chus [M. Kuwahara, T. Miyata, T. Saito, M. Eto,
Appl. Entomol. Zool. 16, 297 (1981)], Dermestes [C.
E. Dytes, V. ]. Ellis, C. J. Lloyds, J. Stored Prod. Res.
1, 223 (1966)], Tribolium [C. E. Dytes and D. G.
Rowlands, ibid. 4, 157 (1968)], Lavdelphax [K.
Ozaki and T. Kassai, Entomol. Exp. Appl. 13,
162 (1970)], Apkis [A. P. Beranek, id. 17,
129 (1974)], Myzus [P. H. Needham and R. M.
Sawicki, Nature (London) 230, 125 (1971)], and
Heliothis [C. J. Whitten and D. L. Bull, J. Econ.
Entomol. 63, 1492 (1970)].

4. D. Fournier et al., in preparation.

5. The antiserum was used in an immunoblot assay [H.
Towbin, T. Stachelin, J. Gordon, Proc. Natl. Acad.
Sci. U.S.A. 76,4350 (1979)] to quantify esterase B1
production in the OP-resistant %‘cm-R strain com-
pared to the susceptible S-Lab [C. Mouches ez /., in
preparation].

6. Complementary DNA’s were prepared from
poly(A)* RNA’s of Tem-R larvae with an Amer-
sham ¢DNA synthesis kit [V. Gubler and B. J.
Hoffman, Gene 25, 263 (1983)]. After addition of
Eco RI linkers, cDNA’s were introduced in phage
Agtll [R. A. Young and R. W. Davis, Science 222,
778 (1983); Proc. Natl. Acad. Sci. U.S.A. 80, 1194
(1983)] and plated on E. coli A\1090 (Promega
Biotec). Among the 5 X 10* recombinants initially
screened, 14 displayed a strong positive signal after
four plaque purifications with esterase B1 antiserum
but not with a preimmune serum or a serum raised
against Culex esterase Al (5). One of the recombi-
nant phages, Agt-est, was used to lysogenize E. coli
Y1089. The proteins from the lysogens, after their
separation by sodium dodecyl sulfate (SDS)—poly-
acrylamide electrophoresis and immunoblotting [H.
Towbin et al., in (5); R. Hawkes, E. Niday, J.
Gordon, Anal. Biochem. 119, 142 (1982)] were

shown to include a 3-galactosidase fusion protein of
135 kD that was immunoreactive with esterase Bl
antiserum. The DNA of Agt-est was digested with
Eco RI and used to hybrid-select the mRNA of
esterase B1 from poly(A)* RNA’s extracted from
Tem-R larvae. This selected mRNA (Fig. 1C) pro-
duced a 67-kD folypeptide comigrating with puri-
fied esterase Bl and immunoprecipitated by its
specific antibody. Agt-est cDNA is therefore specific
or esterase B1.

7. E. J. Southern, J. Mol. Biol. 98, 503 (1975); T.
Maniatis, E. F. Fritsch, J. Sambrook, Molecular
Cloning, a Laboratory Manual (Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY, 1982).

8. Decreasinig amounts of genomic DNA’s were sub-
mitted to slot-blot hybridization [P. C. Brown, T.
D. Tlsty, R. T. Schimke, Mol. Cell. Biol. 3, 1097
(1983)]. Quantitation was achieved by densitomet-
ric scanning of autoradiograms.

9. C. Mouches et al., CR. Acad. Sci. Ser. III Sci. Vie
301, 695 (1985).

10. In this technique [I. B. Roninson, Nucleic Acids Res.
11, 5413 (1983); , H. T. Abelson, D. E.
Housman, N. Howell, A. Varshavsky, Nature (Lon-
don) 309, 626 (1984)], DNA’s are first cléaved with
an appropriate restriction endonuclease. An aliquot
of the preparation is then labeled with radioactive
deoxynucleotides using phage T4 DNA polymerase
and restriction fragments are separated by agarose
%el electrophoresis. While in Sxe gel, the DNA
ragments are denatured by alkaline treatment and
renatured under conditions allowing reannealing of
only amplified restriction fragments. Non-renatured
single-stranded DNA is further degraded with S1
nuclease and eluted by diffusion. The DNA frag-
ments remaining in the gel correspond to repeated
sequences.

