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Genetic Analysis of Drosophila Neurons: Shal, Shaw, and Shab 
Encode Most Embryonic Potassium Currents 
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In this study, we perform the first genetic analysis of K+ 
currents in Drosophila embryonic neurons revealing the 
identity of the currents present. Unlike muscles, where the 
presence of Shaker is obvious, Shaker currents are not de- 
tectable in these neurons. In contrast, we show that Shal 
is as important in these neuronal cell bodies as Shaker is 
in muscles. Only three single-channel currents were found, 
all of which are genetically separable. Shal encodes a 4 pS 
transient channel. Whole-cell Shal currents have a wide va- 
riety of inactivation rates which, in contrast to a mecha- 
nism such as heteromultimer formation, is due to single 
Shal channels assuming different gating modes. Shaw en- 
codes a 42 pS noninactivating channel distinctive for its 
extremely low voltage sensitivity; Shaw channels have a 
total equivalent gating charge of 0.90 e- charges, in sharp 
contrast to 7 e- reported for Shaker channels. An 11 pS 
slowly inactivating channel also present in these neurons 
may be encoded by the Shab gene. Thus, of four voltage- 
dependent K+ channel genes now cloned in Drosophila, all 
except Shaker appear to be expressed in the cell bodies of 
these neurons. It is only in Drosophila that a study such 
as this one can be done. Because Drosophila contains only 
a single member of each of the four subfamilies of K+ chan- 
nel genes (unlike mammals), we can eliminate an entire 
subfamily with a mutation to a single gene. Here, we have 
examined the effect of eliminating each of three subfami- 
lies. Such a task is presently impossible to accomplish in 
any mammalian system. 

[Key words: Drosophila, potassium channels, mutant 
analysis, Shaker, Shal, Shab, Shaw, embryonic neurons, 
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K+ channels constitute perhaps the most diverse group of all 
ion channel families (Rudy, 1988, 1991; Hille, 1992). Not un- 
expectedly then, we found a wide variety of voltage-dependent 
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K+ currents in embryonic Drosophila neurons. They varied 
most prominently in their inactivation rates. Our goal in this 
study was to identify the genes encoding voltage-dependent K+ 
channels expressed in these neurons, and examine how they 
contribute to the diversity of the whole-cell K+ currents ob- 
served. 

Mutant analysis is the simplest and most direct approach to 
correlate genes to the currents they encode. Since Drosophila 
contains only a single representative of each of four K+ chan- 
nel subfamilies, Shaker, Shal, Shab, and Shaw, a mutation of 
any one gene removes all forms of that subfamily from the 
entire animal. Previously, mutant analysis has been achieved 
only for Shaker. While Shaker mutations have been found to 
eliminate all of the transient A-type current in muscle (Salkoff 
and Wyman, 1981; Salkoff, 1983, 1985; Wu and Haugland, 
1985; Sole et al., 1987; Zagotta et al., 1988; Broadie and Bate, 
1993), Shaker mutations have left the majority of neuronal cur- 
rents unaffected (Sole et al., 1987; Baker and Salkoff, 1990). 
Only in photoreceptors is Shaker as prominently expressed as 
in muscle (Hardie, 1991). Mutant analysis of the K+ currents 
encoded by the three other cloned K+ channel genes then 
would be of great value in identifying the K+ currents present 
as well as determining whether there are currents which cannot 
be correlated to one of the currently cloned K’ channel genes. 

In this study, we analyzed the diversity of K+ currents present 
in embryonic neurons by using Drosophila strains containing 
deficiencies of K+ channel genes. We examined the effects of a 
Shal deficiency, a Shaw deficiency, and mutant alleles removing 
the function of the Shaker gene on the K+ currents in embryonic 
neurons. We found that Shal, Shaw, and, most likely, Shab ac- 
count for virtually all of the single-channel currents present in 
wild-type neurons, while Shaker is not present. Because it has 
been suggested that the ether-a-go-go (eag) gene contributes 
subunits to voltage-dependent K+ channels (Zhong and Wu, 
1991), we also examined these K+ currents in eag’ mutant neu- 
rons. The eag’ allele has been shown to affect IK, the delayed 
rectifier-type K+ current, in Drosophila larval muscle. We found 
that none of the voltage-dependent single whole-cell currents 
appeared to be affected by the eag’ mutation. We find that Shal 
encodes virtually all of the transient K+ currents, accounting for 
most of the variation seen at the whole-cell level. Thus, the wide 
range of whole-cell currents observed in embryonic Drosophila 
neurons arises from the mix of K+ currents generated by the 
Shal, Shaw, and Shab genes, and the variant currents generated 
by a single channel, Shal. 

Materials and Methods 
Cell culture. Late-gastrula cell cultures were prepared in a manner sim- 
ilar to previous reports (Seecof et al., 1971). Eggs were collected over 
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a 1-2 hr period and allowed to develop for about 5.5-6 hr in a humid- 
ified chamber. Eggs were rinsed with 70% ethanol, dechorionated by 
rolling on double-stick scotch tape, and covered with halocarbon oil. A 
sharp microelectrode with a broken tip was used to break through the 
vitelline membrane of single embryos, and all contents were removed 
by suction. Single embryos were dissociated into a 20 (*l drop of culture 
medium similar to media previously described (Seecof and Donady, 
1972): 18% fetal calf serum, 6 mu/ml insulin, and 1% penicillin-strep- 
tomycin (from a stock of 10 kU penicillin and 0.5 mg/ml streptomycin 
in 0.9% NaCI) in Schneider’s Medium. Cultures were prepared on glass 
coverslips or Primaria (Falcon, no. 3801) tissue culture dishes. Cultures 
were grown at room temperature in a humidified chamber for 19-50 hr 
before being used for electrophysiology. 

Fly srocks. Shaker stocks used were ShKSr3Z, a missense mutation 
occurring between the S5 and S6 transmembrane-spanning domains 
(Lichtinghagen et al., 1990), and Sh’“*, a nonsense mutation occurring 
between the S5 and S6 transmembrane-spanning domains (Gisselmann 
et al., 1989). 

The Shal deficiency used was Df(3L)JK18; 76Bl-2 to 76D5 (de- 
scribed in Lindsley and Zimm, 1992). Shal was mapped to 76B8 and 
confirmed to fall within this deficiency by Southern analysis (A. Wei, 
unpublished observations). The Shal deficiency was maintained over 
a third chromosome balancer (TM6) with a P-element insertion con- 
taining the 1acZ gene driven by the AbdA (abdominal-A) promoter. 

The Shaw deficiencv used was Df(2L)edSz-1: 24A3-4 to 24D3-4 
(Reuter and Szidonya: 1983; Szidonya and Reurer, 1988). Shaw was 
mapped to 24C and confirmed to fall within this deficiency by 
Southern analysis (Wei, unpublished observation). This deficiency was 
maintained over a balancer chromosome (CyO) containing the ZacZ 
gene driven by the elav promoter (courtesy of Dr. Kalpana White). 

