pongs (Bochum), Drs. A. Tomlinson and B. Ganetzky for stocks
of mutants, Dr. R. Drysdale for discussing unpublished data, and Drs. S. Laughlin,
C. Leech, and D. Skingsley for helpful comments on the manuscript.
Correspondence should be addressed to R. C. Hardie, Cambridge University,
Department of Zoology, Downing Street, Cambridge CB2 3EJ, United Kingdom.

Copyright © 1991 Society for Neuroscience 0270-6474/91/113079-17$05.00/0

al., 1988). A conspicuous success has been the cloning and ex-
pression of the first K channel gene, Shaker (Baumann et al.,
1987; Kamb et al., 1987; Papazian et al., 1987; Tempel et al.,
1987), which has been shown to be responsible for a rapidly
inactivating A-current in muscle (Salkoff and Wyman, 1981b;
Wu and Haugland, 1985). With the cloning of the gene came
the discovery that the Shaker locus potentially coded for a va-
riety of K channels by mechanisms of alternative splicing (Iver-
son et al., 1988; Kamb et al., 1988; Pongs et al., 1988; Schwarz
et al., 1988; Timpe et al., 1988) and heteromultimeric combi-
nations (Isacoff et al., 1990; McCormack et al., 1990). Subse-
quently, a number of related genes (Shal, Shab, and Shaw) were
isolated by homology (Butler et al., 1989) and shown in oocyte
expression studies to code for yet further potassium channels
with a range of functional properties (Wei et al., 1990).

Despite this molecular palette and substantial evidence in-
dicating the presence of Shaker gene products in the Drosophila
nervous system (Tanouye et al., 1981; Wu et al., 1983a; Pongs
et al., 1988; Schwarz et al., 1990), little progress has been made
in identifying particular molecular species of potassium chan-
nels /n situ. The lack of mutants has thus far hindered the iden-
tification of native Shal, Shab, and Shaw channels, and until
recently the only native Shaker channel to have been charac-
terized was the A-channel in muscle. While it is possible to
patch-clamp dissociated and cultured Drosophila neurons, most
of the K channels described are apparently not coded by the
Shaker gene (e.g., Solc and Aldrich, 1988), although Baker and
Salkoff (1990) have presented statistical arguments indicating
that a subset of CNS cell bodies expresses Shaker channels. One
reason for the lack of progress may be that, apart from the muscle
preparations, previous patch-clamp studies in Drosophila have
relied upon unidentified neurons extracted from entire brains
or ganglia (e.g., Wu et al., 1983b; Byerly and Leung, 1988; Solc
and Aldrich, 1988; Baker and Salkoff, 1990). Not surprisingly,
therefore, cells exhibit a heterogeneity of conductance mecha-
nisms that hinders a more detailed analysis.

Arguably the most thoroughly studied cell type in Drosophila
from a molecular genetic point of view are the photoreceptors
(reviews: Pak, 1979, 1991; Selinger and Minke, 1988). A number
of electrophysiological studies have also been performed on
these cells (e.g., Wu and Pak, 1975; Johnson and Pak, 1986),
but previous investigations, employing conventional intracel-
lular and extracellular recording techniques, have not allowed
the analysis of specific conductance mechanisms. Recently, a
preparation of dissociated ommatidia from the Drosophila ret-
ina has been developed (Hardie et al., 1991), in which the pho-
toreceptors prove amenable to both single-channel and whole-
cell recordings. The present article describes three dominant
voltage-sensitive potassium conductances found in this prepa-
ration. These include a rapidly inactivating A-current, coded
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for by the Shaker locus (Hardie et al., 1991), and two classes of
delayed rectifier-type conductances that differ in their voltage
dependency and rate of inactivation. By approprniate procedures,
each current can be voltage-clamped in virtually complete iso-
lation. As we already have shown for the case of A-channels
coded by the Shaker gene (Hardie et al., 1991), the preparation
is also suitable for detailed molecular and genetic analysis.

Some of the properties of the Shaker A-channels described
in this article have been reported in brief previously (Hardie et
al., 1991).

Materials and Methods

Fly stocks

The wild-type strain was Oregon R. Two mutations of the Shaker locus
were used to eliminate the fast A-current: SA%$/#| a mis-sense mutation
in the core region of the Shaker locus (Lichtinghagen et al., 1990), and
Sh&s2 3 chromosomal rearrangement in the Shaker region (Schwarz et
al., 1988). Neither mutant produces functional A-channels.

Currents were also recorded from eag mutants in which both delayed
rectifier current and A-currents are affected in larval muscle (Wu et al.,
1983a). The allele used was In(1) sc’*, wa; while not previously examined
in voltage clamp, the allele involves an inversion with the breakpoint
within the eag locus and is almost certainly null (Drysdale et al., 1991).
To exclude the possibility that any of the currents investigated were
restricted to photoreceptors other than R1-6, a number of experiments
were performed on sevenless flies, which lack photoreceptor class R7
(Harris et al., 1976). The protein-negative allele sev? was used. Pupal
stages were determined according to the criteria of Bainbridge and Bownes
(1981).

Preparation

Adult or pupal Drosophila ommatidia were prepared as described pre-
viously (Hardie et al., 1991). Briefly, retinas were rapidly dissected in
normal Ringer’s solution, transferred to Ringer’s solution supplemented
with 10% fetal calf serum (FCS Ringer), and gently triturated with an
unsiliconized glass pipette fire polished to a diameter of =~ 100150 gm.
During the dissociation procedure, which requires no enzyme treatment,
the surrounding pigment cells disintegrate, exposing the photoreceptor
membrane that forms giga-seals with a success rate approaching 100%.
The procedure also results in the ommatidia breaking offat the basement
membrane; thus, the photoreceptors lack their axon terminals. Om-
matidia were used immediately or stored in FCS Ringer for several
hours at 4°C.

Electrophysiology. Aliquots (=10 ul) of ommatidia were allowed to
settle in a small chamber, the bottom of which is formed by a clean
coverslip, on the stage of a Nikon TMS inverted microscope. Recordings
were made at (21 + 1)°C, with patch pipettes pulled from borosilicate
glass (fiber filled) with resistances of 3-5 MQ for whole-cell recordings,
or 6-12 MQ for isolated patches. Junction potentials were nulled just
prior to seal formation and corrected according to Fenwick et al. (1982a).
Whole-cell recordings and isolated inside-out patches were achieved
using standard techniques (Hamill et al., 1981; Hardie, 1989; Hardie
et al., 1991).

Signals were amplified using an Axopaich-1B (Axon Instruments)
patch-clamp amplifier, filtered via an 8-pole Bessel filter, and either
sampled on line or digitized on a PCM video recording system at 20
kHz for later analysis. Data were sampled and analyzed using pcLAMP
5.5 software (Axon Instruments) on an IBM AT computer.

Clamp quality. The A-current was analyzed in multichannel cell-
attached or inside-out patches from adult photoreceptors. Seal resis-
tances were typically greater than 10 G, and with appropriate correc-
tions for junction potential, patch voltages should not deviate significantly
from nominal values within the bandwidth of the recording (2-5 kHz).
On-line leak subtraction was used routinely, presenting scaled, inverted
templates below activation threshold (—100 mV) in between each av-
eraging cycle.

In whole-cell recordings, series resistances were judged from the series
resistance control of the amplifier and repeatedly monitored during the
recording; values were typically in the range 6-25 MQ. Quantitative
whole-cell analysis was only performed on photoreceptors from pupae.
With input resistances in the range 100-2000 MQ and maximum cur-

rents usually less than 2 nA, series resistance errors (series resistance X
total current flowing) could be kept to acceptable levels (<5 mV) using
between 65% and 80% series compensation. Even these small series
resistance errors were calculated, and appropriate corrections were ap-
plied to all data. Leak subtraction was applied by a variety of means:
on line (as above), electronically, off line by subtraction of scaled tem-
plates to voltage protocols outside the activation range of any voltage-
sensitive currents.

