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Drosophila offers a unique opportunity to determine how the 
genome codes for ionic channels in an organized nervous 
system. Considerable progress has already been made in 
studying the molecular biology of Drosophila K channels. In 
order for similar progress to be made on neuronal voltage- 
dependent Ca channels, a physiological preparation is need- 
ed in which the function of these channels can be directly 
studied. The patch-clamp studies reported here show that 
cultures of embryonic Drosophila cells (Seecof and Unanue, 
1966) meet this need. These cultures provide the first op- 
portunity to study with voltage-clamp techniques the Ca and 
Na currents of Drosophila neurons. The focus of these stud- 
ies is on the Ca current; however, descriptions of the K and 
Na currents are also given since they help to characterize 
the cells studied and the quality of the voltage clamp. 

The voltage-dependent K, Na, and Ca currents of Dro- 
sophila neurons are very similar to those of molluscan neu- 
rons and other better studied neurons. The K currents are 
the largest currents in these neurons, averaging over 300 
pA at +20 mV. There are 2 classes of Ca-independent K 
currents, inactivating currents that are 4-AP sensitive, and 
noninactivating currents that are insensitive to 4-AP. A large 
fraction of the K currents are located in the somal membrane. 
The Na currents are TTX sensitive and probably located in 
the processes. The peak amplitudes of the Ca currents vary 
from 0 to over 100 pA in these neurons, averaging 40 pA. 
With 5 mu external Ca2+ or Ba *+, the Ba currents are about 
twice as large as the Ca currents. Although 100 PM Cd*+ 
completely blocks the Ca current, organic blockers have 
very little effect. Variable inactivation characteristics and 
sensitivity to washout suggest the possibility of multiple types 
of Ca channels. A search for single-channel Ba currents in 
the somal membrane was unsuccessful. 

The fruit f ly Drosophila provides unique opportunities to study 
how genes code for a nervous system. Drosophila both has an 
organized nervous system and a well-studied, easily manipu- 
lable genome. A number of laboratories have focused on how 
genes control the properties of excitable membranes in Dro- 
sophila; these approaches have been reviewed recently (Ga- 
netzky and Wu, 1985; Jan et al., 1985; Salkoff and Tanouye, 
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1986). The genetic analysis of ionic channels has progressed the 
furthest with K channels, especially the A type K channel. Many 
mutations that affect K channels have been studied, and the 
region of the X chromosome coding for the A channel has been 
cloned (Baumann et al., 1987; Kamb et al., 1987; Papazian et 
al., 1987). Also a number of mutants thought to affect Na chan- 
nels have been studied, but to date no Ca channel mutants have 
been identified. 

Our laboratory has been studying the control of Ca currents 
by intracellular messengers such as Ca*+ and cyclic nucleotides. 
This problem is complicated by the diversity of Ca channels 
and the number of different mechanisms that control different 
types of Ca channels (Byerly and Hagiwara, 1988). The direct 
study of these control mechanisms is greatly limited by the labile 
nature of most Ca channels. Ca currents disappear (or “wash- 
out”) when the intracellular side of the membrane is directly 
exposed to artificial solutions (Kostyuk et al., 198 1; Byerly and 
Hagiwara, 1982; Fenwick et al., 1982). Drosophila seems a 
promising system in which to pursue this problem. It should be 
possible to determine the distinct genes coding for Ca channels 
and the genes coding for pumps, receptor proteins, kinases, and 
other proteins that modulate the function of Ca channels. 

We have chosen to use the embryonic cell cultures developed 
by Seecof and colleagues (Seecof and Unanue, 1968; Seecof et 
al., 1971, 1973; Salvaterra et al., 1987) for these studies of Ca 
currents because robust Ca currents are present in both the 
neurons and myocytes of these cultures. Since gigaohm seals 
form readily on these cells, patch-clamp techniques (Hamill et 
al., 1981) can be used to study both whole-cell and single-chan- 
nel currents. Another important advantage of these cultures is 
that they can be made from lethal mutant embryos, permitting 
the study of large deletions in the genome. Since we were the 
first to do voltage-clamp studies on these embryonic cultures, 
we began by characterizing the whole-cell currents of the em- 
bryonic neurons. These studies are done on neurons with pro- 
cesses containing voltage-dependent channels, so the results are 
of limited biophysical value. However, it is possible to reach 
many qualitative conclusions about the ionic currents, and a 
sufficiently detailed description is provided to serve as reference 
in screening behavioral mutants for ones that affect membrane 
currents. Preliminary reports of this research have been pub- 
lished (Byerly, 1985, 1986; Leung and Byerly, 1987). 

Materials and Methods 

Preparation of cultures. The embryonic Drosophila cultures were pre- 
pared as described by Salvaterra et al. (1987) with a few minor changes. 
Eggs were collected for a 2 hr period from Drosophila melanogaster 
(Oregon R) flies maintained in population cages at 26°C. The cells, 
obtained by dissociating the gastrulating embryos, were plated on un- 
treated 10 mm round glass coverslips (Bellco Biotechnology, Vineland, 
NJ) in a 35 mm tissue culture dish at 4 x lo5 cells/ml in 2 ml of 
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Table 1. Composition of solutions (in mM) 

External solutions Na+ K’ Cl- Ca*+ Mg2+ Other 

Dros. saline 130 6 151 5 5 - 
0 K Dros. saline 130 0 151 5 5 I Tris 
Tris Dros. saline 0 0 151 5 5 147 Tris 
Ba Tris Dros. saline 0 0 151 0 5 147 Tris, 5 BaZ+ 
0 Ca Tris Dros. saline 0 0 151 0 10 147 Tris 
High Ba saline 0 0 214 0 0 107 Ba*+ 

Tris’ 
5 Tris 

6 K/5 Ca Tris Dros. saline 0 6 151 5 5 140 
6 K/O Ca Tris Dros. saline 0 6 151 0 10 140 Tris 
60 K/O Ca Tris Dros. saline 0 60 151 0 10 80 Tris 

Internal solutions K’ CS’ Cl- Asp- F- 

KC1 158 0 147 0 0 
KAsP 156 0 6 139 0 
CsCl 0 158 147 0 0 
CsAsp 0 156 6 139 0 
CsF 0 158 75 0 72 

All external solutions contained 10 IIIM glucose and 10 IIIM HEPES (pH 7.4). All internal solutions, contained 5 rn~ 
EGTA, 0.5 mu Ca2+, 1.0 rn~ Mg’+, and 10 mu HEPES (pH 7.3). 

medium. The cells were cultured in a dry-air incubator at 25°C for 
periods of 16 hr-7 d. Individual coverslips of cells were transferred to 
a small recording chamber (< 1.0 ml vol) on the stage of an inverted 
microscope, where the cells were viewed by Hoffman differential inter- 
ference optics. 

