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Occult Drosophila Calcium Channels and Twinning of 
Calcium and Voltage-Activated Potassium Channels 

In the membrane of the flight muscle cells of developing Drosophila a large calcium- 
sensitive potassium current, IKc, was found. It was present before the development of 
voltage-activated potassium channels and seems to be the first potassium current to 
develop in the membrane. Also present in these early cells were large numbers of occult 
(hidden) calcium channels, which remained inactive until the end of pupal develop- 
ment. These inactive calcium channels could be made to function by injecting 
adenosine triphosphate or ethyleneglycol tetraacetic acid into the early cells. IKc has 
kinetic properties resembling the later developing voltage-sensitive current IKV, and is 
distinct from the fast, transient calcium-dependent outward current IAc, which appears 
much later in development. IAc closely resembles the voltage-sensitive current IAV, also 
present in these cells. Thus, both of the voltage-sensitive potassium channel types, IAv 
and IKV, have similar calcium-sensitive counterparts, IAc and IKc, that are present in the 
same cells. 

I N Drosophila DEVELOPMENT, THE LAST 

of three larval stages terminates with the 
formation of a puparium and the histol- 

ysis of larval muscles. In the following 4 
days of pupal development, the adult flight 
muscles are made de novo. During this 
period these muscles are particularly accessi- 
ble for the investigation of developing mem- 
brane electrical properties by voltage-clamp 
techniques (1-3). At the midpoint of pupal 
development a'fast, transient voltage-depen- 
dent current appeared in the membrane and 
was mature at about 72 hours of pupal 
development (Fig. 1A). This current was 

termed the A current when first identified in 
molluscan neurons and 1s designated IAv 
here. The maturation of IAv is followed by 
the development of a slower, voltage-depen- 
dent K+ current, IKV, which is mature at 96 
hours of development (Flg. 1A). At the end 
of pupal development, when the adult is 
ready to eclose from the pupal case, a large 
calcium current, Ic,, abruptly appears. 
There was evidence for the presence of a 
slow, ca2+-dependent K+ current similar to 
IKc in other systems (4); we observed large, 
persistent currents in young adult cells after 
the addition of saline containing ca2+ (6 

mM) (Fig. 1B). These persistent currents 
(tails) had a reversal potential at the estimat- 
ed K+ equilibrium potential. The large, 
slow current tail present with Ca2+ (Fig. lB, 
arrow 4) was absent when ca2+ was re- 
moved (Fig. lB,  -Ca2+); only a fast com- 
ponent due to IK, was evident. The current 
tail (arrow 4) is in the inward (downward) 
current direction because the K+ reversal 
potential for this cell (approximately -60 
mV) is more positive than the holding po- 
tential of -80 mV. 

We investigated the developmental origin 
of this current with voltage clamping in 
pupal cells at the 72-hour stage (before IKv 
develops) (Fig. 1A). At this developmental 
stage, there is less net outward current. We 
determined the pattern of outward current 
in a 72-hour wild-type cell with no Ca2' 
(Fig. 2, left) or 18 mM Ca2+ (Fig. 2, right) 
in the saline. The fast transient current, IA", 
was present in both conditions. However, in 
the right traces, IKc is also clearly present, as 
indicated by the rising outward current after 
the initial decline of IAv and by the appear- 
ance of the large slow current tails after the 
termination ofthe voltage-clamp step pulse. 

To eliminate IAv from records at this stage 
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of pupal development, we used muscle fibers 
from a Drosophila mutant Shaker allele that 
totally lacks IA, (Fig. 1A) (1-3). At the 72- 
hour stage of development when IA, is 
normally present in wild-type cells, ShKS'33 
cells have only the large ca2+-dependent 

. . 
55 ..- ..... 
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- - - -- - - - - . --- ---- -. - . . - ... -------- - 

J 100 nA 150 mV 
50 msec 

72 
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J :o"o","v 

C---- 500 msec 

Fig. 1.  (A) Voltage-clamp experiments showing 
the development of two voltage-sensitive, Ca2'- 
sensitive currents. The hours given are measured 
from the beginning of pupal development; wt, 
normal wild type; Sh, Shaker mutant lacking I,,,. 
At 72 hours of development, I,, was mature in 
wild type but absent in Shaker. At 96 hours, both 
I,, and I,, were present in wild type. However, 
only I,, was present in Shaker. Voltage steps to 
+20 mV were made from a holding potential of 
-80 mV. Saline (see below) contains no Ca2'. 
(B) Voltage-clamp experiments showing I,, tail 
current in young adult ShKSn3 cells. I,, is not 
present in ShKSi3' cells. Composite current re- 
sponse to short (200 msec) and long (800 msec) 
voltage-step pulses under voltage clamp in the 
presence (+Ca2') (6 M) and absence (-Ca2+) 
of Ca2+ in the saline. For each figure, current is 
shown by the upper traces, voltage by the lower 
traces. Arrow 1, Ic,; arrow 2, IKV; arrow 3, IKv 
tail current; arrow 4, IKc tail current. In the 
presence of Ca2+, there was a delayed appearance 
(compare arrows 3 and 4)  of an additional slower 
component of the tail current in response to the 
longer step pulse. The additional component of 
tail current reflects the activation of IKc in add -  
tion to IKV After removal of Ca2+ (-Ca2+) the 
slower component of the tail current was absent. 
A larger fast component is evoked by the longer 
(800 msec) voltage-step pulse because more IKv is 
evoked by the longer pulse. Voltage steps to - 10 
mV were made from a holding potential of - 80 
mV. The composition of the saline was 125 mM 
choline chloride, 5 mM KCI, 2 M EGTA, 10 
mM MgC12, and 5 m M  Hepes,pH 7.0. Additions 
of CaClz or BaCI,, as noted in the text, were made 
in the absence of EGTA. All experiments were 
performed at 4°C. 