A photoreceptor with an input resistance of 250 M (toward the lower
end of measured values), diameter of 5 um, and length of 80 um (typical
length of a p14 ommatidium) should have a length constant of 627 um
(assuming an internal resistivity of 100 Q-cm and neglecting external
resistivity). This should ensure a reasonable space clamp, and with
higher input resistances the situation is even more favorable.

Solutions. Standard Ringer used for the bath in most experiments
was composed of (in mm) 195 NaCl, 5§ KCl, 1.8 CaCl,, 4 MgCl,, and
10 N-Tris-(hydroxymethyl)-methyl-2-amino-ethanesulphonic acid
(TES). This solution was also used in the pipette for some inside-out
and cell-attached patch recordings, but many measurements were made
with a high-K Ringer (50-200 mm KCl, 150-0 mm NaCl; otherwise
identical). The intracellular solution for electrodes in most whole-cell
recording consisted of (in mm) 200 KCl, 5 EGTA, 4 MgCl,, 2 ATP, 10
TES, and 0.5 mm Ca, resulting in a free-Ca concentration of =10-3 m,
and 2 mM free Mg (junction potential with respect to normal bath Ringer,
—3 mV). A similar solution (but without ATP or EGTA, and no added
Ca) was also used for perfusing inside-out patches. The pH of all so-
lutions was buffered to pH 7.15.

Results

Basic electrical properties of dissociated ommatidia
Quantitative analysis of whole-cell currents was performed on
pupal photoreceptors from late stage p8 (corresponding to =60
hr development at 25°C) to pl5 (the final pupal stage, 95-100
hr). Input resistances of these cells varied between 100 and 2500
MQ. The earlier stages tend to have higher input resistances;
however, even pl5 photoreceptors often have resistances of at
least 500 MQ. As described in Materials and Methods, mem-
brane resistances of 250 MQ and above should ensure an ade-
quate space clamp. Resting potentials, corrected for a typical
seal resistance of 5-10 G, were relatively low (mean, —37 =+
9 mV; n = 53), suggesting the presence of a substantial chioride
or nonselective cation leak conductance (recordings were made
with chloride symmetrically distributed and under conditions
where the light-activated conductance might be expected to be
chronically activated). Cell capacitance increases with age from
=3 pF at stage p8 to =30 pF at stage pl5. This increase in
capacitance is attributable both to an increase in photoreceptor
length from =20 um to 100 um and to the development of the
microvilli that probably account for at least 90% of the mem-
brane area in adult photoreceptors (e.g., Hardie, 1985; Johnson
and Pak, 1986).

It is also possible to make whole-cell recordings from adult
wild-type photoreceptors; however, the relatively low input re-
sistances (between 50 and 100 MQ) and large currents (several
nanoamperes) prevent accurate voltage control. Nevertheless,
clamp quality is sufficient to give a good qualitative indication
of the voltage-sensitive currents present and confirms the pres-
ence of similar conductances in adult flies.

When late stage (pl4/15) pupal ommatidia are dissociated
and recorded from in dim red light, the photoreceptors typically
have deeper resting potentials (—54 + 5 mV; n = 20) that are
similar to those recorded in “healthy” photoreceptors in situ
(Johnson and Pak, 1986; S. B. Laughlin, unpublished obser-
vations). The cells also often produce responses to light (Fig.
1¢), but this light-activated current usually runs down within a
few minutes, even when Mg-ATP and GTP are included in the
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Dissociated ommatidia and whole-cell light responses. a, Photomicrograph of dissociated ommatidium from late-stage (pl5) pupal

compound eye. Indications of the rhabdomeres may be discerned along the length: scale bar, 20 um. b, Cutaway schematic of ommatidial construction
consisting of eight photoreceptors (RI-6, R7, and R8). Visual pigment is contained within the rhabdomeres, light-guiding rod-like structures formed
by microvillar extensions within the lumen. The pigment cell sheath (PC) is removed by the dissociation procedure allowing access to the
photoreceptor membrane; however, notice that only the external surface of each photoreceptor is readily accessible to patch electrodes. ¢, Whole-
cell voltage-clamped recording of inward currents induced by light flashes from a green light-emitting diode (three flashes, 1.2 sec, increasing
intensities). Most of the noise is due to random absorption of light quanta, although some of the smaller fluctuations may even represent single
channels. Holding potential, —60 mV. Wild-type pupal ommatidium (p15). Electrode contained 0.15 mm EGTA, 2 mm Mg-ATP, 0.4 mm GTP,

and 195 mm K-gluconate.

whole-cell patch pipette. Since the state of the cells in this respect
made no apparent difference to the voltage-sensitive currents
(with the exception of the voltage dependence of the delayed
rectifier /,,; see below), the majority of whole-cell recordings
were made in normal room light, with 2 mm Mg-ATP but no
GTP in the electrode, whereby the phototransduction machin-
ery is apparently completely run down. Under these conditions,
the photoreceptor resting potential also decays to zero (without
the dialysis afforded by whole-cell recording), as judged by the
fact that the apparent voltage dependence of channels is the
same in the cell-attached configuration and immediately after-
ward in inside-out patches. As described previously (Hardie et
al., 1991), numerous controls indicate that the properties of the
voltage-sensitive potassium currents remain unaltered.

Separation of three outward currents

Whole-cell voltage-clamp recordings of photoreceptors in dis-
sociated ommatidia reveal at least three classes of voltage-de-
pendent outward current (Fig. 2): a rapidly inactivating A-cur-
rent (I,) and two slowly inactivating conductances (I, and /),
which are both referred to here as delayed rectifier—type currents.
In addition there is a maintained component to the whole-cell
current that may represent yet a further class of noninactivating
voltage-sensitive potassium channel.

Several means were used to separate the currents, including
the use of mutants, differences in the steady-state inactivation
characteristics, pharmacological intervention, and the spatial
segregation of channels. From holding potentials more positive
than —60 mV, only the most slowly inactivating current (/y,)

is recruited, while the other two can also be observed with
prepulses more negative than —70 mV (Fig. 2a,b). The most
rapidly inactivating current (/,) is coded for by the Shaker locus
(Hardie et al., 1991) and is absent in Shaker mutants (e.g., Fig.
2b). The more rapidly inactivating delayed rectifier (/i) was
often completely absent, allowing J, to be analyzed in isolation
(e.g., Fig. 2¢). I, can be isolated by subtraction (e.g., see Figs.
9b, 12b). In addition, in a minority of recordings, I, was the
only current obviously present (e.g., see Fig. 12¢). Both Iy, and
I, were expressed at the earliest pupal stages examined (late p8
= =60 hr) and were investigated in whole-cell recordings from
pupae. At later pupal stages (pl1-pl5) only Shaker mutants
(Shxs133 and Sh*s2) were used for this purpose.

As described previously (Hardie et al., 1991), A-channels,
coded by the Shaker gene, were isolated by making use of the
finding that, in the majority of cell-attached and inside-out
patches, the A-channels are the only voltage-sensitive channels
present. Furthermore, the channels are expressed at a conspic-
uously high density so that reliable macroscopic currents can
be synthesized from averaging only a relatively small number
(8-32) of voltage protocols. By contrast, other voltage-sensitive
channels (possibly corresponding to the delayed rectifier con-
ductance) were observed in less than 5% of patches, and in
Shaker mutants, the majority of patches contained no voltage-
sensitive channels at all. In the dissociated ommatidia, only the
external surfaces of the photoreceptors are accessible to the patch
electrode (Fig. 1). Since in whole-cell recordings the contribu-
tions of the A-current and the two more slowly inactivating
currents are approximately equal in magnitude (e.g., Fig. 2a),
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Figure 2. Three classes of outward current in Drosophila photorecep-
tors. Whole-cell recordings from pupal ommatidia demonstrating at
least three major components of outward current. The same protocol
of hyperpolarizing prepuises (800 msec, —10 to —110 mV in 10 mV
steps) has been used throughout. 4, Increasing hyperpolarizing prepulses
elicit first /., and then I, and Iy, (sevenless, pl 4 ommatidium). b, Similar
protocol in an Sh*%2 fly (p11) more clearly reveals the second delayed
rectifier component (I,) with more hyperpolarized prepulses. Notice
that this component shows significant inactivation on this time scale.
¢, In another fly (Sh*#2, p9), only I, is present, showing no inactivation
on this time scale.

this observation strongly suggests a spatial segregation of the
three types of channel, with the non-Shaker (delayed rectifier)
channels presumably concentrated on the inaccessible lumen
surface of the photoreceptor (Fig. 1). I, can also be studied in

relative isolation in whole-cell recordings of later-stage pupae
(pl1-pl5) at voltages below —30 mV or in the presence of 100
uM quinidine, which blocks =~90% of the delayed rectifier cur-
rents (see below).