Identzfiing ~~UTOIZS. Although whole embryos containing many dif- 
ferent cell types are dissociated, culture conditions have been shown to 
favor the survival of only muscle cells and neurons (Shields and Sang, 
1970; Seecof et al., 1971). We recorded from neurons which occur in 
clusters, reported to arise from single neuroblasts (Seecof et al., 1973). 
These clusters stain positive with FITC-conjugated anti-HRP (data not 
shown), an antibody which specifically recognizes CNS and PNS neu- 
rons in Drosophila (Jan and Jan, 1982). Such clusters are relatively 
easy to identify by morphology. 

Determining the genotype of a given culture. Homozygous Shal and 
Shaw deficiencies cause developmental arrest in late embryogenesis. 
Each deficiency is maintained over a balancer chromosome containing 
the ZucZ gene. The intercross of heterozygous S/&deficient flies pro- 
duce three different genotypes (Fig. 1): one-half heterozygous, one- 
quarter homozygous for the balancer chromosome, and one-quarter ho- 
mozygous Shal deficiency. Cells homozygous and heterozygous for a 
balancer chromosome will synthesize B-galactosidase and stain blue 
when treated with X-gal. Only embryos homozygous for the deficiency 
will not stain. 

Fixing and staining cultures. After recording, cells were immediately 
fixed for 3-5 min in 2% formaldehyde (from a 37% stock solution) and 
0.4% glutaraldehyde (from a 25% stock solution) in phosphate buffer 
solution (PBS). Cultures were rinsed with PBS after fixing and stained 
overnight at 30°C with an X-gal solution containing 1 mg/ml X-gal 
(from an 8% stock made up in DMSO), 16 mM K-ferrocyanide, 16 mu 
K-ferricyanide, and 2 mM MgCI, in PBS, pH 7.2-7.3. Cultures were 
rinsed with PBS and checked for blue staining. 

Electrophysiology. The patch-clamp technique was used to record 
whole-cell currents and single-channel currents from outside-out patch- 
es (Hamill et al., 198 1). Electrodes were pulled using borosilicate glass 
and had resistances between 6 and 12 MR for whole-cell currents. 
Whole-cell currents averaged about 320 pA at +20 mV, and series 
resistance was not compensated for; with a series resistance of about 
30 MO, the voltage error would be 10 mV. Since inactivation rates of 
transient currents were relatively voltage independent, we would not 
expect that this error would have an effect on our measurements. In 
addition, most whole-cell results were confirmed at the single-channel 
level. Borosilicate glass electrodes were used for single-channel record- 
ing from outside-out patches, coated with Sylgard, and fire polished; 
resistances in solutions used ranged from 25 to 50 MR. To avoid the 
cells detaching from the dish and thus adhering to the electrode when 
patches were pulled, special care was taken to fire polish pipettes such 
that only a small amount of the glass surface would make contact with 
the cell membrane. In this way, the success rate of pulling outside out 
patches was fairly high (about 75%). 
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Figure I. Genetic cross used to identify homozygous Shal (or Shaw)- 
deficient embryos. Parent stock: Shal deficiency (Df[3L]JKI 8/[TM6, 
P(w+, AbdA-lucZ)]). Balancer has an inserted P-element containing the 
1acZ gene driven by the Abdominal-A promoter. Shal-deficient third 
chromosomes are represented by a thinner line; TM6, represented by 
thicker lines, is a balancer for the third chromosome and contains the 
1ucZ gene. Cells from embryos containing at least one copy of the Shal 
gene will stain blue with X-gal treatment; cells from embryos which 
are deficient for the Shal gene will not stain blue. 

Data was acquired using an Axopatch- 1B or 200A amplifier (Axon 
Instruments). Data acquisition software used was CCURRENT (Dr. 
Keith Baker; Indec, Sunnyvale, CA). Analysis software included 
CQUANT (Dr. Keith Baker), VPROC (Dr. Christopher Lingle), and 
QUATTRO PRO. 

Where indicated, the number of channels in a patch was determined 
by imposing voltage steps under which the channel(s) had a relatively 
high probability of opening, and looking for simultaneous openings of 
multiple channels. This number is thus a lower limit of the number of 
channels present, and probably an underestimate in the case of Shaw 
channels, which have a low open probability 

Solutions were as follows (in mM): internal, 140 KCI, 2 MgCI,, 11 
EGTA, and 10 HEPES; external, 140 NaCI, 2 KCI, 6 MgCI,, 5 HEPES, 
20-35 sucrose, and 100 nM tetrodotoxin. Solutions used for single-chan- 
nel recording often contained aspartate as the major anion instead of 
chloride. 

Expression in Xenopus oocytes. cRNA was prepared and injected into 
Xenopus oocytes as previously described (Wei et al., 1990). Outside- 
out patches were pulled from oocytes 2-5 d after injection. Solutions 
and data acquisition and analysis software were as described above, 
except for the substitution of 4 mM MgCl, plus 2 mM CaCI, for 6 mM 
M&l,. 

Statistics. Sixty-four out of 86 patches (74%) from neurons contain- 
ing a Shal gene were observed to contain at least one of the 4 pS 
channels. The lOO(1 - a)% confidence interval for such a population 
proportion, p, based on N independent observations is given by 

CP - [z, (P * qwY’zl> P + [z, CP * 4fvl)> 
where p = the proportion of patches containing a Shal channel in N 
wild-type patches (p = 0.7442 in this case), b = a/2, q = 1 - p, and 



The Journal of Neuroscience, March 1995, f5(3) 1743 

Wild Type Shal Deficient 

125 pA 

50 pA 

150 pA 
L- 

20 ms 

125 pA 

125 pA 

zb is the critical value for standard normal curves (Devore, 1982). Thus 
the 95% confidence interval (a = 0.05, b = 0.025, z,, = 1.645) for the 
proportion of patches containing at least one of the 4 pS channels is 
0.7442 2 0.077. Therefore, from 20 patches from Sk&deficient neu- 
rons, we would expect 13-17 of them to contain a 4 pS channel within 
a 95% confidence interval. The probability that none of the 20 would 
contain a single 4 pS channel is less than 2.78 * lo-lo. Since the 4 pS 
channel was never observed in these Shal-deficient neurons, we con- 
clude that this channel is encoded by the Shal gene. 

Of 88 patches from neurons containing the Shaw gene, 49 contained 
at least one 42 pS channel, giving us a proportion of 0.5568. By similar 
calculations to those described for Shal, the 95% confidence interval is 
0.5568 + 0.053. Therefore, out of the 31 patches pulled from Shaw- 
deficient neurons, we would expect, within this 95% confidence inter- 
val, that 15-19 of them would have contained a 42 pS channel. The 
probability that none of the 31 would contain a single 42 pS channel 
is less than 3.68 * lo-‘“. Since this 42 pS channel was never observed 
in S/raw-deficient neurons, we conclude that it is encoded by the Shaw 
gene. 