outward response and the large, slow cur- 
rent tails at the cessation of the step pulse 
characteristic of IKc (Fig. 2, bottom). The 
slow rise of the outward current in these 
traces is not a true reflection of the activa- 
tion rate of the channels, but probably indi- 
cates that ca2+  is slowly becoming available 
at the channel sites. The faster rate of rise of 
the small time-dependent current at the on- 
set of the voltap;elstep pulse reflects the true " L L  

activation time of the current (Fig. 2, Sh, 
+ca2+).  The rapid activation of this small 
portion of IKc k probably due to a slight 
accumulation of intracellular ca2+ .  In other 
experiments with similar cells that had been 
injected with Ca2+ we found that IKc acti- 
vates at a rate similar to IKV. At 0 mV, IKv 
takes approximately 190 msec to reach 90% 
of its peak value (2); the value for IKc was 
200 msec in one calcium-injected cell. Simi- 
larly, the very slow decay phase of the 
current tails is probably not a true reflection 
of the channel closing time. The current tails 
were clearly biphasic with an initial fast 
phase (Fig. 2, arrow 1) that had kinetics 
similar to IKV, followed by a much slower 
phase (Fig. 2, arrow 2). This slow phase 
map be a reflection of the rate of calcium 
sequestration at the more polarized voltages. 
The IKc channels are apparently volta e 
sensitive as well as ca2+-sensitive; in Ca F+ 1 
free saline with ca2+ injected directly into 
the cell, more channels open after debolar- 
ization than at rest. Thus, CaZ+ probably 
shifts the voltage sensitivity of activation to 
make openings more probable at a given 
voltage. IKc is eliminated by 25 miM tetra- 
ethylammonium chloride (TEA). 

IKc is clearly distinct from IKv because IKc 
is mature before the develoomental onset of 
IKV, and because IK, is evoked in saline 
containing no Caz-'. IKc is separable from 
IAv by genetic techniques; IKc is normal in 
the mutant ShKSI3', which lacks IAv at all 
stages of development (Fig. 2, bottom). 

The presence of an early developing, 
Ca2+-sensitive current would logically re- 
quire the presence of ca2+  channels. Al- 
though Ic, is not evident in the pupal stage 
until its abrupt appearance at the time of 
adult eclosion (I) ,  a smaller less prominent 
Ca2+ current might be present in early cells. 
We again used muscle cells of the Shaker 
mutant ShKS133, which lacks IAv. If not elimi- 
nated, I*, could obscure the presence of an 
inward current having a similar time course. 
We compared the membrane voltage re- 
sponses of these mutant cells from the two 
developmental stage (Fig. 3) before (72 
hours) and after (young adult) the Ca2+ 
current normally becomes apparent. In nor- 
mal saline (with Ca2+ present), the respons- 
es of the 72-hour pupal cell appeared almost 
completely passive, while the young adult 

cell showed large overshooting action po- 
tentials. The contrast between excitable 
properties was also evident in the membrane 
properties under voltage clamp in saline 
containing ~ a ~ +  and TEA (Fig. 3). Al- 
though the 72-hour cell again appears com- 
pletely passive, the young adult cell exhibits 
a large inward current. Nevertheless, caZ t  
channels might still be Dresent at the 72- 

0 

hour stage but be inactivi. Since many CaZ+ 
channels are known to be inactivated by 
intracellular caZ+  (5), perhaps the intracel- 
lular caZ+  concentration in these develouin~ 
cells was above a level that permits the ka2' 
channels to function. To investigate this we 
injected cells with ethpleneglycol tetraacetic 
acid (EGTA'I to lower the intracellular ca2+  
concentration, or injected adenosine tri- 
phosphate (ATP) to increase active Ca2+ 
sequestration (6). Both of these techniques 
unmasked large inward currents in cells that 
had showed no trace of inward current 

. . .  . -. - - .. .- - -. . . . -. . - - 
.- . 