The outward currents are voltage-dependent potassium
conductances

The reversal potentials of the outward currents were clearly
potassium dependent (Fig. 3), I,, reversing at —90 mV in
“physiological” solutions (195 mM K /S mM K, E, = =91 mV)
and following the Nernst slope for potassium ions over the entire
range measured. Reversal potentials shifted to near F, almost
immediately (within seconds) following solution changes. As-
suming the I, channels are concentrated on the photoreceptor’s
lumen surface (see above), this finding indicates that the lumen
has free access to the bath solution. The reversal potential of
I ,was not determined in isolation; however, reversal potentials
measured in cells showing both Iy, and I, were not significantly
different from those expressing I, alone. With respect to I,,
apart from the two data points in Figure 3, in two of the most
commonly used configurations, currents were inward with 200
mM K,/5 mm K, and outward with 5 mm K,/200 mm K, but
In neither case was it possible to detect reversed currents (re-
versal potential beyond +70 mV).

None of the three currents showed any obvious dependence
upon Ca?* ions. The behavior of A-channels in inside-out patch-
es was apparently the same whether perfused with 10 nm or 1.8
mwm Ca?*. Both delayed rectifier currents were routinely recorded
in the whole-cell configuration using 5 mm EGTA and free Ca?*
buffered to =10 nM Ca?* in the pipette and 1.8 mm Ca?* in the
bath. In control experiments using only 150 um EGTA (no added
Ca) in the pipette and either high (20 mm) Ca?* (plus 4 mm Mg)
or 0 Ca** (0.5 mMm EGTA, no added Ca and 14 mMm Mg to
stabilize the membrane) in the bath, no systematic differences
were observed in either current, beyond slight shifts (<10 mV)
in voltage operating range attributable to surface charge. No
voltage-sensitive inward currents were detected in these cells.

The A-current

General features. The photoreceptor A-current (1,) closely re-
sembles its counterpart in muscle; however, it differs in having
a markedly more negative voltage operating range (Hardie et
al., 1991). In inside-out patches, threshold for activation is around
—90 mV, and in order to remove inactivation completely, mea-
surements must be made from holding potentials of at least
—100 mV. Averaged channel openings recorded with normal
potassium concentrations reveal the typical rapid activation and
inactivation kinetics of this channel (Fig. 4). As previously re-
ported (Hardie et al., 1991), a run-down phenomenon of the
current measured in patches is a progressive decrease in the
amount and rate of inactivation. However, the maximum cur-
rent that can be elicited is often very stable even in inside-out
patches exposed to normal bath Ringer. Many patch-clamp
measurements were performed using high (200 mm) K in the
electrode in either the cell-attached or inside-out configuration
(e.g., Fig. 4¢). In this situation, when currents are inward at most
voltages used, voltage dependence and macroscopic activation
and inactivation rates are unaltered; however, the degree of
inactivation is less.
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Figure 3. Reversal potentials as a
function of extracellular K concentra-
tion. Squares, reversal potentials mea-
sured from instantaneous /- curves of
tail currents in whole-cell recordings of
I, (e.g., left inset with “physiological”
5 mMK,, tail currents between 60 and
—110 mV). Open circles, reversal po-
tentials for /, determined from aver-
aged channel openings in multichannel
patches (e.g., right inset with symmet-
rical 200 mm K,,, —10, 0, +10, +20
mV). K, was 200 mM in every case. Sol-
id line, Nernst slope for potassium ions.
Data points are averaged from between

5 pA
2 ms

+20
-10

?

-100

| LI B O ¢ Y T T

Ko (mM)

Voltage dependence of activation. The voltage activation curve
could only be accurately measured using elevated extracellular
potassium, since threshold is near the normal reversal potential,
and because tail currents cannot be reliably detected using low
extracellular potassium. The fraction of the conductance acti-
vated by a given voltage was measured both from instantaneous
tail currents and from chord conductances (g) calculated from
the peak currents when the patches were exposed to known
(usually symmetrical) K concentrations, using the relationship

g=I/(E—- V). n

In the latter case, the reversal potential (E) was measured di-
rectly for each patch. For instantaneous tail measurements, sin-
gle exponential functions were fit to the tails and extrapolated
back to the time of the voltage step. A correction was then
applied for the amount of inactivation that had occurred during
the activating pulse. Both methods yield similar results, and the
relationship between the fraction of conductance activated (g/
g and voltage (V) is shown in Figure 5, fitted with a Boltz-
mann distribution of the form

8/ 8max = 1711 + exp((Vs, — V)/$)}, ()

where V,, is the voltage at which half the channels are activated,
and s (mV) is a factor determining the slope.

As is typical for A-currents, activation follows a steep sig-
moidal time course indicative of multiple closed states before
channel opening. The kinetics are most simply described by the
time to peak (Fig. 5); although shifted to more negative voltages,
these are in a similar range to those for A-currents reported in
Drosophila muscle (10-20 msec near threshold to near 1.0 msec
with saturating voltages).

The voltage dependence of the channel closing rate was also
measured from tail currents (Fig. 6). Tail current relaxation has
apparently not been previously measured for the Shaker A-cur-
rent but is readily determined in macropatches using high K in
the electrode. The tail currents decay with a single exponential
time course, the time constant of which (r,,) shows a clear volt-

T

LA B S O { 1

100 200

2 and 10 cells/patches. Where error bars
(£SD) are not visible, they are smaller
than the data symbols (except for the
1, data point at 50 mm K, which is
based on two patches only).

age dependency, decreasing from =2 msec at —90 mV to 0.25
msec at —150 mV. The voltage dependence of 7, is well ap-
proximated by a single exponential with an e-fold change per
26 mV. Although relaxation measurements could not be made
beyond —80 or —70 mV because of interaction with channel
activation and inactivation, 7., appears to become voltage in-
dependent above —90 mV (Fig. 6). Furthermore, the mean burst
duration of the channels (which might be expected to equal 7,.,)
is essentially independent of voltage from —90 to +50 mV (see
Fig. 85 and below).

Inactivation. The steady-state inactivation curve is also shift-
ed to similar negative voltages in comparison with the muscle
A-current (Fig. 7). Although the slope of the voltage dependence
(Table 1) corresponds closely with measurements in muscle, V',
(—83 mV in inside-out patches) is some 40-50 mV more neg-
ative than that reported in muscle or in oocyte expression studies
of Shaker channels (Salkoff and Wyman, 1983; Iverson and
Rudy, 1990; Zagotta and Aldrich, 1990).

A number of studies have highlighted differences between
voltage dependence determined in patches as opposed to whole-
cell recordings (e.g., Fenwick et al., 1982b; Fernandez et al.,
1984). Although whole-cell recordings from pupal photorecep-
tors include at least two voltage-sensitive currents, /, can be
studied in relative isolation by making measurements in cells
lacking I, at —30 mV or below, where I, is hardly activated
(e.g., Fig. 7a, right inset): V, values determined in whole-cell
recordings were very consistent (—69 mV), with no difference
being detected between cells that still responded to light and
those in which the light response had run down. Although these
values are =~ 10-15 mV more positive than in patch recordings,
they are still much more negative than values reported from
Shaker channels in muscle or oocyte expression studies, and
coincide with values determined with single-electrode voltage
clamp from photoreceptors in the intact retina (Hardie et al.,
1991; S. B. Laughlin, unpublished observations).