Patch-clamp techniques. The cultured neurons were studied by whole- 
cell and cell-attached patch-clamp configurations (Hamill et al., 198 1). 
For whole-cell experiments the electrodes were pulled from 100 ~1 VWR 
micropipets (VWR, Cerritos, CA), coated with Sylgard resin, and pol- 
ished to a bubble number of 3.0-4.0 (Corey and Stevens, 1983). When 
filled with the standard CsAsp or KAsp internal solutions, these pipets 
had a resistance of 5-10 MB. For cell-attached patch recordings, the 
electrodes were pulled from thick-walled Coming 7052 glass tubing 
(Gamer Glass, Claremont, CA). Most procedures were standard for 
whole-cell recording; however, we found that a special procedure de- 
scribed by Holton and Hudspeth (1986) had to be followed to obtain a 
stable seal when the pipet contained aspartate as the major anion. The 
tip of the electrode was soaked for a few seconds in a 1 mM streptomycin 
sulfate (Calbiochem) internal solution and then backfilled with standard 
internal solution (no streptomycin). This procedure proved indispens- 
able for whole-cell studies which used aspartate for the internal anion. 
External solutions flowed directly onto the cell being studied from a 0.5 
mm (inner diameter) tube that was positioned about 0.5 mm from the 
cell by a micromanipulator. During studies, the neural processes were 
attached to the glass coverslip, but the cell body was usually lifted a few 
micrometers above the glass surface. 

Since the neurons studied do have processes, the quality of the whole- 
cell voltage clamp depends on the location of the channels that carry 
the current of interest. A study of the capacitive transient elicited by a 
hyperpolarizing voltage step provides information relevant to the qual- 
ity of the voltage clamp. Figure 1 (lower right) shows the capacitive 
transients elicited by 50 mV hyperpolarizing voltage steps applied to 3 
different cells. In general, the capacitive transients have a complicated 
time course, which we have approximated by a double-exponential 
form. The faster-decaying component has a time constant of 330 + 150 
rsec (mean ? SD, n = 37), and the slower-decaying component has a 
time constant of 1.1 f  0.4 msec. We assume that the fast component 
corresponds to charging of the somal membrane and near regions of 
larger processes, while the slow component results from charging of 
more distal regions of the processes. By integrating separately the fast 
and slow capacitive currents, it is possible to calculate the capacitance 
that is charged at each rate. The fast component has a capacitance of 
3.0 * 1.0 pF; this is larger than the 1.1 pF capacitance expected for a 
spherical membrane of 6 pm diameter and 1 wF/cm2 specific capaci- 
tance. The associated series resistance is calculated to be 120 f  60 MQ, 
an order of magnitude larger than the measured pipet tip resistance 
before obtaining a seal. This calculated series resistance is an upper limit 

to the series resistance of the patch electrode during the whole-cell 
recording. Since this fast component of the capacitive transient includes 
current that charges regions of the processes that are close to the soma, 
the calculated resistance will contain a contribution from the longitu- 
dinal resistance of the processes. In a few cells the slope conductance 
for K current-voltage relation became greater than the reciprocal of the 
series resistance calculated from the fast component of the capacitive 
transient, e.g., in one cell the calculated series resistance was 240 MQ, 
but the K current-voltage slope conductance was 1/(80MB). This shows 
that the K current of these cells sees less resistance than the calculated 
series resistance; in the example given, the patch electrode series resis- 
tance must be less than 80 MQ. The patch electrode series resistance 
during whole-cell recordings may be no more than 2 or 3 times the 
electrode resistance measured before seal formation (5-10 MB), as is 
usually assumed for whole-cell patch-clamp recordings. As is illustrated 
in Figure 1, the amplitude of the slow component of the capacitive 
transient varies considerably from cell to cell. The capacitance charged 
at the slower rate is 2.6 + 1.5 pF (n = 37) and the calculated associated 
series resistance is 500 f  200 MB. The voltage error for a 100 pA 
current is probably less than 3 mV if the channels reside in the soma 
but more than 50 mV if the channels are located distally. 

Solutions. The composition of the external and internal solutions used 
are given in Table 1. The external solutions had a higher Ca2+ concen- 
tration than standard Drosophila salines previously used (Jan and Jan, 
1976; Salkoff and Wyman, 1983a) in order to increase the magnitude 
of Ca currents. Tris was used as a nonpermeant substitute for Na+ and 
K+. The external pH was buffered by 10 mM HEPES; solutions were 
titrated with NaOH or TrisOH to pH 7.4. All external solutions had 
an osmolarity close to 280 mOsm. TEA chloride and 4-aminopyridine 
(4-AP) were added to external solutions without adjusting osmolarity, 
but pH was adjusted after these additions. TTX, nifedipine, verapamil, 
W-7 [N-(6-aminohexyl)-5-chloro-l-napthalenesulfonamide], and dilti- 
azem were obtained from Sigma Chemical Co. D-600 (gallopamil hy- 
drochloride) was provided by Knoll AC, and BAY K8644 was provided 
by Dr. Scriabine of Miles Pharmaceuticals. Nifedipine, BAY K8644, 
diltiazem, verapamil, D-600, and W-7 were kept in dark containers and 
used under minimal light conditions. Stock solutions were made ofthese 
drugs in ethanol. The final concentration of ethanol in the solutions 
applied to the cells was always less than 0.4% and had no effect itself 
on the ionic currents. 

The internal solutions had Ca*+ buffered to very low levels by 5 mM 
EGTA with 0.5 mM added Ca *+. Internal pH was buffered by 10 mM 
HEPES; the final pH was adjusted to 7.3 by addition of KOH or CsOH. 
Cs+ was used as a nonpermeant replacement for K+. Often the internal 
solutions were “enriched” by the addition of 2 mM adenosine 5’-tri- 
phosphate (ATP), 100 PM dibutyryl CAMP, and 2 mM theophylline 
(Sigma). These enrichments were only added to the solution with which 
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Figure 1. General properties of neurons studied. Top, Photographs of Drosophila embryonic cultures, using Hoffman differential interference 
optics. Arrowheads indicate cells of the type studied. These cells have diameters of 4-8 Wm. Bottom left, Action potential currents recorded in cell- 
attached patch. Pipet was held at -13 mV. Pipet was stepped to - 113 mV in lower trace, -33 mV in middle trace, and +7 mV in upper trace 
(cell 5/28/6-7). Bottom right, Capacitive transients recorded in whole-cell mode when pipet was stepped 50 mV below holding potential. Pipet 
capacitive transients, recorded from cell-attached patch, have been subtracted. Transients for 3 different cells are shown, illustrating fast and slow 
transients. Records were filtered at 5 kHz. By fitting a double-exponential function to the transients, a fast time constant, rF, and capacitance, C,, 
and slow time constant, rS, and capacitance, C,, are determined. Cell 7/l 5/7-36: rF = 90 rsec, C, = 1.5 pfd, rs = 480 psec, C, = 0.6 pfd, cell 6/26/ 
7-14: rF = 220 psec, C, = 3.3 pfd, 7s = 400 psec, C, = 0.8 pfd, cell 6/30/7-3: rF = 500 rsec, C, = 2.0 pfd, rS = 2.2 msec, C, = 3.6 pfd. 

the pipet was backfilled; they were not added to the solution in which 
the tip was initially soaked (for 10 set) out of concern that they might 
interfere with seal formation. Cells tended to swell slowly during whole- 
cell studies using the concentrations given in Table 1. It was found that 
diluting these internal solutions with distilled water to 90% of given 
concentrations prevented swelling. This dilution was used in some ex- 
periments for which longer recording times were necessary and the exact 
concentrations of internal ions was not critical. 