. .. .. . . 
' t 

- . - .. . . . . .- - .. - - . . . . . - ..-- I... -1 2 . . -  . -. . - . . - .-. 
J 100nA I 50mV 

1 second 

Fig. 2. IKc in 72-hour pupae. Composite current 
responses to 6-second voltage-step pulses under 
voltage clamp in cells from 72-hour pu ae, in the P presence (+Ca2+) and absence (-Ca2 ) of high 
extracellular concentrations of Ca2' (18 mM).  At 
this stage in development, I,, was fully developed 
in wild-type cells (transient com onent in top 
traces), but ivas absent in S h ~ ~ ~ ~ ~ c e l l s  (bottom 
traces). In the presence of high extracellular Ca2 +, 
IKc was slowly evoked by depolarizations (right 
traces). Upon repolarization, IKc has a biphasic 
current tail (see text for an explanation of arrows 
1 and 2).  As expected for a K+ current, the 
reversal potential for the current tails shifts to 
more positive values when the extracellular K' 
concentration increased. In one experiment the 
reversal potential for the tails shifced from approx- 
imately - 50 mV to -20 mV when the extracellu- 
lar KC1 concentration was increased from 5 to 25 
mM. Experiments substituting SO:. for CI- 
were not done. The presence (top traces) or 
absence (bottom traces) of I,, had no effect on 
IKc. Cells were held at -80 mV and successivel!l 
stepped to a maximum of +10  mV. The leak 
current traces in the inward direction were in 
response to a hyperpolarizing step pulse to - 130 
mV. In wild-type cells (+Ca2'), IAv appears 
larger than in wild type ( -CaL') because the leak 
(and therefore instantaneous current) has in- 
creased over the course of the experiment. This is 
reflected in the shift of the baseline of the holding 
current. 
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before injection (Fig. 3). In fact, the arnpli- the early developmental appearance of IA, in A 
tude of currents evoked from these 72-hour wild-type cells was advantageous; the ab- - c a 2 +  I 

cells was similar to that measured in young sence of IAv in young (55-hour) wild-type E====== . 

adult cells, often exceeding 150 nA of net cells was a reliable developmental marker ----- - --- 

inward current. ATP seemed to be more with which to judge the maximum age of 
effective than EGTA in unmasking inward each preparation. Both IKc and Ica could be -I E',": 
current; of ten cells that showed no inward evoked in these young cells (Fig. 4); both I second 

current before ATP injection, eight pro- were observed before there was any trace of B --5 -- 
duced large inward currents after injection. I*, The maturation time of these currents, 

2+ ' 
T--- 

Only about half the cells injected with however, apparently overlaps the develop- 
EGTA showed inward current. Either ~a~~ mental onset of IAV, because both IKc and - ---. 
or ca2' could serve as the current-carrying Ica are larger at 72 hours than at 55 hours. 
ion; ca2+ currents were smaller and more In the nerve and muscle cells of many 
transient than ~ a ~ +  currents. Cells often animals, a Ca2+ current appears early in the C 
required periods of All? injection as long as development of membrane electrical proper- +:::+ -L=r 
10 minutes before maximal inward current ties (7). In Drosophzla flight muscles, howev- 

-- 50 nA 
appeared (Fig, 3). er, the (;a2+ current abruptly becomes -- -- 

_I 50 msec 
-. 

To investigate whether IKc or ICa was prominent at the end of pupal development 
present at even earlier developmental times, after the development of voltage-dependent Fig. 4.  Earl11 development of I K c  and occult Ca2+ 

we used wild-type cells. For this purpose, outward conductances (1). Our observa- (*) Voltage-clamp records Ofwild-type 
pupal muscles at about 50  hours of development. 

show that There was no evidence of the later appearing IAv. 
are, indeed, present more than 2 days be- (B) After addition of Ca2+ at this same develop- 

72-hour pupa Young adult fore. These observations make Dros~hzla mental stage, kc was seen as a large delayed 

--- -~ ~ 

development more consistent with the over- outward current. The small biphasic current tail 
O m V ~ ! - - \ . -  ! A 

,---- j I picture presented 'pitzer (7) of produced upon repolarization was larger when 
A increasing amounts of current were evoked, (C) 

-- appearing Ca2+ channels in membrane elec- Occult Ca2+ channels are unmasked at this same 
trical development. The reasons for Ca2' early stage by intracellular injection of ATP in the 

--_-if - , - - - .  .- channel inactivity in young fibers and the Presence of 20  mM Ba2'. 
action of ATP in inducing activity are un- 

I known. Internal perfusion of cultured chick 
B 
t B a 2 +  - sensory neurons and molluscan neurons produce a lethal phenotype; thus, there is at 

with ATP or EGTA stabilizes Ca2+ channel least a partial overlap offunction by separate 
activity (8 ) .  Since EGTA or ATP unmask current systems. In addition, occult or 
Drosophila Ca2+ channels, intracellular ca2+ "masked" Ca2' channels may be present in 
concentration may normally be high at early other systems. 

c stages of muscle development. However, 
+~a'+ - 

ATP other more direct effects on the channels 
L 
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