The most significant differences between Shaker channels
coded for by different transcripts in oocyte expression studies
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Figure 4. A-channel ensemble averages. Channel openings from mul-
tichannel cell-attached patches of adult, wild-type photoreceptors. a, A
rare patch with only four or five active channels activated by stepping

concern the rates of inactivation and recovery from inactivation
(Timpe et al., 1988; Iverson and Rudy, 1990). As is also the
case for muscle A-currents, the macroscopic inactivation rate
of photoreceptor I, is very rapid, with a first-order time constant
(Tinac) 0 2—4 msec at 0 mV and above. There was some variability
in this parameter, which probably reflects the tendency for ...
to increase during rundown. Presumably therefore the shorter
time constants are more representative, and in whole-cell re-
cordings the inactivation time constant at 0 mV averages 2.2
msec (£0.3; n = 11). In some patches, at least two exponentials
were required to fit the time course of inactivation; although
this may represent a run-down phenomenon, it should be noted
that most Shaker channels expressed in oocytes also inactivate
with at least two time constants (Iverson and Rudy, 1990).

Although inactivation was almost complete, a small main-
tained component of between 1% and 5% was always observed.
This was measured in patches directly from channel open prob-
ability in the “steady state” some seconds after activation with
“physiological” potassium ion distribution (5§ mm K /200 mm
K)). As already mentioned, for inward currents recorded with
high external K in the patch electrode, residual channel activity
following inactivation was significantly greater with a substan-
tial, voltage-dependent maintained component (=30% at —60
mYV and 15% at 0 mV).

Recovery from inactivation, determined in two pulse exper-
iments, was rapid (time constant, 70-150 msec) and voltage
dependent (Fig. 7b). Only first-order time constants were de-
termined by fitting single exponentials to the data, although
there may be a second slower component (e.g., Wu and Haug-
land, 1985; Iverson and Rudy, 1990). The necessity of signal
averaging many sweeps made the accurate determination of
slower processes impractical in patches. However, in two whole-
cell recordings with negligible contribution from delayed rec-
tifier conductances, the recovery time courses could be well fit
by single exponentials (Fig. 75 inset).

Single-channel analysis. The high density of channels hinders
rigorous single-channel analysis. Nevertheless, it is possible to
extract several important parameters from multichannel patch-
es, including the burst duration and single-channel conductance.

Burst durations were measured from continuous records of
single-channel activity in the steady state. In normal (low K/
high K,) solutions, channels were sampled at 0 and +50 mV
from the 1-5% residual activity following inactivation. In high-
K, solutions, channel activity could be measured very close to
threshold (—95 to —70 mV) when little inactivation had taken
place. As has been reported for A-channels in embryonic myo-
tubes (Zagotta and Aldrich, 1990), the burst duration was es-
sentially independent of voltage, and the distributions could

—

from —100 to +40 mV. The bortom trace is an ensemble average of 16
voltage steps. Maximum open probability is only =0.5 (see scale bar).
“Physiological” K concentrations (200 mm K;/5 mm K,) were used. b,
A family of ensemble averages (n = 20 sweeps) from a patch containing
at least 10 channels. Rapidly inactivating outward currents are produced
from a holding potential of —100 mV; voltage commands in 10 mV
steps from —60 to —10 mV (200 mMm K/5 mm K,). ¢, Cell-attached
patch containing = 100 channels recorded with high K (200 mm) in the
electrode and bath; from a holding potential of — 100 mV, large inward
currents are produced with voltage steps to —80, —60, and —40 mV;
n = 20 sweeps. On-line leak subtraction has been applied to all averages,
using templates below —100 mV between each cycle of the averaging
protocol.
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Figure 5. Activation of A-channels.
Inset, Averaged channel openings from
a multichannel inside-out patch from a
holding potential of —100 mV to —85,
—80, —75, —65, —55, and —45 mV.
High (200 mmM) K was used in the pi-
pette so that currents are inward. On-
line peak subtraction has been applied.
Normalized conductances, estimated
from the tail currents and corrected for
the degree of inactivation (or activa-
tion), are plotted against the voltage
command for four different cells on a
semilog plot (open symbols). The data
have been fit with a Boltzmann distri-
bution (solid curve, Eq. 2) with V,, —64
mYV and slope factor —7.4 mV. Similar
data were also used to extract the time

(sw) yead o1 awn

mV

often be well fit by a single exponential (e.g., Fig. 8a), indicating
the existence of one major open state with no voltage depen-
dence of the closed—open transition above —90 mV (Fig. 8b).
Nevertheless, at more negative potentials the relaxation time
constant shows a clear dependence upon voltage (Fig. 6), indi-
cating that in this range the closing rate constant is indeed volt-
age dependent. Consistent with the observed increase in mac-
TOSCOPIC 7, during rundown, open time distributions determined
several minutes after seal formation often revealed a second,
longer-lived class of openings. Since these recordings were from
multichannel patches, it is not clear whether these represent a
second open state or simply a subpopulation of channels that
have run down.

Single-channel conductances. The single-channel slope con-
ductance was estimated from amplitudes determined at several
voltages using cursor measurements of well resolved openings.
Values for outward currents measured in physiological solutions
(5 mm K,/200 mm K,) were in the range previously reported for
muscle A-channels (9-12 pS). In symmetrical (200 mm K,,)
solutions, the single-channel /- curve shows a marked recti-
fication, with a slope conductance of 19 pS being measured for
reversed (inward) currents (Fig. 8¢c).

Channel density and development. Channel density was quan-
tified from the peaks of the ensemble averages to saturating
voltage protocols assuming a maximum open probability of 0.5
(see Fig. 4) and the appropriate single-channel current (Fig. 8¢).
Patch area was estimated from the capacitance difference de-
termined on embedding the electrode into a Sylgard tool in the
bath (Sakmann and Neher, 1983). Although the large SD (ex-
pected with random channel distribution) renders accurate es-
timates impossible without large samples, it appeared that chan-
nel density increased approximately twofold during the first
week of adult life. In mature (>1 week) wild-type adults, the
average density was 9.3 + 7 channels/um? (n = 51), while for
flies 1-6 d old channel density was 4.6 = 4 channels/um? (n =
34). With an average patch area of 4 + 0.8 um?, this means that
the number of channels per patch in mature flies averages =40,

T y =1 to peak (@), which is plotted as a func-
0 tion of voltage on the same graph. Each

point is the average of between 10 and

20 patches (+SD), except for the points

at - 90 mV{(n=3)and0 mV (n=7).

and patches with over 100 (maximum, 500) were frequently
encountered.

The development of the A-current during pupal life was also
investigated, in this case using whole-cell recordings. This sur-
vey was originally undertaken with the expectation that the
A-current might be isolated at a sufficiently early developmental
stage, as is the case in pupal muscle (Salkoff and Wyman, 1981a,
1983). However, it turns out that in the photoreceptors, the two
delayed rectifier currents develop before the A-current. /, and

2.5 A

2.0 +

7 {ms)
.
1

e-fold/ 26 mV

0.5 4

o
-200 ~100 -50
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Figure 6. Relaxation oftail currents in multichannel patches. The inser
shows averaged channel openings to voltage protocols involving steps
to increasing hyperpolarizations at the peak of the current induced by
a voltage step to —30 mV. Currents were recorded with high (200 mm)
external K so that all currents are inward and were leak subtracted on
line. The relaxation time courses were well fit by single exponentials,
the time constant of which is plotted as function of voltage. The curve
drawn through the points is itself a single exponential with no residual
component and a slope of e-fold/26 mV. Data points (+SD) are averaged
from between 10 and 20 patches.