11. Strains of C. pipiens [N. Pasteur, A. Iseki, G. P.
Georghiou, Biochem. Genet. 19, 909 (1981)] and
Musca domestica [A. G. Clark and W. C. Dauterman,
Pestic. Biochem. Physiol. 17, 307 (1982); A. G. Clark,
N. A. Shdmaan, W. C. Dauterman, T. Hayaoka,
thid. 22, 51 (1984)] resistant to OP insecticides
through production of highly active enzymes, such
as esterase Al and glutathione transferase, respec-
tively, had been shown to possess amplified se-
quences of genomic DNA that are absent from
strains lacking such resistance mechanisms (9). No
cross-hybridization has been obtained between these
amplified sequences and the Agt-est probe. This is in
agreement with the lack of serological relations
between these enzymes (5).

12. J. L. Hamlin, Int. Rev. Cytol. 90, 31 (1984); R. T.
Schimke, Cell 37, 705 (1984); Gene Amplification
(Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY, 1982); G. R. Stark and G. M. Wahl,
Annu. Rev. Biochem. 53, 447 (1984); F. C. Kafatos,
W. Orr, C. Delidakis, Trends Gener. 1, 301 (1985).

13. G. K. Scott, C. L. Hew, P. L. Davies, Proc. Natl.
Acad. Sci. US.A. 82, 2613 (1985).

14. J. M. Chirgwin, A. E. Przybyla, R. J. MacDonald,
W. J. Rutter, Biochemistry 18, 5294 (1979).

15. Suﬁ%orted by INSERM (grant 841019), CNRS-
PIREN (AIP Ecotoxicologie), CNRS (ATP Etats-
Unis), and NSF (INT 8413822) under the U.S.-
France Collaborative Science Program and the Uni-
versity of California Mosquito Research Program.
We thank V. Beyssat for help in screening the cDNA
library and G. Pasteur, L. Thaler, G. Buttin, F.
Bonhomme, and M. Magnin for their useful com-
ments on the manuscript.

25 March 1986; accepted 30 June 1986

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

AGUAN WEI AND LAWRENCE SALKOFF

In the membrane of the flight muscle cells of developing Drosophila a large calcium-
sensitive potassium current, I, 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. I, has
kinetic properties resembling the later developing voltage-sensitive current I, and is
distinct from the fast, transient calcium-dependent outward current I, which appears
much later in development. I, closely resembles the voltage-sensitive current I,,, also
present in these cells. Thus, both of the voltage-sensitive potassium channel types, I,
and Iy, have similar calcium-sensitive counterparts, Iy, and Ik, that are present in the

same cells.

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
petiod 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
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termed the A current when first identified in
molluscan neurons and is designated I,
here. The maturation of 14, is followed by
the development of a slower, voltage-depen-
dent K* current, Ix,, which is mature at 96
hours of development (Fig. 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, Ca**-dependent K* current similar to
Ik. in other systems (4); we observed large,
persistent currents in young adult cells after
the addition of saline containing Ca** (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 Ca?* (Fig. 1B,
arrow 4) was absent when Ca®' was re-
moved (Fig. 1B, —Ca*"); 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
mYV) 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 Ik,
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 Ca**
(Fig. 2, left) or 18 mM Ca** (Fig. 2, right)
in the saline. The fast transient current, I4,,
was present in both conditions. However, in
the right traces, Ik, is also clearly present, as
indicated by the rising outward current after
the initial decline of I, and by the appear-
ance of the large slow current tails after the
termination of the voltage-clamp step pulse.