Data handling. Experiments were performed with 2 different patch- 
clamp’ amplifiers, a Dagan 8900 (Dagan, Minneapolis, MN) and an 
Axopatch 1A (Axon Inst., Burlingame, CA). Test protocol generation, 
data acquisition, and analysis were done with the pCLAMP system 
(Axon Inst.) on an IBM-AT personal computer. All membrane poten- 
tials were corrected for the liquid-junction potentials as described by 
Hagiwara and Ohmori (1982). Liquid-junction potentials were mea- 
sured using a 3 M KC1 reference electrode; measured values were -4.5 
mV for KCl/Dros. saline, -10.5 mV for KAsp/Dros. saline, and +3 
mV Tris Dros. saline/Dros. saline. No series resistance compensation 
was used in the voltage-clamp studies. Current records were low-pass 
filtered (4 pole) at 1 kHz except as indicated. Records were digitized at 
intervals varying from 20 psec to 2msec. Leakage currents have not 

been subtracted from the current records shown in the figures, except 
for Figures 1 and 4 (where the subtractions are explained in the legends). 
Leakage currents are typically less than 20 pA, an example of leakage 
currents is given in Figure 9 (0 Ca). 

Results 
General properties of cells studied 
Since these embryonic cultures contain several cell types, in- 
cluding muscle and other non-neuronal types, it is important 
to identify the cells chosen for study. Neurons were identified 
by the presence of one or more thin processes. Neurons with 
clearly visible cell bodies, usually alone or in small groups of 
2-4 cells, were selected for study. Neurons in larger clusters were 
not used for this study because preliminary studies suggested 
they have small Ca currents. The typical cell studied throughout 
this paper had 2 processes with an oval cell body 5-6 Km in 
diameter. Occasionally, cells with only one process or with 3 
processes were studied and were found to have very similar 
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Figure 2. Activation of voltage-dependent K currents. A-C, K currents recorded from 3 different cells in response to stepping the potential from 
the holding level of -73 mV to levels from -53 mV to +27 mV (intervals of 10 mV). External solution is 6 K/O Ca Tris Dros. saline. Records 
filtered at 1 kHz. A and B, Internal solution is KAsp plus 2 mM ATP; potential is returned to -73 mV near the end of each current record. Cells 
7/15/7-50 (A) and 7/15/7-37 (B). C, Internal solution is 10% KAsp and 90% CsAsp; inward K tail currents are recorded when potential is stepped 
down to -53 mV near the end of each current record (cell 12/15/7-7). D, Plots of normalized K conductance versus voltage for these 3 cells. K 
conductance is calculated for the cells of A and B by dividing the peak K current during each positive pulse by the driving force, assuming the 
reversal potential to be -80 mV. Linear leakage conductance has been subtracted. K conductance for cell of C is taken from the tail current 
measured 15 msec after the step to -53 mV. 

membrane currents to the bipolar neurons usually studied. Ex- 
amples of the types of cells studied are indicated by arrows in 
the photos of Figure 1. Cells were studied between 24 and 80 
hr from the time of egg-laying (25°C). 

Most of the cells studied were capable of producing action 
potentials. The action potentials were detected as biphasic cur- 
rents recorded from voltage-clamped, cell-attached patches. Ac- 
tion potentials occurred spontaneously in some cells and could 
be induced by polarizing the pipet in most cells. For the exper- 
iment shown in Figure 1 (lower left), the potential of the pipet 
was held at - 7 3 mV, which was approximately equal to the cell 
resting potential and drove little current into the cell. When the 
pipet potential was stepped 40 mV more negatively (bottom 
trace), the cell was hyperpolarized and no action potentials oc- 
curred. When the pipet potential was stepped 40 mV more 
positive than the holding level (middle trace), the cell was de- 
polarized sufficiently to elicit repetitive action potentials. Step- 
ping the pipet potential even more positive (top trace) elicited 

a higher frequency of action potentials. Presumably these action 
potential currents are capacitive currents, so their time course 
is proportional to the time derivative of the cell’s membrane 
potential. The duration of the action potential, measured be- 
tween the time of most rapid rise and time of most rapid fall, 
is only a few milliseconds. The amplitude of the action potential 
in the neuron cell body cannot be calculated since the area of 
the membrane patch is not known. 

Aspartate was found to be the best anion to use in the intra- 
cellular solution during whole-cell experiments. With KAsp in- 
ternal solution, the resting whole-cell resistance was 11.2 f 4.6 
GO (n = 14). With KC1 internal solution, the resting resistance 
was lower, 5.1 _+ 2.7 GQ (n = 22), and the current recordings 
from these cells usually became very noisy in a few minutes. 
Fluoride was good as internal anion; it gave a high resting re- 
sistance and quiet current recording. However, Ca current dis- 
appeared within a few minutes when fluoride was the internal 
anion. 
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Figure 3. Steady-state inactivation of K currents. Currents recorded from 3 cells during pulses to + 17 mV following 1 set prepulses to - 103 mV 
(largest current), -73 mV, and -43 mV (smallest current). Internal solution is KAsp plus 2 mM ATP; external solution is 6 K/O Ca Tris Dros. 
saline. Current scale is 100 pA for A and B, 200 pA for C. D, Percentage of current activated on stepping to + 17 mV is plotted against the potential 
of the prepulse; only the inactivating component is considered for A. Cells 7/10/7-34 (A), 7/15/7-39 (B), and 7/15/7-12 (Q. 

Potassium currents 
The most prominent voltage-dependent currents in these Dro- 
sophila neurons are K currents. Figure 2, A and B, shows 2 
examples of the K currents recorded with the normal intracel- 
lular K+ concentration (156 mrvr). In order to isolate K current 
from Na and Ca currents, the external solution contains no Na+ 
or CaZ+. The magnitude of the K currents measured at + 17 mV 
in 14 neurons is 330 + 120 pA, the smallest K current being 
190 pA and the largest 570 pA. The average linear leakage 
current is only 8 pA at + 17 mV. Because of the large size of 
the K currents, the control of voltage may seriously fail during 
their measurement. However, if the K channels are primarily 
located in the soma and the patch-electrode series resistance is 
no more than 3 times the electrode resistance measured before 
seal formation, then the voltage-clamp error is less than 15 mV 
for even the largest currents measured. The voltage dependence 
of the K conductance calculated for the currents shown in Figure 
2, A and B, is plotted in Figure 20. Even though the K currents 
of the cell in Figure 2A are almost 3 times larger than those of 
Figure 2B, the voltage dependence of the K conductance is 
nearly the same for the 2 cells. If, in fact, the K currents of these 
2 cells have the same voltage dependence for activation, this 

would suggest the voltage-clamp errors are not serious. As a 
further check against large escapes of the K current from voltage 
clamp, we measured the voltage dependence of the K conduc- 
tance in cells clamped with electrodes containing 10% of the 
normal intracellular K+ concentration. Figure 2C shows the K 
currents from one of these cells. Even though the K currents of 
these cells are inward at more negative values (the K reversal 
potential is now near -20 mV) and never larger than 100 pA, 
the K conductance (measured from the tail currents and plotted 
in Fig. 20) has a similar voltage dependence as was measured 
for cells with the normal intracellular K+ concentration. 