Figure 7. Voltage and time depen-
dence of removal of inactivation. a:Left
inset, Averaged channel openings from
an inside-out patch at +20 mV follow-
ing 1 sec prepulses between —70 and
—100 mV (5 mV steps). “Physiologi-
cal” K solutions have been used (5 mm
K,, 200 mMK,). Right inset, I, recorded
in whole-cell recording (wild-type pl5
photoreceptor) at —40 mV following
prepulses between —50 and —85 mV
(5 mV steps). The normalized conduc-
tances of two patches (solid symbols)
and three whole cells (open symbols) are
plotted as a function of the prepulse
voltage and fitted with Boltzmann
curves (Eq. 2) of slope 4.2, Vo —79 mV
(patch) and slope 4.9 mV, V,, —69 mV
(whole ceil). b, Recovery from inacti-
vation. The inset shows a whole-cell re-
cording of a photoreceptor in which 7,
dominated the whole-cell current, elic-
ited at 0 mV following prepulses (— 130
mV) of increasing duration (20-140
msec). The curves are single exponential
functions (r = 75, 119, and 150 msec)
fitted to the normalized peak currents
(1/1,,,) following prepulses to three dif-
ferent holding potentials (—130, —110,
and —95 mV). The time constants for
recovery from inactivation () of this
cell are plotted on the main graph as a
function of prepulse potential (circles)
along with averaged data (£SD) col-
lected in a similar manner from five
cell-attached patches (squares).
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Table 1. Properties of voltage-sensitive potassium conductances in Drosophila photoreceptors

Inactivation (mV) Activation (mV)
t-pk (msec) Tinac (INSEC) Vo s Vo s
I, 1.8 £0.3 22+0.3 —69 +£35 4.7+ 0.9 —48 + 7 -9+3
(20) (11) (26) (18) (33) (33)
Iy, 6.8 +2 76 + 50 —81 +4 4.7 +£0.3 —38 -7
(¥) (26) &) ©) 1)) 2
I, 113+ 1.1 442 + 69 -41 £ 3.5 6.8 +0.8 —12 + 6.6 -7.1+22
(11) 2043 £ 330« (19) (28) (12) (12)
)]

All values are presented as means + SD (number of cells in parentheses). Data for the delayed rectifier conductances,
I, and Iy, are from pupal whole-cell recordings. Voltage dependencies (Vs, values) for I, are from dark-adapted cells
that still showed responses to light. Values for I, are from patches from adult photoreceptors except for 7,.,. and
inactivation V, values, which are from pupal whole-cell recordings. In addition, the activation V;, of I, (determined in
patch recordings) has been shifted by +15 mV, that is, the estimated discrepancy between patch and whole-cell recordings
(see Results). Times to peak (z-pk) were measured with near-saturating voltage steps, that is, 0 mV (Jx,and I,) or +20
mV (I,). Inactivation time constants (r,,,.) were all measured at 0 mV. s = slope factor (Eq. 1).

@ For Iy, 7., values were fit with two exponentials, the slower component accounting for 31% (+10%) of the current.
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Figure 8. Single-channel properties of Shaker A-channels. a, Burst
duration distribution histogram for A-channels recorded in a multi-
channel patch at —90 mV with high (200 mm) K,. Bursts have been
defined as groups of openings separated by closed times of less than 1
msec. The distribution has been fit with a single exponential with time
constant 1.45 msec (ignoring the initial low-count bin). Data sampled
at 20 kHz, filtered at 2 kHz. b, Mean burst durations (estimated by
fitting single exponentials to the distributions, as above) plotted as a
function of voltage. There is no obvious dependence of this parameter
on voltage in the measured range (—90 to +50 mV). Measurements are
from 17 patches showing a single major component to the burst duration
distribution, recorded with both high (200 mm) and low (5 mm) K,. In
five of these patches, measurements were made at two holding potentials
(e.g., 0 and 50 mV, —90 and —60 mV), otherwise only at one potential
near threshold. ¢, Single-channel /-V relationship determined with 200
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I, were both observed at the earliest stage examined (late p8
= =60 hr), while I, first became apparent between stages pl1
and pl2 (=75 hr; e.g., see Fig. 15). The maximum A-current
that could be elicited (at 0 mV) developed rapidly from around
100 pA at stage pl1 to more than 4 nA at stage pl15 (>90 hr).

The delayed rectifier currents 1, and 1,,

As described above, both the delayed rectifier currents, 7, and
I, were investigated in whole-cell recordings from dissociated
pupal ommatidia. Most measurements were made using Shaker
mutants (S#%'% and Sh**%¢); however, wild-type pupae were
also used up to stage pl0/11, that is, before I, has developed
to any extent.

In =~30% of recordings from pupal photoreceptors in Shaker
mutants, both delayed rectifier—type conductances were obvi-
ously present, as most clearly seen with an inactivation prepulse
protocol (see Figs. 2b, 9a, 12b). A slowly inactivating current
is recruited following prepulses to between —10 and —60 mV,
and a second, more rapidly inactivating component becomes
apparent with more negative prepulses. The steady-state inac-
tivation curve for such data (Fig. 9a) is well fit by the weighted
sum of two Boltzmann distributions (weighting factor b):

&/8me = 1/{1 + exp((Vso — V)/s)}
+ b/{1 + exp((Vs — V)/s)). 3)

Activation protocols similarly reveal two components: from
holding potentials of —60 mV only I, is recruited, but from
—80 mV two kinetic components can be detected (Fig. 95). The
corresponding activation curves clearly show the more positive
activation range of the more slowly inactivating current.

I, was often the only voltage-sensitive conductance detected
in young pupal or Shaker photoreceptors (70% of recordings)
and could be well characterized in isolation. /,appeared rather
labile under these experimental conditions. When present, it
accounted initially for only 23% (+14%; n = 44) of the total
non-Shaker current and then often ran down over a period of
10-30 min. Nevertheless, in a very small number of cells (four)
I, was the only, or dominant, current present. Correspondingly,
its properties have not been analyzed in such detail. For ease
of comparison, the limited data available are presented along-
side those of Iy,.

Voltage dependence of activation and inactivation. During pro-
longed whole-cell recording, the apparent voltage operating range
of I, drifted in a negative direction, typically reaching “end”
values 10-20 mV more negative after 15-30 min. While this
drift may include a component due to the dissipation of a Don-
nan equilibrium between the chloride of the electrode and the
large organic intracellular anions (Marty and Neher, 1983; Fer-
nandez et al., 1984), a number of observations suggest a change
in the state of the channels, or their immediate environment.
First, in recordings made without Mg-ATP in the electrode, the
drift was usually more pronounced (Fig. 10b); second, the drift
appeared to be channel specific—1,, for example, was much
more stable, with inactivation V, values drifting by less than

—

mM K on either side of the membrane. Channel amplitudes determined
by cursor measurements of well resolved openings. Slope conductances
determined by regression lines (constrained to pass through the origin)
show significant rectification (19 pS for inward currents and 11 pS for
outward currents). Data (£SD) are from seven perfused inside-out
patches.
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Figure 9. Delayed rectifier conduc-
tances in pupal whole-cell recordings.
a:Inset, Whole-cell currents at 0 mV
following increasing hyperpolarizing
prepulses (800 msec, —30to —100 mV, b
5 mV steps) in an SA%*24 pl1 photore-
ceptor. Following prepulses below —60
mV, a second more rapidly inactivating 1 4
outward current (/) is recruited. Peak
currents, normalized to maximum /i,
current (determined by curve fitting),
have been plotted against prepulse volt- 1
age. The resulting voltage dependence
of inactivation clearly shows the two 1
components and has been fit by the
weighted sum of two Boltzmann dis-
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tributions (Eq. 3) with V,, —46 mV; s,
7.3mV; Vi, —86 mV; s, 4.3 mV; and
b (proportion of current attributable to |
1), 0.26. b:Inset, Activation series from

a holding potential of —60 mV (middle) _
reveals only one component (/) with

an activation threshold near —30 mV; 1
below, from a holding potential of —80
mV, both I, and I, are recruited, and E
activation threshold is now —50 mV.

9/ Gmax

v

Subtracting the two families of currents o -, .
(top) reveals I ,alone. The graph shows
the normalized conductances deter-
mined from the tail currents (/,, ®) or
the peaks (I, V).

S mV; third, in a number of cells recorded in high (50-80 mm)
external K, the reversal potential for I, was monitored repeat-
edly and found again to drift by less than 5 mV, reaching the
expected Ey value within 5 min; finally, V, values from pho-
toreceptors recorded in the dark, and which still showed re-
sponses to light, were significantly more positive and less vari-
able (V,, = —41 + 3.5 mV; n = 19) than those in which the
light response had run down (V, = —50 + 8§ mV; n = 30).
These observations raise the interesting possibility that the volt-
age dependence of I, in photoreceptors may be subject to mod-
ulation, for example, as a function of light adaptation.