To eliminate I, 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 I, (Fig. 1A) (1-3). At the 72-
hour stage of development when I, is
normally present in wild-type cells, Sh¥s!3
cells have only the large Ca®*-dependent

AN ~J 100 nA | 50 mV
50 msec

B 2
N
Adult e 1=Ica
/ 2=T gy
vca?* Sil Kv (Tafl)
1,] /_3/—14—-————— 4=1ke(Tail)

Fig. 1. (A) Voltage-clamp experiments showing
the development of two voltage-sensitive, Ca®*-
sensitive currents. The hours given are measured
from the beginning of pupal development; wrt,
normal wild type; Sh, Shaker mutant lacking I4,.
At 72 hours of development, 15, was mature in
wild type but absent in Shaker. At 96 hours, both
Iav and Ik, were present in wild type. However,
only Ix, was present in Shaker. Voltage steps to
+20 mV were made from a holding potential of
—80 mV. Saline (see below) contains no Ca**.
(B) Voltage-clamp experiments showing Ik, tail
current in young adult SH¥S'¥ cells. 15, is not
present in SH*S' cells. Composite current re-
sponse to short (200 msec) and long (800 msec)
voltage-step pulses under voltage clamp in the
presence (+Ca®*) (6 mM) and absence (—Ca*™")
of Ca®* in the saline. For each figure, current is
shown by the upper traces, voltage by the lower
traces. Arrow 1, Ic,; arrow 2, Ik, ; arrow 3, Ix,
tail current; arrow 4, Ik, tail current. In the
presence of Ca®", 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 Ik, in addi-
tion to Ig,. After removal of Ca** (—Ca®*) 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 Ik, 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 mM EGTA, 10
mM MgCl,, and 5 mM Hepes, pH 7.0. Additions
of CaCl, or BaCl,, as noted in the text, were made
in the absence of EGTA. All experiments were
performed at 4°C.
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outward response and the large, slow cur-
rent tails at the cessation of the step pulse
characteristic of Ix. (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 Ca®* 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 voltage-step pulse reflects the true
activation time of the current (Fig. 2, b,
+Ca’"). The rapid activation of this small
portion of Ik is probably due to a slight
accumulation of intracellular Ca?*. In other
experiments with similar cells that had been
injected with Ca’* we found that Ig, acti-
vates at a rate similar to Ig,. At 0 mV, Ik,
takes approximately 190 msec to reach 90%
of its peak value (2); the value for Ix. 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 Iy, followed by a much slower
phase (Fig. 2, arrow 2). This slow phase
may be a reflection of the rate of calcium
sequestration at the more polarized voltages.
The Igc channels are apparently voltage-
sensitive as well as Ca®"-sensitive; in Ca®*-
free saline with Ca®* injected directly into
the cell, more channels open after depolar-
ization than at rest. Thus, Ca®* probably
shifts the voltage sensitivity of activation to
make openings more probable at a given
voltage. Ix. is eliminated by 25 m tetra-
ethylammonium chloride (TEA).

Ik, is clearly distinct from Ig, because Ik,
is mature before the developmental onset of
Ikv, and because Ik, is evoked in saline
containing no Ca?". Iy is separable from
Lav by genetic techniques; Ik, is normal in
the mutant SH#*5%, which lacks I, at all
stages of development (Fig. 2, bottom).