The inactivation of the K currents suggests that there are at 
least 2 different types of K currents in these neurons. The total 
K current of most cells is slowly inactivating (Figs. 2, 3B), but 
in a minority of cells the total K current does not inactivate 
(Fig. 3C) or a component inactivates much more rapidly (Fig. 
3A). Figure 3 shows the K currents evoked in 3 cells by pulses 
to + 17 mV after holding each cell at - 103, -73, and -43 mV 
for 1 sec. Note that the leakage currents, which can be estimated 
from the currents at - 103 and -43 mV, are always less than 
10% of the total noninactivating current at + 17 mV. As shown 
by the plots in Figure 30, the magnitude of the noninactivating 
K current is almost insensitive to the holding potential, while 
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Figure 4. Disappearance of K current as intracellular K+ was replaced by Cs+. Lefi, Current records were taken at 2 set intervals from break of 
patch. Pulse potential was + 17 mV, holding potential, -73 mV. Pipet solution was CsAsp; external solution is Tris Dros. saline. Steady-state 
current record has been subtracted from each record (cell 7/03/7-5). Right, Mean and SD of K currents are plotted (A) versus the time of dialysis 
with the CsAsp pipet solution. The data for times of 2 set and greater come from 14 cells. The individual K currents of the records shown at left 
are also plotted (0). The mean and SD plotted at 0 set is from 14 different cells whole-cell clamped with KAsp-filled pipets. 

the magnitudes of the inactivating components of K currents 
are increased by more negative holding potentials. The rapidly 
inactivating component of K current is half-inactivated at - 70 
mV. All neurons studied have a noninactivating component to 
the K current. When studied with long depolarizing pulses, cells 
with a slowly inactivating component of K current are seen to 
also have a noninactivating component of K current. Since the 
amplitude of the noninactivating component of Figure 3B was 
not determined, total current for Figure 3B was plotted against 
holding potential in Figure 30. Thus, the holding potential de- 
pendence of inactivation may be about the same for the slowly 
inactivating K current as for the rapidly inactivating K current. 
We observed a continuous range of inactivation rates for the K 
currents in the 28 cells studied; Figure 3, A and B, gives examples 
at the fast and slow ends of the range. However, because of the 
poor spatial control of the voltage clamp and other complica- 
tions, it is not possible to conclude how many distinct types of 
channels carry the inactivating K current. 

Alterations of both internal and external K+ concentrations 
confirm that these outward currents are carried by K+. When 
the pipet contains a K-free internal solution (CsAsp), there is a 
rapid disappearance of the depolarization-evoked outward cur- 
rent that can be elicited immediately after breaking the patch 
on entering the whole-cell configuration. Figure 4 shows the 
depolarization-evoked outward currents at 2 set intervals fol- 
lowing the break of the patch; the net-inward current that re- 
mains in the steady state (after the exchange of ions between 
the cell and the pipet) has been subtracted from each current 
record. The plot of Figure 4 gives the average magnitude of the 
depolarization-evoked outward current (measured from 14 cells 
studied with CsAsp-filled pipets); the point at zero time was 
obtained from 14 different cells studied with KAsp-filled pipets. 

Assuming that the magnitude of the K current is roughly pro- 
portional to the internal K+ concentration, these measurements 
suggest that the internal K+ concentration drops to less than 
half of its normal value in the first 2 set, but that K+ is not 
depleted from some parts of the cell (probably processes) until 
20 set following membrane break. 

The reversal potential of the K currents is sensitive to external 
K+, as would be expected for a K+ electrode. The reversal po- 
tential is determined for the K current by measuring tail currents 
(Fig. 5). When the external solution contains 6 mM K+, the 
reversal potential is -77 f 6 mV (n = 5), which is close to the 
-82 mV calculated from the Nemst equation and the known 
concentrations of K+. The reversal potential measured for the 
K current when the external solution contains 60 mM K+ is - 15 
f 3 mV (II = 5), which is close to the K+ reversal potential of 
- 24 mV calculated from the Nemst equation. The experiment 
of Figure 2C shows directly that these currents reverse direction 
near -20 mV when the external solution contains 6mM K+ and 
internal K+ is reduced to 15.6 mM. 

The above studies of the Drosophila neuronal K current have 
probably missed a component of the total K current that exists 
in these membranes. Drosophila muscle membrane has 2 Ca- 
dependent K currents (Wei and Salkoff, 1986). Since our studies 
are done with an EGTA-containing internal solution and a Ca- 
free external solution (to eliminate Ca currents), such Ca-de- 
pendent K currents were not measured. When the K current is 
measured before and after substituting MgZ+ for external Ca2+ 
(Fig. 6A), the K current is found to be 25 f 10% smaller when 
external Ca2+ is absent. This supports the presence of a Ca- 
dependent K current in the neuronal membrane, because con- 
tamination by inward Ca current or surface potential shifts of 
K current activation would both predict that the outward K 
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Figure 5. K current reversal poten- 
tials. Left, Tail currents are shown for 
2 experiments on the same cell in which, 
after activating the K current by a 10 
msec pulse to +27 mV, the potential 

-100 was stepped to values from - 13 to - 113 
mV (20 mV decrements). The tail cur- 
rents are mostly outward when the ex- 
ternal solution is 6 K/O Ca Tris Dros. 
saline (6x1 and mostly inward when the 
external solution is 60 WO Ca Tris Dros. 
saline (60x1. The internal solution is 
KAsp plus 2 mM ATP. Right, Differ- 
ence between the currents 10 and 100 

-200 msec after the repolarizing step (cell 
7/15/7-13). 