The voltage dependences of activation and inactivation for
both I, and I, are summarized in Figure 10 and Table 1. V,

v
v
100 pA
0
. =50
T T T T y T r T T )

T

-80

-60 -40 =20 0 20

mV

values for I, are from cells that still showed responses to light,
measured at least 5 min after establishing the whole-cell con-
figuration. The steady-state inactivation curve for I, lies ~40-
50 mV more negative and in addition has a steeper voltage
dependence. The voltage dependence of activation for I, was
only determined in two cells, yielding V., values of —45 and
—30 mV, respectively.

Similar recordings (e.g., Fig. 11) were used to extract the time
constant of activation and its dependence on voltage, traces

being fitted with a power function of the form
I =1, —e"). )

For the sake of presentation, the time constants () plotted in



Figure 11 are all based on curve fits assuming an exponent ()
of 2. However, data were variable in this respect, and even when
considering only records with minimal series resistance errors
(<1 mV), an exponent of 3 or 4 gave better fits in some cells.
Relaxation time constants were measured from the tail currents
(Fig. 11, left inset) at different voltages and plotted on the same
figure. To enhance their size, these tail currents were recorded
with elevated external K. Two particle gating has also been
assumed for these values (i.e., the values plotted are fwice the
actual single exponential time constants derived from the traces).

The corresponding time constants for I, have not been com-
prehensively characterized, but the limited data on activation
time constants are intermediate between I, and [, (Fig. 11,
Table 1). For direct comparison, the time constants in Figure
11 are also based upon fits to Equation 4 with n = 2, although
no confidence is attributed to this value.

Inactivation. As is the case for delayed rectifier—type conduc-
tances reported in Drosophila neurons and muscles (e.g., Solc
and Aldrich, 1988; Zagotta et al., 1988), the photoreceptor de-
layed rectifier conductances also inactivate, but much more
slowly than the A-current. There is still a measurable (5-10%)
maintained outward current at least 10-20 sec following acti-
vation. Although this may include a contribution from /i, chan-
nels that have not inactivated completely, the existence of a
third class of slowly or noninactivating voltage-sensitive K
channel is suggested by pharmacological evidence (see below).

I, usually decayed with a double exponential time course.
The faster component has a time constant (r,,.) of =500 msec,
while 7,,,. for the slower component was in the range 1-3 sec.
There is apparently little voltage dependence in the measured
range (—40 to +20 mV); however, the contribution of the slower
component usually increased with depolarization, possibly in-
dicating an increased contribution from a non- or very slowly
inactivating K channel. To test whether observed inactivation
inctudes a component due to potassium ion accumulation or
depletion, the time course of the conductance change during
inactivation was monitored using a “ripple” consisting of 10
Hz, 20 mV square wave pulses superimposed upon the voltage
protocol. The results could be fit by exactly the same time course
that best described the current decay in the absence of ripple,
although the resolution of the data was no longer sufficient to
decide whether both exponential components were required.

The time course for the recovery from inactivation was fol-
lowed in two pulse experiments as detailed above for I,. The
results are well fit by single exponential time course with a
voltage-dependent time constant summarized in Figure 13.

Inactivation of the more rapidly inactivating delayed rectifier
conductance was followed both in the few cells expressing this
component alone (e.g., Fig. 12¢) and in cells expressing both
components by subtraction of the slower component (e.g., Figs.
9b, 12b). This can be conveniently performed by measuring
outward currents at the same voltage, first following a prepulse
to =®—60 mV, which completely removes inactivation of 7,
while leaving I, almost completely inactivated, and then fol-
lowing a prepulse to —80 mV or below, which removes inac-
tivation of both components. In cells expressing only I, this
protocol results in essentially identical current waveforms. I,
appears to inactivate completely with a single exponential time
constant of =75 msec (Table 1). There was some indication
that the rate of inactivation of I, increases with pupal age (..
extremes of 200 msec in a p8 fly vs. 30 msec in pl$5), but
insufficient data were collected to substantiate this point.
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Figure 10.  Voltage operating ranges of /., and /. 2, Summary diagram
showing the voltage dependence of inactivation and activation for I,
(solid curves) and Iy, (dotted curves). The curves are Boltzmann distri-
butions (Eq. 2) using data tabulated in Table 1. For I, only data from
dark-adapted cells that still responded to light have been included. b,
V5, values of inactivation of I, as a function of time after establishing
the whole-cell configuration. Each line represents measurements from
one cell in the presence (solid lines) or absence (dotted lines) of Mg-ATP
in the electrode. All data in this plot were from cells prepared and
recorded from in normal room light—that is, in which the light response
had already run down.

Single channels. A search for channels corresponding to the
non-Shaker currents was made in adult photoreceptors of Shak-
er mutants; however, it was apparent that voltage-sensitive
channels were very rare on the accessible membrane (see Fig.
1). In four patches, channels were recorded that probably cor-
respond to I,,. The limited data on these channels, which oc-
curred as single- or two-channel patches, are summarized in
Figure 14. All the patches were recorded with high (200 mm)
external K in the patch pipette. Under these conditions, the
single-channel conductance was 30-35 pS for reversed (inward)
currents. Channel openings were characteristically long and, at
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Figure 11. Time constants of relaxa- | _F

tion and activation for the delayed rec-
tifier currents. Left inset, Tail currents
recorded between —50 and —110 mV
in high (50 mM) external K following a
voltage command inducing maximum
activation in a cell with only I,. The
relaxation time courses are well fit by
single exponentials. The time constants
have been multiplied by two (assuming
two-particle gating;, see Results) and
plotted as a function of voltage (¢trian-
gles; data from five cells). Right inset,
Activation time course of I,. The ac-
tivation time constants (squares; data E
from four cells) were obtained by fitting
traces with a power function (Eq. 3) us- A
ing an exponent n of 2. V,, values for
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relatively depolarized potentials (e.g., —30 mV), could last for
over | sec. Openings were followed by a long-lived but non-
absorbing inactivated state from which reopenings could occur.
Voltage dependence was not determined systematicaily; how-
ever, the activation time course of ensemble averages at a single
voltage showed similar kinetics to whole-cell I, currents (Fig.
14¢) if a 15 mV allowance is made for the mismatch between
patch and whole-cell voltage dependence (as for I, see above).

Channels with kinetics that might correspond to the more
rapidly inactivating delayed rectifier conductance (/) were not
detected.

Pharmacology

As previously described (Salkoff and Wyman, 1983; Zagotta et
al., 1988), the Shaker A-current is blocked by millimolar con-
centrations of 4-aminopyridine (4-AP). In inside-out patches,
channels are blocked by addition of | mm 4-AP to the solution
bathing the intracellular surface of the patch. In whole-cell re-
cordings, 5 mm 4-AP in the bath reduced delayed rectifier cur-
rents by less than 25%, although I, was almost completely abol-
ished (<5% current remaining).

As is also the case for Iy in Drosophila muscle (Singh and
Wu, 1989), both components of the delayed rectifier conduc-
tance in whole-cell recordings of pupal photoreceptors were al-
most completely blocked by addition of 100 um quinidine to
the bath (Fig. 15). As has been reported in Aplysia neurons
(Hermann and Gorman, 1984), the effect of quinidine appears
to be both voltage and state dependent. The block increases
during maintained depolarization resulting in currents that in-
activate with a time constant of 5-10 msec at potentials above
0 mV (Fig. 15b). 1, is largely unaffected by the quinidine block
and can be measured in relative isolation in whole-cell record-
ings with quinidine in the bath (e.g., Fig. 15a). Following ap-
plication of quinidine in Shaker mutants, the residual outward
current shows significantly less inactivation than control levels
(Fig. 15¢). This suggests that at least some of the maintained

T
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I ! I i I ! 1 ' ¥ ! 1 ! [ ! 1

-60 =-40
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component of the outward current may represent a distinct class
of noninactivating channel rather than residual activity of I,
or Iy, channels.