Figure 2. A Shul genetic deficiency 
removes transient K+ currents from 
embryonic Drosophila neurons. Left 
column, Whole-cell recordings from 
three representative wild-type neurons. 
Rates of inactivation of transient com- 
ponents varied from cell to cell. Right 
column, Whole-cell recordings from 
three representative Sk&deficient neu- 
rons which typically contain only slow- 
ly inactivating and noninactivating cur- 
rents. Voltage jumps were from -50 
mV to +50 mV in 10 mV increments 
from a holding potential of -90 mV. 
Cell capacitances ranged from 1.22 pF 
to 3.26 pR averaging 2.39 pE 

Results 

Wide range of K+ currents in embryonic neurons 

To determine which genes are responsible for the total repertoire 
of K+ currents in embryonic neurons, we began by examining 
the types of currents present in wild-type neurons. We later sep- 
arated these currents using deficiencies of particular KC channel 
genes. A survey of whole-cell K’ currents from a large number 
of wild-type neurons might have enabled us to place all currents 
into a small number of categories based on properties such as 
their inactivation rates. However, we found this to be impossible 
because whole-cell K+ currents varied in a graded manner, from 
cell to ceil, especially in their inactivation rates. Figure 2 shows 
some examples of the variation seen in embryonic neurons. 

Whole-cell currents varied over several orders of magnitude 
in their rates of inactivation. Most (95%) wild-type neurons (N 
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Figure 3. Distribution of fast inacti- 
vation time constants in wild-type and 
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= 95) contained a transient component, as defined by a fast 
inactivation time constant less than 200 msec (at +20 mV). 
Transient current components were usually accompanied by a 
slowly inactivating component; the transient component made 
up 38-100% of the total whole-cell current, averaging about 
77% (N = 79). The distribution of fast inactivation time con- 
stants ranged from 1 to 163 msec (N = 82) (Fig. 3). A notable 
characteristic of the whole-cell transient currents was the relative 
voltage-independence of their inactivation time constants. Inter- 
estingly, this characteristic is typical of Shal currents (Pak et al., 
1991), but quite unlike Shaker currents which have faster inac- 
tivation rates at more positive voltages (Zagotta and Aldrich, 
1990). 

Another property which showed variation was steady-state in- 
activation. Steady-state inactivation data was usually fit best by 
a double Boltzmann function, indicating two separable compo- 
nents. These two functions corresponded to a transient and a 
slowly inactivating component (Fig. 4). Transient currents al- 
ways corresponded to the more hyperpolarized component, 
which enabled us to separate transient currents from slowly in- 
activating currents. Slowly inactivating currents were isolated by 
inactivating the transient component with a depolarizing pre- 
pulse (Fig. 40. Transient currents were isolated by subtracting 
slowly inactivating currents from the total whole-cell current 
(Fig. 4C). Transient currents had an average steady-state inac- 
tivation midpoint (V,,J of -72 mV. This steady-state inactiva- 
tion profile is also more characteristic of Shal than Shaker cur- 
rents when expressed in the Xenopus oocyte expression system, 
where Shaker had a V,,, of -35 mV and Shal had a V,,* of -62 
mV (Wei et al., 1990). 

The Shal gene encodes virtually all transient K+ channels, and 
is responsible for most of the variability 
With the great variety of K+ currents present in embryonic neu- 
rons, it was unclear whether a deficiency of any single K+ chan- 
nel gene would be detectable. We suspected, however, that Shal 
might account for at least a portion of the transient current in 
these neurons because of its resemblance to Shal currents in 
Xenopus oocyte expression studies, and Northern analysis sug- 
gesting that Shal, and not Shaker, is prominently expressed in 
the late embryo (see Fig. 11). To test this hypothesis, we used 
a genetic deficiency of the Shal locus that would eliminate all 
Shal currents, including those resulting from alternatively 
spliced forms of the gene. We compared whole-cell current re- 
cordings from wild-type neurons to those of Shal-deficient neu- 

rons, and identified the current(s) removed by the deficiency. 
Surprisingly, most transient currents were absent in Shal-defi- 
cient neurons. While transient K+ currents were seen in 95% of 
wild-type neurons (N = 95), only 13% of neurons deficient for 
the Shal gene contained a transient current (N = 54); typically, 
only a slowly or noninactivating whole-cell current, uniform in 
appearance, remained (Fig. 2). Wild-type transient currents elim- 
inated by the Shal deficiency had a wide range of fast inacti- 
vation time constants (Fig. 3). The Shal gene might generate 
channels with such a broad range of inactivation rates by several 
mechanisms including alternative RNA splicing, as well as het- 
eromultimerization of these different forms. Further investiga- 
tion into the mechanism underlying the variability observed re- 
quired us to move to the single-channel level. 

Shal encodes a 4 pS channel 
We investigated the properties of single-channel currents ex- 
pressed by the Shal gene by examining those single-channel 
currents in wild-type cells which were eliminated by the Shal 
deficiency. This study was feasible because only three distinct 
voltage-dependent K+ channels were detected in outside-out 
patches from wild-type neurons (Table 1): (1) a 4 pS rapidly 
inactivating channel; (2) a 42 pS noninactivating channel; and 
(3) an 11 pS slowly inactivating channel. The smallest of the 
three channels observed (4 pS) was identified as the Shal chan- 
nel because neurons from Shal-deficient embryos (N = 20) nev- 
er contained channels of this conductance, while Shal channels 
were observed in 74% of patches from neurons containing at 
least one copy of the Shal gene (N = 86). The 4 pS channel 
was also seen at a similar frequency in neurons mutant for the 
Shaker gene or deficient for the Shaw gene (Table l), showing 
that the Shaker and Shaw genes do not contribute subunits to 
the 4 pS channel. Figure 5 shows the current-voltage relation 
of these channels; a line fit by linear regression through these 
points yields a slope conductance of 3.9 pS. 

Besides their small size, a second characteristic property of 
Shal channels is their hyperpolarized voltage operating range. 
Figure 5 shows the steady-state inactivation profile of ensemble- 
averaged Shal currents from a single patch containing approxi- 
mately seven Shal channels. Shal channel activity in this patch 
was half-inactivated with a prepulse to - 105 mV, and complete- 
ly inactivated with a prepulse to -75 mV. This extremely hy- 
perpolarized steady-state inactivation curve was typical among 
Shal channels in outside-out patches, but approximately 30 mV 
more hyperpolarized than whole-cell Shal currents observed ei- 
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Figure 4. Separation of transient currents from slowly inactivating 
currents. A, Example of whole-cell currents during a steady-state inac- 
tivation voltage paradigm. Test voltage jumps were at +50 mV. Each 
test jump was preceded by a 500 msec prepulse to potentials from - 125 
to -5 mV, in 5 mV increments. B, Steady-state inactivation curve from 
the same cell; peak current is plotted versus prepulse potential. Data 
points are fit with the sum of two Boltzmann equations: I = 1,&l + 
exp[(V - V,,,)/k]). Transient component is represented by the first Boltz- 
mann with the following parameters: I,,. = 300.26 pA, V,,, = -72.1 
mV, k = 10.58 mV/e-fold shift; slowly inactivating component is rep- 
resented by the second Boltzmann with the following parameters: I,,,,, 
= 51.29 pA, V,,, = -29.5 mV, k = 2.18 mV/e-fold shift. Transient 
current components had a V,,, averaging -72.03 mV (+ 12.32) with a 
slope factor of 8.67 (k3.58) mV/e-fold shift (N = 79). In contrast, 
slowly inactivating currents had an average V,,, of -36.97 mV 
(? 10.17) with a slope factor of 4.00 ( + 2.35) mV/e-fold shift (N = 
51). C, Whole-cell current, from A, with a prepulse to - 125 mV Slowly 
inactivating current, from A, with a prepulse to -45 mV which com- 
pletely inactivates the transient component, leaving only the slowly in- 
activating component as shown. Transient current, transient component 
revealed by subtracting the slowly inactivating current from the total 
whole-cell current. Capacitative artifact is partially clipped in each 
trace. 