current would appear smaller in the Caz+-containing solution. The K currents were further characterized by measuring their 
The Ca-dependent K current appears to be a noninactivating K sensitivity to 2 classical K current blockers, TEA and 4-AP. The 
current (Fig. 64. In order to avoid contamination by Ca cur- addition of 10 mM TEA to the external solution had little block- 
rents, we chose to study the K currents in a Ca-free external ing effect on the rapidly inactivating K current (n = 2, not shown) 
solution. 
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Figure 6. Pharmacological sensitivi- 
ties of K currents. The K currents elic- 
ited by stepping to + 17 mV are shown 
for control external solution, test exter- 
nal solution and for control solution 
again after the test solution. The hold- 
ing potential was -73 mV (A-C) or 
- 113 mV (0). The smallest outward 
current is recorded in the test solution 
for all 4 cases (A-D). The control so- 
lution is 6 W5 Ca Tris Dros. saline (A) 
or 6 K/O Ca Tris Dros. saline (B-0). 
The test solution is 6 IV0 Ca Tris Dros. 
saline (A), or 6 K/O Ca Tris Dros. saline 
plus 10 mM TEA (B) or 6 K/O Ca Tris 
Dros. saline plus 10 mM 4-AP (C and 
0). The internal solution is KAsp with 
2mM ATP. The current scale is 200 pA 
(A, B, andD) or 100 pA (C). Cells 7/10/ 
7-24 (A), 7/15/7-17(B), 7/15/7-93(C), 
and 7/l 5/7-52 (0). 
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Figure 7. Na currents. A-C, Na+ de- 
pendence of inward currents. Potential 
wassteppedto -45, -25, -5,and +15 
mV from a holding potential of -65 
mV. Internal solution was CsF. Exter- 
nal solution was Dros. saline (A), Tris 
Dros. saline (B), or 0 K Dros. saline (Cj 
(cell 4/29/6- 10). D, Small Na currents. 
Potential was stepped to values from 
-41 to +9 mV (10 mV increments); 
holding potential was - 7 1 mV. Inter- 
nal solution was CsAsp; external solu- 
tion, Dros. saline (cell l/l 6/6-18). E, 
Current-voltage relations for cell 4/29/ 
6-10 (circles) and cell l/16/6-18 (tri- 
angles). Filled symbols for currents in 
130 mM Na+; open symbols, currents in 
Na-free solution. 

d 
4; Fig. 6B). In contrast, 10 mM 4-AP almost completely blocked 
(SO-loo%; n = 4) the inactivating K current but had little effect 
(< 15%; n = 5) on the noninactivating K current (Fig. 6, C and 
0). These different sensitivities to block by 4-AP support the 
interpretation that the inactivating and noninactivating K cur- 
rents are carried by distinct channels. 

Sodium current 

When the extracellular solution is Dros. saline (140 mM Na) 
and the intracellular solution is K-free, depolarizing voltage 
steps are seen to elicit rapidly inactivating inward currents (Fig. 
7, A, 0). These currents are Na currents because removing ex- 
ternal Na+ reversibly eliminates them (Fig. 7A-C) and 100 nM 
TTX completely blocks them. (Lower concentrations of TTX 
have not been tried.) The peak magnitude of the Na currents 
in these cells varies from 0 to 100 pA. Neurons with Na currents 
greater than 70 pA are commonly found. The larger Na currents 
clearly escape from voltage control, the maximum Na current 
appearing abruptly as the depolarizing voltage steps are grad- 
ually made more positive. However, when the Na current is 
smaller (Fig. 7, C, D), the voltage control is better, and the 
resulting current-voltage curves (Fig. 7E) probably give a fairly 
accurate representation of the voltage dependence of activation 
of the Na channels. Na currents activate above -40 mV and 
reach a maximum near - 10 mV. 

Calcium current 

When the pipet contains CsCl or CsAsp solutions and the ex- 
ternal solution has no Na+ or K+ (Tris Dros. saline), it can be 
seen that depolarizing voltage steps elicit Ca currents. In general, 
the voltage control of the Ca currents is not good, but Figure 8 
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shows current recordings and current-voltage relations for 2 
cells in which voltage control seemed fairly good, as judged by 
the gradual increase of Ca current with potential (negative slope 
region). The Ca current activates at potentials above -40 mV 
and reaches a maximum near 0 mV. In some cells the Ca current 
shows almost no inactivation (lower records, Fig. 8), while the 
Ca current appears to decay considerably in others (upper rec- 
ords, Fig. 8). It is not known if this corresponds to different 
types of Ca channels, different extents of control of intracellular 
CaZ+ concentration, or different amounts of contamination by 
a slowly activating outward current. The exchange of ions be- 
tween the pipet and the cytoplasm of the processes is limited 
so that outward K currents may not be completely eliminated. 
In early experiments we found that replacing external K+ with 
Tris+ reduces the outward currents evoked by large depolari- 
zations when the pipet solution contains no K+. We think these 
outward currents are K currents that result from an accumu- 
lation of K+ within the processes when K+ enters the membrane 
of the processes faster than it can diffuse to the pipet. To min- 
imize contamination by K currents, the Ca currents are always 
studied in K+-free external solutions. 

These inward currents evoked by depolarization in Na+-free 
solution are Ca currents since they are reversibly eliminated by 
replacing external Ca2+ with Mg2+ (Fig. 9, upper) and are almost 
completely blocked by 0.1 mM Cd*+ (Fig. 9, lower). The back- 
ground currents that remain after eliminating the Ca current by 
either of these procedures are usually small and nearly linear. 
This suggests that these Ca currents are only contaminated by 
a small leakage. Another result that identifies these Ca currents 
is that Ba2+ can also carry the inward current. When external 
Ca*+ is replaced by Ba2+, the inward current becomes larger and 
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Figure 8. Voltage-dependent activa- 
tion of Ca currents. The current records 
are taken from 2 cells in Tris Dros. sa- 
line when the membrane potential was 
stepped from the holding value to the 
values indicated on the current records 
(in mV). Upper left, Internal solution 
was CsCl plus 2 mM ATP, and the hold- 
ing potential was -68 mV (cell l/14/ 
6- 14). Lower left, Internal solution was 
CsAsp enriched with ATP, dibutyryl 
CAMP, and theophylline, and the hold- 
ing potential was - 73 mV (cell 12/29/ 
6- 13). Right, Current-voltage relations 
for peak inward current of cell 1/14/6- 
14 (0) and cell 12/29/6-l 3 (0). 
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Figure 9. Identification of Ca current. Currents were recorded during steps from - 73 mV to levels between - 53 and + 17 mV (10 mV increments). 
Left, Control Ca currents from 2 cells. Internal solution was enriched CsAsp; external solution, Tris Dros. saline. Center, Current records obtained 
when the external solution was changed to 0 Ca Tris Dros. saline (upper, cell 6/17/7-10) or Tris Dros. saline plus 0.1 mM Cd2+ (lower, cell 10/2/ 
6-7). Right, Control (0) and test (0) currents plotted against voltage. 
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Figure 10. Ba currents in cell 4/25/l- 
27. Currents are recorded during steps 
of potential from a holding level of - 73 
mVtovaluesfrom-53to+17mV(lO 
mV increments). The internal solution 
was enriched CsAsp. The cell was first 
studied in Tris Dros. saline (A, 0), then 
in Ba Tris Dros. saline (B, A), and fi- 
nally in Tris Dros. saline again (C’, 0). 
Peak inward currents are plotted against 
potential. 
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the apparent inactivation decreases (Fig. 10). Since the mag- 
nitude of the Ca current generally declined with time (washout), 
we compared the magnitude of the Ca (or Ba) current to the 
mean of the Ba (or Ca) currents measured just before and after. 
From 10 measurements the ratio of peak Ba current to peak Ca 
current was 2.3 f 0.4 (mean 2 SD). The magnitude of the Ba 
current increased by 2.8 f 0.9 (n = 5) when the external con- 
centration of Ba2+ was increased from 5 to 107 mM (the con- 
centration of Ba2+ used in the pipet when searching for single 
Ca channel currents, see below). 