The effect of tetraethylammonium (TEA) on the delayed rec-
tifier currents was also tested; 50 mmM concentrations in the bath
reduced I, to residual values of only 10-15% and reduced 7,
to =25%. As was the case with quinidine, the maintained out-
ward component was not so severely affected as the peak of I,
(20% residual compared with 13%). The effect of internal TEA
was not tested. The effects of all drugs (4-AP, quinidine, and
TEA) were almost completely reversible within minutes of
washing.

Mutant analysis

In a parallel study, it has already been reported that I, is absent
or greatly reduced in null mutants of the Shaker locus, and
mutations at specific loci within the Shaker locus were used to
address the question of which transcripts are expressed in the
photoreceptors (Hardie et al., 1991). One other gene, eag, has
been reported to affect voltage-sensitive potassium channels in
Drosophila muscle (Wu et al., 1983a). However, although not
exhaustively investigated, in photoreceptors of eag mutants, /,,
Iy,, and Iy, were all present with apparently normal properties
(viz., voltage dependence, rates of activation and inactivation,
and amplitude; data not shown).

As in all Diptera, Drosophila ommatidia contain eight pho-
toreceptors. The six largest of these (R1-6) are believed to rep-
resent a homogeneous population, but in addition there are two
smaller cells (R7 and R8) with distinct functional properties
(review: Hardie, 19835). Since Iy, was only detected in a minority
of cells, one might consider that this current may have been
restricted to one of the minor photoreceptor classes. To control
for this possibility, recordings were made from the mutant sev-
enless, which completely lacks photoreceptor R7 (Harris et al.,
1976). By ensuring that seals were made at the distal end of the
ommatidium, one can also exclude the possibility of recording



from RS8, which occupies only the proximal one-third of the
ommatidium (Hardie, 1985). Whole-cell recordings from these
mutants included several cells (6 of 35) with I, ; as well as I,
and I,, thus confirming that all these currents are a property of
the one cell class, R1-6 (e.g., Fig. 2a). The time constant of
inactivation of I, in sev flies also showed a similar variation
(40-120 msec) to wild type. There remains the possibility that
R7 and/or R8 may account for the very rare recordings (4 of
over 200 cells), where I, ,was the only current obviously present
(e.g., Fig. 12¢).

Discussion

Together with a parallel study (Hardie et al., 1991), the results
demonstrate that it is possible to employ patch-clamp tech-
niques to make routine measurements of both whole-cell cur-
rents and single-channel activity from an identified class of sen-
sory neuron (photoreceptors R1-6), in a preparation consisting
of dissociated Drosophila ommatidia. The present article doc-
uments the properties of three voltage-sensitive potassium con-
ductances in these cells, including a novel A-current coded by
the Shaker gene, and two classes of delayed rectifier—type con-
ductances.

The Shaker A-current

The molecular/genetic potential of this preparation has been
clearly demonstrated in a parallel study (Hardie et al., 1991).
A combination of mutant analysis and PCR of retinal tissue
provided strong evidence that the A-channels in photoreceptors
are coded by multiple Shaker transcripts, distinct from those
responsible for the muscle’s A-current. This thus constituted a
biological rationale for the extensive molecular diversity im-
plicit in the structure of the Shaker locus.

The photoreceptor A-channels stand out from most previous
studies of Shaker channels by their greatly shifted operating
range. V,, for inactivation (—83 mV in patches, —69 mV in
whole-cell recordings) is 30-45 mV negative to that reported in
all other wild-type Shaker channels studied, both in the three
muscle preparations (embryonic, larval, and pupal) and in oo-
cyte expression studies (Salkoff and Wyman, 1983; Wu and
Haugland, 1985; Iverson et al., 1988; Zagotta and Aldrich, 1990).
This negative operating range has further been confirmed by
single-electrode voltage clamp in the intact retina (Hardie et al.,
1991). There are indications that such a negative operating range
may in fact be the norm in the nervous system. A-currents in
virtually all other neuronal preparations (including Drosophila
non-Shaker A-currents) have a similar negative operating range
(review: Rudy, 1988), and in the single other study describing
Shaker currents in Drosophila neurons (Baker and Salkoff, 1990),
V,, was also shifted to more negative values (V5, = —52 mV).

With the important exception of the voltage operating range,
A-channels in photoreceptors are rather similar to those re-
ported in muscle, and in particular, with appropriate allowance
for the voltage shift, both activation and inactivation time cours-
es are apparently indistinguishable. As previously reported
(Hardie et al., 1991), one other difference detected was in the
susceptibility to run down: patches from photoreceptors main-
tain up to 100% activity after 1 hr, while in muscle embryonic
myotubes, channels run down within minutes, even in whole-
cell recordings (Zagotta et al., 1989).

The developmental profiles of muscle and photoreceptor
A-channels are also quite distinct. In photoreceptors, I, was first
detected at pupal stage pll [corresponding to =76 hr devel-
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Figure 12. Inactivation of delayed rectifier currents. ¢, Currents in-

duced by =~10-sec voltage steps from —60 mV to +20 mV (20 mV
intervals) in a cell displaying only I,,. At 0 mV, the inactivation time
course could be fit by two exponentials of 608 msec (67%) and 2.5 sec
(23%) with a 10% maintained component. b, Currents induced at 0 mV
following prepulses to —60, —80, and —100 mV. The more rapidly
inactivating component (Iy,) is clearly revealed with the more hyper-
polarized prepulses and has been isolated in the lower trace by sub-
traction. It inactivates completely with a single exponential time course,
in this case, of 120 msec. ¢, A rare cell exhibiting only /,,, currents were
measured at 0 mV following prepulses from —60 to —110 mV. The
inactivation can be fit with a single exponential of 112 msec.

opment at 25°C (Bainbridge and Bownes, 1981)], while delayed
rectifier currents were already present at the earliest stages in-
vestigated (late p8 = 60-70 hr). In muscle, the situation is ap-
parently exactly reversed, with I, first appearing at =60 hr and
I only after 75 hr (Salkoff and Wyman, 1981a, 1983).

In the most widely accepted model of Shaker channel gating,
there is presumed to be only one open state whose opening and
closing rate constants are independent of voltage. All voltage
dependence is assumed to reside in transitions within the (mul-
tiple) closed states prior to opening (Zagotta and Aldrich, 1990).
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Figure 13. Recovery from inactiva- ’
tion for I.,. The inset shows how in- N
creasing the duration of a —60-mV pre- .
pulse from 50 to 350 msec completely J
removes the inactivation (induced by 5 ]
sec, 0 mV interpulse intervals). The re-
covery from inactivation can be well fit 0 T

with a single exponential function, the
time constant of which is plotted as a
function of voltage (data from five dif-
ferent cells).

-120

While the present study confirms the independence of burst
duration on voltage above threshold (—90 mV), tail current
measurements indicate that below —90 mV the open—closed
transition rate is strongly voltage dependent (see Figs. 6, 8b).
There is no obvious reason to suppose that this previously un-
described feature of Shaker channel gating is unique to the pho-
toreceptor A-channel, and a similar volitage dependence in other
Shaker channels may be predicted if investigated with the ap-
propriate solutions and protocols.

Delayed rectifier currents

Delayed rectifier conductances in Drosophila have previously
been characterized in embryonic, larval, and pupal muscle prep-
arations, as well as in larval cultured neurons (Salkoff and Wy-
man, 1981b, 1983; Wu and Haugland, 1985; Zagotta and Al-
drich, 1988; Solc and Aldrich, 1989). In many respects, they
show similarities both among each other and with the slowly
inactivating delayed rectifier ({,) of the present study.