ther in neurons or in the Xenopus oocyte expression system. We 
cannot currently account for this difference. However, similar 
discrepancies between the voltage dependence of whole cell and 
patch recordings have been reported previously for Shaker chan- 
nels in Drosophila photoreceptors (Hardie, 1991) and for Na+ 
channels in bovine chromaffin cells (Fenwick et al., 1982). Nev- 

Table 1. Frequency of single channels observed in different 
genotypes 

Single channels 
observed in 
membrane patches 

Genotype of neuronal patches 

Wild Shal Shaw 
type deficient deficient Shaker 

Shal 

4 PS 33144 0120 1.5122 16120 
rapidly inactivating (75%) (0%) (68%) (80%) 

Shaw 
41 ps 31153 8/15 0131 1 O/20 
noninactivating (58%) (53%) (0%) (50%) 

Shah-like 

11 ps 8149 3113 2127 2129 
slowly inactivating (16%) (23%) (7%) (7%) 

The number of patches in each column is variable because separate studies 
were sometimes done in which special attention was paid to a particular chan- 
nel type requiring special conditions. For example, only patches with a very 
low noise level were used for the detection of Shal channels. Most patches 
contained between one and four channels. A few patches were eliminated be- 
cause too many channels were present. All channels appeared to be randomly 
distributed. 

ertheless, we feel that these 4 pS channels do represent the con- 
ductance that carries the whole cell transient current because the 
deficiency of Shal removes both these transient single channels 
and the transient whole cell current. As with whole-cell transient 
currents, Shal ensemble-averaged currents showed an apparently 
voltage-independent inactivation rate. 

Single Shal channels have d@erent gating modes with 
different inactivation rates 

As with transient whole-cell currents, inactivation rates of en- 
semble-averaged currents of Shal channel activity varied among 
patches from different cells. Inactivation was usually fit best by 
a double exponential function (Fig. 6). Ensemble-averaged Shal 
currents displayed a range and distribution of fast inactivation 
time constants (Fig. 6) similar to whole-cell wild-type transient 
currents (Fig. 3, left). Thus, in both the excised patch and whole- 
cell configurations, Shal currents have variable inactivation rates 
extending over a similar range. Since excised patches containing 
small numbers of Shal channels exhibited markedly different 
inactivation rates, we surmised that single Shal channels must 
also behave in a markedly varied fashion. To explore this, we 
examined patches containing only single Shal channels, and 
found that they also display variable inactivation rates similar in 
range and distribution (Fig. 6) to patches containing multiple 
Shal channels (Fig. 6), as well as whole-cell transient (Shal) 
currents. 

One explanation for Shal channel variability might be alter- 
native RNA splicing. However, this is unlikely due to an obser- 
vation of an apparently single neuronal Shal channel spontane- 
ously switching gating behavior from one mode to another. The 
first mode gave rise to an ensemble-averaged current with a very 
fast inactivation rate; the second gave rise to a current with a 
much slower inactivation rate. Figure 7A shows these currents 
before (left) and after (right) the change in gating modes. The 
fast gating mode was characterized by short bursts of channel 
openings at the onset of a voltage jump, which produced a very 
rapidly inactivating component. This was followed by a sus- 
tained component, due to frequent reopenings of the channel 
(Fig. 7A, left). In contrast, the slower gating mode produced a 
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Figure 5. Shal expresses a 4 pS rapidly inactivating channel with a 
hyperpolarized steady-state inactivation curve. Top, Single-channel cur- 
rent amplitude versus voltage. Data points (W) represent average single- 
channel amplitudes from four to eight patches. Standard deviations are 
as indicated. A line fit by linear regression to these points predicts a 
slope conductance of 3.9 pS. Amplitudes were determined by fitting 
amplitude histograms with a Gaussian distribution. Asymmetrical K+ 
solutions were used (see Materials and Methods). Superimposed on this 
graph is a single record of Shal channel activity while the voltage was 
ramped from -80 to +60 mV. Data used for amplitude histograms was 
digitized at 0.195 msec/point and filtered at 2 kHz. Ramp record was 
digitized at .488 ms/point. Bottom, Steady-state inactivation curve of 
Shal channels in an outside-out patch containing approximately seven 
channels. Data points represent peak ensemble-averaged N * p(open), 
where N = number of channels, plotted versus prepulse potential. Data 
points are fit with a Boltzmann equation, I = Z,,,/(l + exp[(V ~ VI,,)/ 
4); L,, = 4.62, k = 5.86 mV/e-fold shift, V,,, = -105.01 mV. Inset, 
Ensemble-averaged currents of Shal channel activity during voltage 
jumps to a test potential of +20 mV. Each ensemble-averaged current 
was constructed from voltage jumps (19-25 sweeps) which were pre- 
ceded by a prep&e to (in order from top to bottom) -130, -110, 
-100, and -90 mV. Data were digitized at 0.488 msec/point and fil- 
tered at 2 kHz. 

more slowly inactivating ensemble-averaged current, due to lon- 
ger bursts of channel openings at the onset of a voltage jump. 
In this mode, the channel ultimately entered an absorbing in- 
activated state. Thus, the single Shal channel gave rise to en- 
semble-averaged currents with inactivation rates that virtually 
spanned the range of transient macroscopic currents recorded in 
wild-type neurons. 

Regardless of whether single channels often change gating 
modes, most single Shal channels (N = 11) can be categorized 
as being in either a fast or slow gating mode. Figure 7B shows 
two such examples: one channel in a fast gating mode, another 
in a slow gating mode. Hence, the variable inactivation rates of 
whole-cell transient currents could be due to different propor- 
tions of Shal channels in either a fast or slow gating mode. 
Modulation of Shal channels by a process such as phosphory- 
lation may play a role in determining the gating mode in which 
a channel resides. 

In order to investigate whether Shal channels exhibit variable 
inactivation rates in their normal cellular environment, we also 
examined Shal channels in cell-attached patches. In this mode, 
we observed Shal channels in both the fast and slow gating 
modes described (data not shown). Thus, this variability does 
not appear to be an artifact due to patch excision into artificial 
solutions. 

Delayed recti$er-type currents present in Shal-dejicient 
neurons.. evidence for Shaw and Shab 
After determining that Shal was responsible for transient cur- 
rents, we investigated the genes responsible for the delayed rec- 
tifier-type currents (DR currents) remaining in Shal-deficient 
neurons. The Shaw and Shab K+ channels were candidates for 
some of these non-Shal currents because they carry similar DR 
currents when expressed in Xenopus oocytes (Wei et al., 1989). 
Northern analysis also suggested that both genes are expressed 
in the late embryo (see Fig. 11). DR currents in neurons some- 
times had a noninactivating component, similar to Shaw (Wei et 
al., 1989), and a slowly inactivating component similar to Shab 
(Pak et al., 1991). 