The magnitude of the Ca current varied greatly from neuron 
to neuron, being negligibly small in some cells but greater than 
100 pA in others. Figure 11 shows the distribution of peak Ca 
current magnitudes measured for 266 cells under standard con- 
ditions. The mean current was 41 pA and the SD was 33 pA. 
All magnitudes were measured within 1 min after starting whole- 
cell recording, before appreciable Ca current washout had oc- 
curred. Since the diameters of the cells studied varied by less 
than a factor of 2 and the total capacitance calculated from the 
capacitive transient (see above) varied by less than 8, the mea- 
sured distribution of Ca current magnitudes clearly indicates a 
large variation between cells in the density of Ca channels. We 
have not been able to identify any characteristic of the neurons 
that correlates with the magnitude of the Ca current, except for 
a dependence on culture age. Neurons studied 24-32 hr after 
egg laying had mean Ca currents of 24 pA, while neurons studied 
between 48 and 56 hr had mean Ca currents of 41 pA. The 
mean increased to 46 pA for all neurons studied after 72 hr. 

Not only did inactivation vary from cell to cell as judged by 
the apparent decay of the Ca current during a maintained de- 
polarization, but there was also considerable variation of the 
steady-state inactivation measured with 1 -set-long prepulses 

(Fig. 12). For some cells the Ca current evoked by stepping to 
- 3 mV was the same for any prepulse more negative than - 50 
mV, while for other cells even prepulses of - 80 mV inactivated 
some of the Ca current (Fig. 12). As can be seen, the amount 
of current decay during the depolarizing pulse did not correlate 
with the sensitivity to prepulses. It might be suggested that cells 
demonstrating little sensitivity to prepulses are just poorly 
clamped so that the Ca channels do not see the prepulse poten- 
tials. However, a study of the voltage dependence of activation 
of these cells did not support the idea that the quality of the 
voltage clamp was poorer for those cells that had little sensitivity 
to prepulses. 

The Ca current of these Drosophila neurons “washes out” 
fairly rapidly with the CsAsp internal solution in the pipet. 
However, the magnitude of Ca current in some cells shows very 
little washout when the internal CsAsp is supplemented with 
agents that might support phosphorylation (2 mM ATP, 100 PM 

dibutyryl CAMP, and 2 mM theophylline). With the simple CsAsp 
internal solution, the magnitude of the Ca current fell to 51% 
of its initial value on average (n = 8) in 5 min, the range was 
42-65% (Fig. 13). The effect of including ATP, dibutyryl CAMP, 
and theophylline in the internal solution was studied on 12 
neurons on the same days as the measurements were made on 
cells without ATP. With the enriched solution, the Ca current 
fell on average to 72% of the initial value in 5 min, the range 
being 5 l-100% (Fig. 13). Thus, the addition of these phosphor- 
ylation-promoting agents eliminated washout in some cells but 
had little effect on the washout in other cells. We do not know 
if this high variability in washout rate with ATP, etc., in the 
pipet is due to differences in the types of Ca channels involved 
or differences in the degree of exchange between the pipet and 
the cytoplasm in the region of the Ca channels. The following 
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Figure 11. Distribution of Ca current magnitudes. Histograms were made of the peak Ca current recorded at the beginning of whole-cell studies 
with CsAsp for internal solution and Tris Dros. saline for external solution. Separate histograms are presented for cells of 3 ages and for the 
combined ages. Ages were measured from time of egg laying. Arrows indicate the mean value of Ca current for each population of cells. 

studies of the effects of pharmacological agents on the Ca current 
are done with enriched CsAsp solution in the pipet, since stable 
Ca currents are necessary to measure weak blocking effects. 

Three types of organic Ca antagonists have been found to 
block the Ca currents of vertebrate cardiac and smooth muscle 
at low concentrations: dihydropyridines, phenylalkylamines, and 
benzodiazepines (Janis et al., 1985). None of these are very 
effective at blocking the Ca current of Drosophila neurons; how- 
ever, the phenylalkylamines do have a weak blocking effect. The 
dihydropyridine nifedipine had no effect on the Ca current, even 
at a near-saturation concentration (10 PM). One of the 4 tests 
of nifedipine is shown in the top record of Figure 14. Although 
a 5 min exposure to nifedipine had no discernible effect on the 
current, 100 PM CdZ+ completely blocked the inward current in 
less than a minute, confirming that this inward current was a 
Ca current and that the external perfusion was effective. The 
dihydropyridine BAY K 8644, which acts as a Ca channel ag- 
onist on many cells (Hess et al., 1984), also had no effect on the 
Ca currents of the 2 Drosophila neurons on which it was tested 
(at 10 PM). As shown in the bottom record of Figure 14, the 
benzodiazepine dilitiazem (100 PM) had no effect on the Ca 
current, although the Ca current was completely and reversibly 
eliminated by either removing external CaZ+ or adding 100 I.LM 

Cd*+; this result was duplicated in 2 additional trials. The phe- 
nylalkylamines verapamil and D-600 did weakly block the Dro- 
sophila Ca current at a high concentration (100 MM). Verapamil 
blocked the Ca current by 25 f 9% (n = 5); one example is 
shown in top record of Figure 15. D-600 blocked the Ca current 
by 28 + 6% (n = 7). However, at 10 PM verapamil did not 

noticeably block the Ca current (n = 4). Since the block by 
organic Ca channel antagonists has been shown to be voltage 
dependent (Bean, 1984; Ganitkevich et al., 1986), we tested the 
above Ca blockers while holding the cells at depolarized levels 
(around - 50 mV). This did not noticeably increase the blocking 
effectiveness of the drugs, but it did increase the irreversible 
loss of the Ca current. We also tested for use dependence of the 
D-600 block since use dependence has been shown for the D-600 
block of Ca currents in vertebrate cardiac and smooth muscle 
(Lee and Tsien, 1983; Ganitkevich et al., 1986). Comparing the 
Ca current elicited by repetitive pulses from holding potentials 
of -50 and -80 mV, with and without D-600, it was not 
possible to distinguish a use dependence of the block from the 
background inactivation and washout. 

The calmodulin inhibitor W-7 has been found to be an ef- 
fective inhibitor of the voltage-dependent Ca current of Para- 
mecium (Ehrlich et al., 1987). As shown in Figure 15 (lower), 
100 PM W-7 completely blocks the Ca current of Drosophila 
neurons. However, the action of W-7 is not specific for the Ca 
current; at 100 PM W-7 also completely blocks the K current 
and causes the cell to become leaky and fall apart within 5 min 
of its application. The capacitive transients are unaffected by 
W-7, so it does not seem to change the amount of membrane 
being voltage clamped. At 10 w W-7 does not completely block 
the Ca current, but the cell still becomes leaky within a few 
minutes. 