In particular, when investigated at the same temperature (Solc
and Aldrich, 1988; Zagotta et al., 1988), the rates of activation
and inactivation are similar. V', for the steady-state inactivation
curve of I, in muscle is =20 mV more positive than in pho-
toreceptors; however, the slope values are similar (Salkoff and
Wyman, 1983; Wu and Haugland, 1986). In larval neurons, V.,
was very variable (—40 to —88 mV) but encompassed the values
found in photoreceptors (V,, = —40 to —50 mV). While the
variability may reflect the heterogencous nature of the larval
neuron preparation, it may also be an indication that the voltage
dependence of the channels is subject to modulation as suggested
in the present study. The single-channel conductance of the few
presumptive I, channels (30-35 pS for inward currents; Fig.
15) is similar to that reported for neuronal I, channels (Solc
and Aldrich, 1988). Like the Shaker channels (McKinnon and
Yellen, 1990; Fig. 8¢), this channel is also reported to rectify,
with a conductance of only 20 pS for outward currents in sym-
metrical K solutions (Solc and Aldrich, 1988).

=100

I { I I 1

-80 -60 -40 -20 0
mV

A second delayed rectifier conductance of the sort identified
here (Ix,) has not previously been distinguished in Drosophila,
although its properties (Table 1) are almost encompassed in the
extremes of properties reported for neuronal K, channels by
Solc and Aldrich (1988). While the relatively rapid inactivation
might tempt one to classify this conductance as an A-current,
inactivation is still slower than other neuronal A-currents re-
ported in Drosophila (e.g., Solc and Aldrich, 1988). It also has
a comparatively slow time course of activation (Fig. 7, Table
1) and, in common with other delayed rectifier conductances in
Drosophila (Solc and Aldrich, 1988; Singh and Wu, 1989), is
relatively insensitive to 4-AP but blocked by micromolar con-
centrations of quinidine. Indeed, in the absence of single-chan-
nel data or pharmacological separation, one cannot exclude the
possibility that I, and Iy, represent two different metabolically
maintained states of the same channel.

Genes coding for native delayed rectifier channels in Dro-
sophila have yet to be identified. The eag mutation has been
reported to have a limited and variable effect on muscle 1, and
I, (Wuetal., 1983a), but no apparent effect on delayed rectifier~
type channels in larval neurons (Yamamoto and Suzuki, 1989).
In the present study, a severe allele of this gene had no obvious
effect on any of the potassium conductances in photoreceptors.
Of the three Shaker-like genes (Shal, Shaw, and Shab) cloned
by homology in Drosophila (Butler et al., 1989), photoreceptor
I, at least, most closely resembles the properties of Sha/ when
expressed in frog oocytes (Wei et al., 1990). Close quantitative
similarities can be recognized in terms of rates of activation and
Inactivation, as well as V', and slope of the voltage dependence
of inactivation. If mutants for this locus become available, it
will be interesting to see their effect upon the photoreceptor
delayed rectifier currents.

There are also indications of a third, noninactivating potas-
sium channel in the photoreceptors. The whole-cell outward
current includes a =~10% maintained component that is rela-
tively resistant to block by quinidine and TEA. A candidate



channel for this conductance was encountered in just one cell-
attached patch. The gating behavior (short openings, with volt-
age-dependent frequency) was similar to that of so-called K,
channels in Drosophila embryonic myotubes (Zagotta et al.,
1988); however, the single-channel conductance (= 5-10 pS) was
much smaller.

Functional considerations

Most neurons studied have a collection of distinct potassium
channels (Rudy, 1988), although the functional roles of the dif-
ferent components are not always apparent. Any attempt at a
serious analysis of function in previously available neuronal
preparations from Drosophila is restricted because of the het-
erogeneous collection of unidentified cells each with its own
cocktail of currents. By contrast, the present preparation rep-
resents an identified class of sensory neuron, whose function as
a photoreceptor has been extensively studied by intracellular
recordings in the intact retina, both in Drosophila and in even
more detail in related Diptera such as Calliphora and Musca
(reviews: Hardie, 1985; Selinger and Minke, 1988).
Invertebrate photoreceptors generate a maintained depolar-
ization in response to light by activation of cation channels. The
resulting activation of voltage-sensitive potassium channels will
oppose this light-induced depolarization and can be predicted
to sharpen transient responses and increase the dynamic range
of the cell by preventing it from saturating in response to bright
illumination. In addition, for a given depolarization a much
lower resistance of the cell is allowed by the simuitaneous ac-
tivation of two antagonistic conductances. This has the conse-
quence of reducing the membrane time constant and allowing
the transmission of high-frequency signals that would otherwise
be attenuated by the membrane time constant of the cell. In a
recent study (Weckstrom et al., 1991), we have characterized
what are possibly homologous potassium conductances in the
blowfly, Calliphora, and presented direct evidence for these
functional roles. The equivalent experiments in Drosophila have
yet to be performed; however, a combination of mutant and
pharmacological analysis clearly has the potential to address
very directly the roles of these conductances in determining
photoreceptor performance. From a comparison of the oper-
ating ranges of the conductances characterized in the present
study, and the presumed operating range of the photoreceptor
~—60 to + 10 mV), one can suggest that the slowly inactivating
delayed rectifier current in combination with the maintained
outward current may be well suited to play a similar role to the
conductances we have characterized in Calliphora. 1t will be
more of a challenge, however, to identify the roles of the rapidly
inactivating conductances, I, and I, Unless the in situ resting
potential of photoreceptors (— 50 to —60 mV) has been seriously
underestimated, both these currents are likely to be completely
inactivated except at very low light levels. In this respect, and
bearing in mind the lability of I, and the drift in voltage de-
pendence of I, (Fig. 10b), it will be worth addressing the ques-
tion of whether any of the three conductances described may
be subject to modulation. Possible candidate processes known
or believed to exist in the arthropod retina include a rise in
intracellular calcium during light adaptation (Levy and Fein,
1985), light-induced activation of protein kinase C (Minke et
al., 1990), and possible modulation by efferent serotonergic fi-
bers terminating near the photoreceptor axons in the first visual
neuropil (Nissel, 1987).
Along with a parallel study of the same cells (Hardie et al.,
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Figure 14. I, channels. Single channels recorded in cell-attached patches
from adult S#*S? photoreceptors with high (200 mm)-K patch pipettes
(currents inward). g, Activation of a single presumptive I, channel to
voltage steps between —60 mV (top trace) and —30 mV (bottom trace),
from a holding potential of —100 mV. Slope conductance determined
by regression analysis was 30.5 pS. b, Same voltage protocol on a 10 x
longer time scale showing very long openings. ¢, Ensemble average for
channel openings at —50 mV. The activation time course has been fit
with a time constant of 6 msec (solid curve, assuming Eq. 2, n = 2).
This is close to the activation time constant of 7, at —30 mV in whole-
cell recordings (see Fig. 11).

1991), the present work introduces what is potentially a powerful
new preparation for the combined biophysical and molecular
investigation of ion channels. From a molecular biological point
of view, the retina is probably already the most intensively
investigated tissue in Drosophila, particularly with respect to
development and phototransduction (reviews: Selinger and
Minke, 1988; Ready, 1989). The possibility of patch-clamping
these well-studied cells should provide many opportunities for
studies of a variety of photoreceptor processes, in addition to
the roles of voltage-sensitive conductances considered here.
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-100

Figure 15. Effects of quinidine on potassium conductances. All panels show control responses (upper traces) with responses to identical voltage
protocols in the presence of quinidine in the bath (Jower traces). a, A photoreceptor showing all three components of potassium conductance,
elicited following hyperpolarizing prepulses from —20 to —100 mV. Bath application of 100 uM quinidine reduces both I, and Iy, by at least 90%.
However, a small /, component is revealed that was previously masked by the much larger delayed rectifier currents. Recording is from a wild-
type pl1 photoreceptor—the stage at which I, first becomes detectable. b, Quinidine block is voltage and/or state dependent. From a holding
potential of —60 mV, only I, is recruited in a p11 wild-type photoreceptor. During a partial quinidine block (after partial washout of 100 um
quinidine), the initial rising phases of the responses are little affected. However, increasingly at more depolarized voltages (—30 to +20 mV steps)
a block develops rapidly resulting in responses that appear to inactivate above 0 mV. ¢, Quinidine has less effect on the maintained component:
during a 100 uM quinidine block, the residual current shows significantly less inactivation than the control.
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