Shaw channels were first expressed in Xenopus oocytes to 
observe single-channel properties which might aid in identifying 
Shaw channels in embryonic neurons. We found that Shaw chan- 
nels have several distinctive properties, including an unusually 
low voltage sensitivity, brief open times, and a large conduc- 
tance (>40 pS). A similar channel was then identified in wild- 
type Drosophila neurons (Fig. 8). Of the three types of single 
channels observed in embryonic neurons, this 42 pS channel 
was the largest. To verify that this channel was, indeed, encoded 
by Shaw, we investigated whether a genetic deficiency of Shaw 
would eliminate it. The 42 pS channel was detected in 56% of 
patches from neurons having a wild-type Shaw gene (N = 88) 
(Table l), but never observed in patches from Shaw-deficient 
neurons (N = 31). Shaw channels were also detected in Shal- 
deficient and Shaker mutant neurons at a frequency similar to 
wild type (Table l), showing that Shal and Shaker do not con- 
tribute subunits to the 42 pS channel. Hence, we conclude that 
the Shaw gene does encode this 42 pS channel. 

Shaw channels have an extremely low voltage sensitivity 
In working with Shaw channels, we noted that their open prob- 
ability remained low even at very positive voltages, giving the 
impression of a channel that is very weakly responsive to volt- 
age. To confirm this impression, open probability of Shaw chan- 
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Figure 6. Shal channels in different cells have different inactivation 
rates. Top, Shal ensemble-averaged currents from patches pulled from 
two different cells showing different rates of inactivation; peak current 

nels in neurons was plotted versus voltage (Fig. 9). Data points 
were fit with a Boltzmann equation to the fourth power, consis- 
tent with the same model of four closed-state transitions before 
opening (Zagotta and Aldrich, 1990), as assumed for macro- 
scopic data analysis. A total equivalent gating charge for open- 
ing a single channel was determined from this fit to be 0.90 
(+0.070) e- charges (N = 3). This value is similar to 0.86 e- 
obtained for macroscopic Shaw currents expressed in Xenopus 
oocytes (Baker, 1992). The voltage sensitivity of Shaw channels 
is so low that, although they are reported to begin opening be- 
tween -80 and -70 mV (Wei et al., 1990), by extrapolation of 
their activation curve (Fig. 9), they would not reach a p(open) 
of 0.95 until 558 mV. 

To determine the total equivalent gating charge for Shaw 
channels in a model-independent manner, we examined the 
semilogarithmic plots of open probability versus membrane 
voltage (Fig. 9). From the limiting slopes of these plots, we 
could determine the lower limit estimate of the total equivalent 
gating charge needed to move through the membrane to open 
a single channel (Almers, 1978). We calculated this lower limit 
of equivalent gating charge to be 0.54 (? 0.086) em charges (N 
= 3). Previous reports showed that Shaker channels have an 
equivalent gating charge of 6 e charges determined by similar 
calculations (Logothetis et al., 1992). Thus, calculated in both 
a model-dependent and model-independent manner, the total 
equivalent gating charge of Shaw channels is extremely low. 

In addition to its low voltage sensitivity, Shaw channels have 
a very short mean open time of about 1 msec. Open time his- 
tograms were best fit with a single exponential (data not shown) 
and were voltage independent. This short mean open time con- 
tributes to the low open probability of Shaw channels and is 
unusual for a delayed rectifier-type current. Shaw channels in 
cell-attached patches appeared to behave similarly to those in 
excised outside-out patches, exhibiting the same unusual prop- 
erties described above (data not shown). Shaw channels showed 
no sign of inactivation even at depolarized potentials and were 
completely blocked by 5 mu 4-aminopyridine (data not shown). 
All of these properties were common to Shaw channels in em- 
bryonic neurons and Shaw channels expressed in the Xenopus 
oocyte expression system. 

t 

of each was normalized and aligned for direct comparison of inactiva- 
tion rates. Currents were fit with the double exponential function: N * 
p(open) = A * exp[-t/T(fast)] + B * exp[-t/T(slow)]; N = number of 
channels observed to be in a given patch, p(open) = probability of a 
single channel being open. Top rruce, Slower ensemble-averaged cur- 
rent with T(fast) = 37.12 msec; bottom truce, faster ensemble-averaged 
current with T(fast) = 8.12 msec. Patches contained three and two Shal 
channels, respectively, and ensemble averages were constructed from 
85 and 89 sweeps, respectively. Voltage jumps were to a test potential 
of 0 mV, a 500 msec prepulse to - 120 mV preceded each voltage jump. 
Middle, Histogram of fast inactivation time constants from patches con- 
taining multiple Shal channels (N = 16 patches). Ensemble averages 
were constructed from Shal channel activity during voltage jumps to 
+20 mV, 480 msec in duration. Ensemble averages were fit with a 
double exponential function, as in A. X-axis represents fast inactivation 
time constants binned every 4 msec; y-axis represents the number of 
patches. Bottom, Histogram of fast inactivation time constants from 
patches containing a single Shal channel (N = 11 patches). Ensemble 
averages were constructed and fit as described in B. Y-axis represents 
the number of channels displaying a particular fast inactivation time 
constant. Solid bars indicate single channel that switched gating modes 
(Fig. 7A). All data were digitized at 0.488 msec/point and filtered at 2 
kHZ. 
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Figure 7. Shal channels switch gating modes. A, A single Shal channel switches from a fast gating mode (left) to a slower gating mode (right). 
Ten consecutive voltage jumps to +20 mV are shown below for each mode. Ensemble averages were constructed from 71 sweeps (lefr) and 110 
sweeps (right). Membrane was prepulsed for 500 msec to - 130 mV before each voltage jump. Double exponential fits are shown, where p(open) 
= A * exp(-tlflfast]) + B * exp(-rlnslow]). Lefi, T(fast) = 8.2 msec, A = 1.18, T(slow) = 928.25 msec, B = 0.06. Right, T(fast) = 92.01 msec, 
A = 0.471, T(slow) = 6.47 * 1019, B = 9.21 c 10-3. B, Two other patches each containing only a single Shal channel; each appears to be stable 
in one of the two gating modes seen in A. Three records showing single-channel activity from each patch are shown below ensemble averages. 
Ensemble averages were each constructed from 150 voltage jumps to t20 mV. For comparison, examples of two whole-cell transient currents 
which inactivate at rates similar to ensemble-averaged currents are shown below for comparison. Cells were held at -90 mV and test pulses were 
to f20 mV. Capacitative transients were partially removed. All single-channel data was digitized at 0.488 msec/point and filtered at 2 kHz. 