An effort was made to record the current of single Ca channels. 
To avoid the problem of Ca channel washout in isolated patches 
(Fenwick et al., 1982; Nilius et al., 1985), the currents from cell- 
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Figure 12. Steady-state inactivation. 
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Ca currents are evoked by stepping the 
potential to -3 mV following a 1 set 
pulse at potentials from -93 to -43 
mV (10 mV increments). Current rec- 
ords are shown for 2 cells, one for which 
the Ca current shows the least sensitiv- 
ity to the prepulse potential (upper, 0; 
cell 5/28/6-3) and one which shows the 
most sensitivity to the prepulse poten- 
tial (lower, A; cell 2/19/7-3). The peak 
Ca current is plotted against the poten- 
tial of the prepulse. Filled circles show 
the mean relation obtained from 15 
cells, including the 2 examples shown. 
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attached patches were studied. When the pipet contained Dros. 
saline, voltage-dependent single-channel K currents were fre- 
quently seen. However, when the pipet was filled with High Ba 
saline to give maximum currents through Ca channels and to 
block K currents, no inward single-channel currents evoked by 
depolarization were seen, even though 47 patches with high- 
resistance seals were studied. The amplitude of the background 
noise was almost always less than 0.2 pA when the patch current 
was filtered at 2 kHz. The mean outward K current seen with 
Dros. saline in the pipet at potentials near +20 mV was less 
than 1 pA per patch. Considering that the mean whole-cell K 
current was more than 300 pA at this potential and assuming 
a uniform distribution of K channels, the area of the cell-at- 
tached patch would only be one-thousandth (or less) that of the 
whole cell. Since the mean whole-cell Ba current is about 200 
pA at 0 mV for isotonic BaCl, outside (see above), a uniform 
distribution of Ca channels would give a mean Ba current of 
only a few tenths of a picoampere per patch. Thus, if the single 
Ca channel current is itself less than 0.2 pA (the noise level), 
the Ba current would probably not be detected in these patches, 
even if the Ca channels were uniformly distributed. So we con- 
clude either that the single Ca channels currents are quite small 
(co.2 PA) or that the Ca channels are preferentially located in 
the processes or the bottom surface of the soma. 

Discussion 
Although the presence of processes on the neurons studied here 
has prevented precise quantitative characterization of the volt- 
age-dependent K, Na, and Ca currents of Drosophila neurons, 
we are most impressed by the similarity of these currents to 
those of the molluscan neurons, which have been much better 
characterized and provide much of our basis for understanding 
neural electrical activity (Meech, 1986). Even though the cell 

bodies of the Drosophila neurons are less than one-tenth the 
size (diameter) of molluscan neurons and Drosophila whole-cell 
currents are 1000 times smaller than molluscan currents, the 
only clear difference in the properties of the membrane channels 
is that Drosophila Na channels are much more sensitive to TTX 
than are those of molluscan cell bodies (Geduldig and Junge, 
1968). The TTX sensitivity of Drosophila Na channels is like 
that of squid axon and vertebrate nerve (Hille, 1984). We have 
studied only the Ca2+-independent K currents, but these currents 
show multiple components with very different rates of inacti- 
vation from cell to cell, as is the case in molluscan nerve cell 
bodies (Aldrich et al., 1979; Byerly and Moody, 1986). In Dro- 
sophila, 4-AP is more effective in blocking the inactivating K 
currents than the noninactivating K currents, as is the case in 
molluscan neurons (Thompson, 1977). The Ca currents of Dro- 
sophila neurons are very similar to those of molluscan neurons 
and many other invertebrate and vertebrate cells. They appear 
to have Ca2+-dependent inactivation and are not selectively 
blocked by the organic Ca blockers, a property that seems to be 
common to all invertebrate, as well as some vertebrate, Ca 
channels (Hagiwara and Byerly, 1981; Byerly and Hagiwara, 
1988). 

Voltage-clamp studies of Drosophila Ca currents have also 
been done on flight muscle (Salkoff and Wyman, 1983a). It is 
not yet possible to decide i-f there are fundamental differences 
between the adult muscle Ca current and embryonic neuron Ca 
current. In muscle, the Ca currents appear to inactivate fairly 
rapidly and completely, while often the Ca currents show almost 
no inactivation in embryonic neurons; however, this difference 
may reflect only the higher buffering of intracellular Ca2+ (by 
EGTA) in the whole-cell clamped neurons. Salkoff and Wyman 
found that muscle Ba currents did not inactivate, consistent 
with the idea of Caz+-dependent inactivation of the Ca current 
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Figure 13. Survival of Ca current. The peak Ca current evoked by 
depolarization was measured at 1 min intervals following the beginning 
of whole-cell recording. Ca currents are first measured OS-l.0 min 
following the break of the patch to allow for complete depletion of 
internal K+; all currents are expressed as a percentage of this first mea- 
surement. External solution was Tris Dros. saline. Left, Internal solution 
was CsAsp. Mean for 8 cells. Best cell, 12/l 2/6- 1; worst cell, 12/ 19/6- 
6. Right, Internal solution was CsAsp enriched with 2mM ATP, 100 PM 

dibutyryl CAMP, and 2mM theophylline. Mean for 13 cells. Best cell, 
12/29/6-6; worst cell, 12/l l/6-16. 

(Eckert and Chad, 1984) or contamination by a Caz+-activated 
outward current. The Ca currents of both muscle and nerve are 
first activated at potentials about -40 mV. The steady-state 
inactivation curve measured for flight muscle agrees well with 
the extreme example given in Figure 12 (open circles) for em- 
bryonic neurons, which shows no steady-state inactivation for 
potentials below -50 mV. Very little data has been reported 
about blockers for the muscle Ca current, but given the lack of 
a highly specific blocker for the neuronal Ca current, it is doubt- 
ful that the blockers tested in this study will be able to distinguish 
muscle and neuronal Ca channels. 

Whole-cell voltage-clamp studies of Drosophila K currents 
have been extensively applied to larval, pupal, and adult muscle 
(Salkoffand Wyman, 1983a, b; Salkoff, 1985; Wu and Haugland, 
1985; Timpe and Jan, 1987) and recently to cultured embryonic 
muscle and larval neurons (Sole et al., 1987; Sole and Aldrich, 
1988). Cultured larval neurons (Wu et al., 1983) appear to have 
less of the noninactivating K current than do embryonic neu- 
rons. Sole and Aldrich (1988) found a subpopulation of larval 
neurons that expressed primarily A-type (inactivating) K cur- 
rents with a double-exponential time course (time constants of 
lo-30 and 60-300 msec). The embryonic neurons we studied 
always had a substantial component of noninactivating K cur- 
rent, and the time constants of inactivation varied over a broad 
range, often being less than 10 msec (Fig. 3). In agreement with 
the finding of Sole and coworkers (1987) that the Shaker mu- 
tation does not affect the A current of larval neurons, we have 
found in preliminary experiments that neither the rapidly in- 
activating nor the slowly inactivating K current of embryonic 
neurons is affected by the Shaker mutation KS 133, which elim- 
inates the A-type current of Drosophila muscle (Salkoff and 
Wyman, 198 1; Ganetzkyand Wu, 1983; Sole et al., 1987; Timpe 
and Jan, 1987). The fast inactivating K current of embryonic 
neurons is half inactivated when held for 1 set at -70 mV (Fig. 
3). This agrees well with the voltage dependence of steady-state 
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Figure 14. Insensitivity of Ca current to nifedipine and diltiazem. Peak 
Ca current was measured at roughly 1 min intervals while external 
solution was changed. Internal solution was enriched CsAsp and holding 
potential was -73 mV. Upper, External solution was Tris Dros. saline. 
Nifedipine, 10 PM, or Cd*+, 100 PM, was added during periods indicated 
(cell 12/29/86-7). Lower, External solution was Tris Dros. saline, except 
when replaced by 0 Ca Tris Dros. saline (0 Ca). Diltiazem, 100 PM, or 
Cdl+, 100 PM, was added to the external solution during periods indi- 
cated (cell 12/30/86-l). 

inactivation measured for the inactivating K current of larval 
neurons (Sole et al., 1987) but is shifted about 30 mV in the 
negative direction relative to the steady-state inactivation re- 
lation for muscle K current (Salkoff and Wyman, 1983a; Wu 
and Haugland, 1985; Sole et al., 1987). Thus, both steady-state 
inactivation and expression of the Shaker mutation distinguish 
the inactivating K current of neuron from that of muscle. 

At present it appears that the Drosophila neuron somal mem- 
brane contains primarily K channels, while the Ca and Na chan- 
nels are primarily located in the process membranes. This con- 
clusion is reached because cell-attached patches frequently 
contain K channels but almost never contain Ca or Na channels. 
Also, the successful measurement of K reversal potentials (Fig. 
5) and the rapid loss of K currents due to exchange of intracel- 
lular K+ with pipet Cs+ (Fig. 4) support the idea that most of 
the K channels are in the somal membrane. In contrast, the 
frequent signs of escape from voltage control exhibited by the 
relatively small Ca and Na currents and the relatively slow 
washout of Ca currents, given the 5 Km diameter of the soma 
(Fig. 13), support the assumption that the Ca and Na channels 
are in the processes. In order to obtain biophysically meaningful 
studies of whole-cell Ca and Na currents, techniques must be 
found for isolating the soma from its processes in such a way 
that some Ca or Na channels are incorporated into the soma. 
Molluscan processes round into the soma when cut a few hundred 
micrometers from the soma (Byerly and Hagiwara, 1982). 

The whole-cell studies reported here suggest that there are 
multiple types of both K and Ca channels in embryonic Dro- 
sophila neurons. Single-channel studies are now needed to de- 
termine the number of different types of channels, as has been 
done for the K channels of larval neurons and embryonic myo- 
tubes (Brainard et al., 1987; Sole and Aldrich, 1988). Inacti- 
vation and sensitivity to 4-AP jointly define 2 classes of K 
channels in embryonic neurons (inactivating, 4-AP sensitive; 
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Figure 15. Block of Ca current by ve- 
rapamil and W7. Internal solution was 
enriched CsAsp; external solution, Tris 
Dros. saline. Holding potential was -73 
mV. User. Verapamil, 100 WM. had a 
weak, reversible blocking effect .on the 
Ca current. Peak Ca current was mea- 
sured at roughly 1 min intervals (cell 
5/8/7-l). Lower, W7, 100 PM, com- 
pletely blocked Ca current. Current rec- 
ords shown for stem to values from - 53 
to + 17 mV (10 mV increments) (cell 
7/3/7-26). 
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noninactivating, 4-AP insensitive), and the broad range of whole- 
cell current inactivation rates suggests multiple types of inac- 
tivating K channels. Also, preliminary patch studies reveal a 
variety of types of single-channel K currents, based on conduc- 
tance and kinetics. The evidence for multiple types of Ca chan- 
nels is not so compelling. The strongest suggestions of multiple 
Ca channel types come from the variable inactivation (Figs. 8, 
12) and sensitivity to washout (Fig. 13) of whole-cell Ca currents. 
Determination of Ca channel types by single-channel analysis 
may be delayed, since we have yet to detect currents through 
Ca channels in patches. 

There is a need to find highly specific antagonists (or agonists) 
for the Drosophila Ca channels. Not only could such agents help 
to distinguish different types of Ca channels, but they could 
allow purification of Ca channel proteins (Borsotto et al., 1984; 
Curtis and Catterall, 1984) and subsequent cloning of genes 
coding for these proteins (Tanabe et al., 1987). Ofthe Ca channel 
agents tested on Drosophila currents in these studies, none ap- 
pears promising as a label for the Ca channel. Only Cd2+ and 
W-7 are effective blockers, but neither is highly specific. Of the 
organic blockers tested, only verapamil and D-600 showed any 
blocking effect on the Drosophila current; it is interesting that 
membrane extracts from Drosophila heads have been shown to 
contain high-affinity binding sites for verapamil and D-600 but 
not for dihydropyridines (Pauron et al., 1987; L. M. Hall and 
R. M. Greenberg, personal communication). However, since we 
find that verapamil has no blocking effect on the Ca current at 
10 PM, the partial block observed at 100 PM is probably non- 
specific, with no relation to the high-affinity binding sites. In an 
effort to find specific labels for the Drosophila Ca channels, we 
have begun testing toxins thought to act on Ca channels, such 
as spider toxins (Bowers et al., 1987; Branton et al., 1987) ome- 
ga-conotoxin (Kerr and Yoshikami, 1984), and leptinotarsin 
(Crosland et al., 1984). 

At present, no Drosophila mutants have been isolated that 

are thought to specifically affect Ca currents. It has been sug- 
gested that the Ca channel is too important for mutants with 
altered Ca channels to survive. However, there may be multiple 
types of Ca channels, some of which might not be essential for 
survival. Also, it is not clear that Ca channels are essential to 
the growth of cells in culture. Thus, voltage-clamp studies of 
cultured neurons homozygous for lethal mutations (such as large 
deletions) may be useful for identifying regions of the genome 
that affect neuronal Ca currents. Conditional mutants probably 
offer the best chance of finding Ca channel mutants on the basis 
of behavior. Various laboratories are searching for new muta- 
tions that affect ionic channels by screening for temperature- 
sensitive paralysis, leg shaking under ether anesthesia, or resis- 
tance to verapamil-like drugs (Timpe et al., 1987; L. M. Hall 
and R. M. Greenberg, personal communication). Our laboratory 
is eager to collaborate in the analysis of any mutant that might 
affect the Ca current. 
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