Shah-like channels 

Because they have no inactivation, Shaw channels cannot ac- 
count for all of the DR currents in embryonic neurons; the most 
prominent macroscopic current present in Shal-deficient neu- 
rons is a slowly inactivating current. Although a genetic defi- 
ciency of the Shab gene was not available, we nevertheless 
suggest that the Shab gene (or a very similar gene) encodes 
the remaining slowly inactivating current. This is based on sim- 
ilarities between neuronal Shab-like currents and Drosophila 
Shab currents expressed in Xenopus oocytes. Of the three sin- 
gle-channel currents observed in neurons, only the 11 pS chan- 
nel can account for this slowly inactivating current. Ensemble- 
averaged currents from the 11 pS channel were slowly 
inactivating and closely matched ensemble-averages from Shab 
channels expressed in Xenopus oocytes (Fig. 10). In both cases, 
this was due to similar long bursts of channel openings fol- 
lowed by quiescent periods (Fig. 10). Activation kinetics of 
neuronal Shab-like channels and Drosophila Shab channels ex- 
pressed in Xenopus oocytes were also similar. Figure 10 shows 
that ensemble-averaged currents from both reached peak cur- 

rent in 27 msec at 0 mV. Another behavior common to both 
was an apparent “rundown” of single-channel currents; cur- 
rents were often seen when patches were just excised but dis- 
appeared after a few minutes, rarely reappearing. This behavior 
was common with Shab-like channels but rarely seen with Shal 
or Shaw channels. “Rundown” probably accounts for the rel- 
atively low frequency (13% of patches, N = 118) at which 
Shab-like channels were observed in neurons, since inactive 
channels may have been present in a higher percentage of 
patches. Neuronal Shab-like channels had a conductance of 11 
pS, as compared with 18 pS for Shab channels observed in the 
Xenopus oocyte expression system (Fig. 10). At the whole-cell 
level, slowly inactivating currents remaining in Shal-deficient 
neurons have an average steady-state inactivation midpoint of 
-37 mV, comparable to -46 mV for Drosophila Shab chan- 
nels expressed in Xenopus oocytes (Pak et al., 1991). 

We also observed Shab-like channels in Shal-deficient, Shaw- 
deficient, and Shaker mutant neurons (Table l), which eliminates 
those K+ channel genes as possible contributors to the Shab-like 
channels. Northern analysis showed that Shab is prominently 
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Figure 8. Shaw channels. A, Single-channel records of Shaw channel 
activity from embryonic Drosophila neurons (left) and Xenopus oocyte 
expression (right). Voltage jumps were preceded by a 500 msec pre- 
pulse to -60 mV to inactivate Shal channels. Patch from neuron con- 
tained two channels; oocyte patch contained one. Data were digitized 
at 0.488 msec/point and filtered at 2 kHz. B, Current versus voltage 
relation of single Shaw channels in embryonic Drosophila neurons (lef) 
and in the Xenopus oocyte expression.system (right). Lef, Single record 
from a patch containing three channels while the voltage was ramped 
from -90 to +40 mV. Superimposed data points represent the average 
single-channel amplitude as determined by fitting a Gaussian distribu- 
tion to amplitude histograms from multiple patches (N = 3-4). Standard 
deviations are as indicated. A line fit by linear regression to data points 
predicts a slope conductance of 41.5 pS. Data used for amplitude his- 
tograms was digitized at 0.195 msec/point and filtered at 2 kHz. Right, 
Shaw channel activity in a patch from Xenopus oocyte. Voltage was 
ramped from -90 to +40 mV. Due to the low open probability of a 
single Shaw channel in this patch, 19 records were superimposed. A 
line, fit by eye to the amplitudes of channel openings, predicts a slope 
conductance of 48.1 pS. All ramp records were digitized at 0.488 msec/ 
point. 

The Journal of Neuroscience, March 1995, 75(3) 1749 

expressed in the late embryo along with Shal and Shaw (Fig. 
11). Thus, in the absence of a deficiency for the Shah gene, 
several lines of evidence suggest that these slowly inactivating 
currents might be encoded by the Shah gene. 

The largest and most common whole cell current component 
is the transient current removed by the Shal deficiency. As ex- 
pected then, single Shal channels are the most frequently ob- 
served channels, appearing in 74% of patches. Although Shaw 
channels were observed in 54% of patches, their low open prob- 
ability even at depolarized voltages (previously discussed) prob- 
ably underlies the small, noninactivating component of whole 
cell current seen in some cells. Since Shaw channels have such 
a low voltage sensitivity, Shaw currents might function as 
“leak” currents. The correlation of the Shab-like channels to the 
whole cell slowly inactivating current component present in 
most cells is less certain since, as mentioned above, these chan- 
nels tended to run down very rapidly. Thus, we cannot rule out 
the possibility that there may be yet another channel type pres- 
ent, perhaps in invaginations of the cell inaccessible to a patch 
pipette, that may be responsible for the slowly inactivating 
whole cell component. 

Is Shaker present? 

Consistent with previous reports (Sole et al., 1987; Saito and 
Wu, 1992), we find that Shaker is not responsible for a signifi- 
cant portion of the currents in the soma of neurons. Only 13% 
of the Shal-deficient neurons were observed to contain a tran- 
sient component (Fig. 3). At most, Shaker could be responsible 
for this portion of transient current. 

Northern analysis suggests that Shal, Shab, and Shaw genes 
are expressed in embryos 

We investigated the developmental expression of the four cloned 
K+ channel genes from Drosophila by Northern analysis (Fig. 
11). PolyA-selected mRNA from early embryo, late embryo (the 
stage which most closely corresponds to the age of cells used 
in this study), pupa, and adult animal were run on an agarose 
gel under denaturing conditions, blotted onto nitrocellulose, and 
probed for each gene. Consistent with our physiological data, 
Shal, Shab, and Shaw appear to be prominently expressed in the 
late embryo, but Shaker expression is much weaker. Two alter- 
natively spliced forms of both the Shal and Shab genes are ex- 
pressed in the late embryo. ‘Iwo forms of Shal have been cloned 
which differ in their 3’-carboxyl terminal ends (Baker, 1992). It 
is unlikely, however, that these two forms of Shal correspond to 
the two Shal gating modes described in this study, since both 
forms have been expressed and no differences noted in the 
whole-cell currents (Baker, 1992). Shaw appears to have only a 
single splice form throughout development. Shaker is expressed 
at very low levels in the late embryo, having its most prominent 
appearance in the pupal through adult stages. 

Discussion 
Shaker, Shal, Shab, and Shaw are the four genes encoding volt- 
age-dependent K+ channels currently cloned in Drosophila 
(Kamb et al., 1987; Papazian et al., 1987; Butler et al., 1989). 
The total voltage-dependent K+ current in a given cell may con- 
sist of a mix of currents generated by these genes and perhaps 
other genes which have not yet been cloned. Each represents a 
separate subfamily of K+ channel genes conserved across spe- 
cies. Each also constitutes an independent K+ current system 
due to the fact that heteromultimers cannot form between them 
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Figure 9. Shaw channels have an unusually low voltage sensitivity. 
Top, Ensemble averages of Shaw channel activity from embryonic neu- 
rons during voltage jumps (180 msec) to -20 mV and + 110 mV. Hold- 
ing potential was -60 mV. Average N * p(open), from 30 msec to 150 
msec after jump onset, was 0.037 at -20 mV and 0.29 at +llO mV. 
N = total number of channels observed in patch; p(open) = probability 
of a channel being open. Patch contained two Shaw channels. Ensemble 
averages were constructed from 50 sweeps each. Data were digitized at 
0.195 msec/point and filtered at 2 kHz. Middle, An example of N * 
p(open) for Shaw channels in a patch plotted versus membrane poten- 
tial, where N = number of channels observed in the patch and p(open) 
= the probability of a single channel being open. N * p(open) values 

(Covarrubias et al., 1991; Li et al., 1992; Sheng et al., 1993). 
Considerable diversity, however, can be achieved simply by 
mixing, in varying proportions, currents expressed by these in- 
dependent K+ current systems. 

Diversity of K+ currents within a single subfamily has also 
been observed to occur. In mammals, multiple genes within each 
subfamily may encode channels with related but variant prop- 
erties (reviewed in Jan and Jan, 1990; Rudy et al., 1991; Salkoff 
et al., 1992). For example, Kv 1.1 and Kvl.4 are both members 
of the Shaker subfamily but express currents that have very dif- 
ferent inactivation rates (Stuhmer et al., 1989). In Drosophila, 
however, each subfamily appears to be represented by only a 
single gene. Both Drosophila and mammals generate additional 
diversity from some genes by alternative RNA splicing (Kamb 
et al., 1988; Pongs et al., 1988; Schwarz et al., 1988; Butler et 
al., 1989; Ghanshani et al., 1992). The Shaker gene in Dro- 
sophila is an extreme example, with as many as 24 alternatively 
spliced forms (Kamb et al., 1988). Heteromultimeric K+ chan- 
nels also contribute to K+ current diversity. In mammals, het- 
eromultimeric K+ channels consisting of subunits from several 
distinct Shaker genes form in vivo (Sheng et al., 1993; Wang et 
al., 1993). In Drosophila, heteromultimeric channels may be 
formed by combining alternatively spliced forms from a single 
gene (Isacoff et al., 1990; McCormack et al., 1990). Finally, 
modulation such as phosphorylation can result in further K+ 
current diversity (reviewed in Sieglebaum and Tsien, 1983; Lev- 
itan, 1985). 

Sources of diversity 

We found that embryonic Drosophila neurons display a wide 
variety of K+ currents, consistent with previous reports (Byerly 
and Leung, 1988; Saito and Wu, 1991, 1992). We found that 
this variability is due to both a mix of currents from Shal, Shaw, 
and possibly Shab channels, and a variety of currents arising 
from Shal channels. The coexpression of Shal, Shaw, and Shah 
gives rise to a variety of whole-cell currents with different pro- 
portions of transient and steady-state components. A likely 
mechanism for Shal current diversity involves different gating 
modes, perhaps modulated by a mechanism such as phosphor- 

t 

are determined from ensemble averages as described above from -20 
mV to + 110 mV, in 10 mV increments. Ensemble averages were con- 
structed from 50 to 100 sweeps at each voltage. A Boltzmann equation 
to the fourth power, N * p(open) = max/[(l + exp[(V,,, - VJk])], was 
fit to data points. Since there appeared to be two channels present in 
this particular patch (although this may be an underestimate considering 
such a low open probability of channels), max was held at 2.0 while 
V,,, and k were varied. Best fits for parameters were V,,2 = 65.38 mV 
and k = 110.70 mV/e-fold shift. This value for k corresponds to a single 
gate charge of 0.23 e- and a total equivalent gating charge for opening 
a single Shaw channel of 0.92 e- charges. Inset shows data points su- 
perimposed on extrapolated Boltzmann fit. Bottom, Semilogarithmic 
plot of p(open) versus membrane voltage from three patches containing 
Shaw channels (U, A, 0). N * p(open) values were determined from 
ensemble-averaged currents as described in A, and normalized for the 
number of channels in each patch. The natural logarithm of each 
p(open) was then plotted versus membrane potential. Since these values 
correspond to very low open probabilities of the channel, they represent 
the linear portion of a single Boltzmann fit to such a semilogarithmic 
plot, the slope of which gives the “limiting logarithmic potential sen- 
sitivity” (Almers, 1978). Lines were fit through data points from each 
patch by linear regression. The total equivalent gating charge, Z, was 
calculated from the slopes of these lines by the relation Z = @T/F) * 
ln[p(open)lV,]. Values for Z from three patches were 0.43 e-, 0.55 em, 
and 0.64 e-, respectively. 
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Figure 10. Shab-like channels in embryonic Drosophila neurons com- 
pared to Shab channels expressed in Xenopus oocytes. Top, Ensemble- 
averaged current from Shab-like channel activity in embryonic Dro- 
sophila neurons (left) and Shab channels as observed in the Xenopus 
oocyte expression system (right). Voltage jumps to 0 mV were preceded 
by a prepulse to -90 mV. Patch from embryonic neuron contained two 
channels, patch from Xenopus oocyte contained one. Ensemble averages 
were constructed from 49 (Zefi) and 70 (right) sweeps. Middle, Repre- 
sentative single-channel records of Shab-like channels in embryonic 
Drosophila neurons (left) and Shab channels in the Xenopus oocyte 
expression system (right) used to construct ensemble-averaged currents 
above. Bottom, Single-channel current amplitude versus voltage relation 
of Shab-like channels in embryonic Drosophila neurons (left and Shab 
channels as observed in the Xenopus oocyte expression system (right). 
The voltage was ramped from -90 to +60 mV. A line, fit by eye to 
the amplitudes of channel openings, predicts a slope conductance of 
10.5 pS for the Shab-like channels in neurons (left), and 17.8 pS for 
Shab channels expressed in Xenopus oocytes (right). Data were digiti- 
zed at 0.488 msec/point and filtered at 2 kHz. 

ylation. Since single Shal channels appear, for the most part, to 
be in a fast or slow gating mode, various proportions of channels 
in each gating mode could give rise to macroscopic currents with 
inactivation time constants virtually spanning the entire range of 
inactivation rates seen. 

Shaker Shal I!i!E& Shaw 

Figure II. Northern analysis of Shaker, ShaZ, Shah, and Shaw at dif- 
ferent stages of development. PolyA-selected mRNA (5 kg) was run 
on a denaturing agarose gel, blotted onto nitrocellulose, and probed with 
a 3ZP-labeled cDNA probe for each of the four cloned Drosophila genes, 
as indicated. Embryo (E), Early embryo, O-9 hr; Embryo (LJ, late em- 
bryo, 9-18 hr; Pupa, 4-5 d postpupariation; Adult, l-2 weeks. Multiple 
bands in a lane probably correspond to alternatively spliced mRNAs. 

Modal gating has also been previously described in other sys- 
tems (Moorman et al., 1990; Alzheimer et al., 1993; Delcour et 
al., 1993). Modulation of ion channels has been reported to af- 
fect both the inactivation rates of currents (Numann et al., 1991; 
West et al., 1991; Zhou et al., 1991; Chabala et al., 1993; Kupper 
et al., 1993; Vyas et al., 1993; Drain et al., 1994; Rettig et al., 
1994) and the gating mode of single channels (Yue et al., 1990; 
Zhou et al., 1991; Marrion, 1993; Wilson and Kaczmarek, 1993). 
A cloned skeletal muscle sodium channel, ~1 a-subunit, has 
been reported to have two gating modes which, like those of 
Shal, give rise to ensemble-averaged currents with very different 
rates of inactivation (Zhou et al., 1991). Phosphorylation has 
been suggested as a mechanism of modulation (Huganir et al., 
1984; Levitan, 1985). Phosphorylation was reported to slow the 
inactivation rate of a mammalian Shaw channel (Vyas et al., 
1993) and a rat brain Na+ channel (Numann et al., 1991; West 
et al., 1991). Phosphorylation has also been reported to increase 
the inactivation rate of a Shaker K+ current (Drain et al., 1994). 
A tyrosine phosphatase was reported to mediate the switch be- 
tween gating modes in Aplysia bag cell cation channels (Wilson 
and Kaczmarek, 1993). Both phosphorylation and protein-pro- 
tein interactions (Zhou et al., 1991) have been reported to mod- 
ulate gating modes, and either may play a role in the regulation 
of Shal channel gating modes. 

Shal is the most highly conserved of the four K+ channel gene 
subfamilies with 82% amino acid identity between Drosophila 
and mouse (Pak et al., 1991). Such high conservation might 
indicate conservation in function with regard to modal gating 
behavior. Indeed, one report suggests that modulation of Shal 
channels in vertebrates also produces transient currents with dif- 
ferent inactivation rates (Chabala et al., 1993). 

The expression of Shal channels may not be restricted to em- 
bryonic neurons since their similarity to the A, channels in larval 
neurons (Sole et al., 1987, 1990; Sole and Aldrich, 1988) sug- 
gests that they too may be encoded by Shal. A, channels, like 
Shal channels, account for most of the transient currents present 
and give rise to ensemble-averaged currents with variable in- 
activation rates. 
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Low voltage sensitivity of Shaw channels 

Our analysis of neuronal Shaw currents and a previous study of 
Shaw currents expressed in Xenopus oocytes both suggest an 
unusually low voltage sensitivity. The previous studies of mac- 
roscopic Shaw currents in the Xenopus oocyte expression system 
(Baker, 1992) were remarkably consistent with our results. The 
equivalent gating charge for a Shaw channel expressed in the 
oocyte system was determined by plotting tail current amplitudes 
versus prepulse potential. A Boltzmann equation to the fourth 
power was then used to fit the data, consistent with a model of 
four closed state transitions before opening (Zagotta and Al- 
drich, 1990). A total equivalent gating charge for opening a sin- 
gle Shaw channel was determined to be 0.86 em charges. This 
is in sharp contrast to the Shaker channel for which similar mea- 
surements predicted an equivalent gating charge of 7 em (Zagotta 
and Aldrich, 1990). 

The fourth transmembrane segment (S4) of voltage-dependent 
K+ channels is thought to be the “voltage sensor,” containing a 
conserved structural motif of positively charged residues at ev- 
ery third position (Noda et al., 1984; Stuhmer et al., 1989; Li- 
man and Hess, 1991; Papazian et al., 1991; Logothetis et al., 
1992). With only four, Shaw has the lowest number of positively 
charged residues in its S4 region of all cloned K+ channels (in 
contrast, Shaker contains seven). In addition to the low number 
of positive charges, the Shaw S4 region has two negatively 
charged residues in positions normally occupied by positively 
charged residues, bringing the net charge to +2 (Wei et al., 
1989). This low net charge, compared with +7 for Shaker, per- 
haps underlies the low voltage sensitivity of Shaw channels. 

As with Shal, Shaw gene expression may not be limited to 
embryonic neurons. The Shaw channels we observed resemble 
K, channels from cultured embryonic myotubes (Zagotta et al., 
1988) and K, channels from larval neurons (Sole and Aldrich, 
1988), which may all be products of the Shaw gene. These chan- 
nels were also reported to have a large conductance (>40 pS). 
K, channels, like Shaw channels, displayed no apparent inacti- 
vation and a low open probability. K, and K, channels, like 
Shaw channels, most likely contribute a sustained outward 
whole-cell current, possibly serving the role of leak channels. 

Of the three types of single-channel currents identified in em- 
bryonic neurons, only the 11 pS Shab-like channels gave rise to 
a slowly inactivating ensemble-averaged current. These channels 
are thus likely to produce the slowly inactivating currents ob- 
served in Shal-deficient neurons. Like Shal and Shaw channels, 
the expression of these Shab-like channels is also probably not 
restricted to embryonic neurons since their properties match 
those of K, channels described in larval neurons (Sole and Al- 
drich, 1988) and embryonic myotubes (Zagotta et al., 1988), 
which may also be the products of the Shab gene. Both channels 
have a similar conductance (lo-16 pS) and, once activated, both 
give rise to slowly inactivating ensemble-averaged currents. 

Completeness of the “set” 

To date, Shaker, Shal, Shab, and Shaw make up the “set” of 
voltage-dependent K+ channel genes cloned in Drosophila, and 
represent the “set” of voltage-dependent K+ channel gene sub- 
families present in all metazoan organisms. However, the com- 
pleteness of this “set” is currently unknown. We wanted to 
know whether we could assign all voltage-dependent K+ cur- 
rents in a given cell type to one of these four cloned genes. It 
should be noted, however, that K+ channels expressed in the 

soma of the embryonic neurons used in this study are not nec- 
essarily representative of all K+ channels expressed in vivo. 
There may be other K+ channel genes expressed in particular 
subcellular locations, in other subpopulations of cells, or at dif- 
ferent developmental stages. In addition, we cannot rule out the 
possibility that a different complement of channels might be 
expressed in cultured neurons than is expressed under normal 
conditions. 

Previous mutant analysis of the Shaker gene showed it to be 
responsible for all of the voltage-dependent transient K+ current 
in muscle of embryo, larvae, pupae, and adult (Salkoff and Wy- 
man, 1981; Salkoff, 1983, 1985; Wu and Haugland, 1985; Sole 
et al., 1987; Zagotta et al., 1988; Broadie and Bate, 1993). In 
neurons, however, a Shaker mutation was found to have no per- 
ceptible effect on K+ currents in larvae (Sole et al., 1987), and 
produced only a minor portion of transient K+ currents in pupae 
(Baker and Salkoff, 1990). Shaker could be responsible for the 
13% of transient currents remaining in Shal-deficient neurons. 
Previous reports have suggested that Shaker is expressed in the 
nerve terminals of the larval neuromuscular junction (Jan and 
Jan, 1977), in the adult cervical giant fiber axons (Tanouye and 
Ferrus, 1985), as well as in axons and neuropil of the adult 
Drosophila brain (Schwarz et al., 1990). It has also been re- 
ported that in the rat CNS, a Shaker (K”l.4) gene’s expression 
is more specific to axons and terminal regions, while a Shal 
(K”4.2) gene’s expression is more specific to the cell body and 
dendritic regions (Sheng et al., 1992). It is possible then that 
Shaker is expressed primarily in the axons and dendrites of neu- 
rons, thus remaining undetected by recording at the soma. Since 
all of the (voltage-dependent) single-channel currents observed 
in embryonic Drosophila neurons can be assigned to the re- 
maining three cloned K+ channel genes, then perhaps the “set” 
of known K+ channel genes is nearing completion. 
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