The presence of an ecarly developing,
Ca®*-sensitive current would logically re-
quire the presence of Ca>* channels. Al-
though I, is not evident in the pupal stage
until its abrupt appearance at the time of
adult eclosion (1), a smaller less prominent
Ca®* current might be present in early cells.
We again used muscle cells of the Shaker
mutant S5#%3 which lacks 1,,. 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 Ca®*
current normally becomes apparent. In nor-
mal saline (with Ca®* 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 Ba’* 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, Ca**
channels might still be present at the 72-
hour stage but be inactive. Since many Ca**
channels are known to be inactivated by
intracellular Ca** (5), perhaps the intracel-
lular Ca®* concentration in these developing
cells was above a level that permits the Ca>*
channels to function. To investigate this we
injected cells with ethyleneglycol tetraacetic
acid (EGTA) to lower the intracellular Ca®*
concentration, or injected adenosine tri-
phosphate (ATP) to increase active Ca®*
sequestration (6). Both of these techniques
unmasked large inward currents in cells that
had showed no trace of inward current

-ca?* +Ca?*

| 50mv

__l 100 nA
1 second

Fig. 2. Ik in 72-hour pupac. Composite current
responses to 6-second voltage-step pulses under
voltage clamp in cells from 72-hour pupa, in the
presence (+Ca’") and absence (—Ca’*) of high
extracellular concentrations of Ca®* (18 mM). At
this stage in development, 1, was fully developed
in wild-type cells (transient component in top
traces), but was absent in S¥¥5** cells (bottom
traces). In the presence of high extracellular Ca**,
Ik was slowly evoked by depolarizations (right
traces). Upon repolarization, Ix. has a biphasic
current tail (sec 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 shifted from approx-
imately —50 mV to —20 mV when the extracellu-
lar KCI concentration was increased from 5 to 25
mAM. Experiments substituting SO~ for Cl~
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 successively
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 (+Ca®*"), 1o, appears
larger than in wild type (~Ca®*) 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 ampli-
tude of currents evoked from these 72-hour
cells was similar to that measured in young
adult cells, often exceeding 150 nA of net
inward current. ATP seemed to be more
effective than EGTA in unmasking inward
current; of ten cells that showed no inward
current before ATP injection, eight pro-
duced large inward currents after injection.
Only about half the cells injected with
EGTA showed inward current. Either Ba®*
or Ca** could serve as the current-carrying
ion; Ca®" currents were smaller and more
transient than Ba®* currents. Cells often
required periods of ATP injection as long as
10 minutes before maximal inward current
appeared (Fig, 3).

To investigate whether Ix. or Ic, was
present at even earlier developmental times,
we used wild-type cells. For this purpose,

72-hour pupa Young adult

T \\ )

/ \ -
N e

Fig. 3. Unmasking I¢, in pupal muscle in $5#%5133
cells. (A) Voltage responses to intracellular cur-
rent injections for 72-hour pupal (left) and young
adult (right) cells, in the presence of saline con-
taining 2 mM Ca*>*. The top line indicates 0 mV.
In response to intracellular current injection (bot-
tom trace) 72-hour pupal cells are inexcitable (left
traces), showing only minor deviation from a
linear current-voltage relation. In contrast, young
adult cells (right traces) generate a train of broad,
overshooting action potentials in response to a
similar stimulus. (B) Same cells as above under
voltage clamp in the presence of Ba** (50 mM).
The large Ba** current present in the adult cell
was absent in the 72-hour cell. (C) A large inward
current carried by Ba?* evoked after the injection
of ATP into a 72-hour cell. Holding potential of
—80 mV used for all voltage-clamp figures. For
voltage clamp of inward current, TEA was substi-
tuted for choline chloride. Current-clamp experi-
ments were at 20°C, voltage-clamp records at 4°C,
ATPY injections were made by intracellular ionto-
phoresis from a current electrode filled with 1A
ATP and 5 mM Hepes, pH 7.0. An average
experiment required —25 nA of steady injected
current for 10 minutes before a maximum current
appeared. Voltage, current, time scale: Upper
traces, 20 mV, 100 nA, 20 msec; middle and
lower traces, 50 mV, 50 nA, 50 msec.
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the early developmental appearance of I, in
wild-type cells was advantageous; the ab-
sence of I,y in young (55-hour) wild-type
cells was a reliable developmental marker
with which to judge the maximum age of
each preparation. Both Ik and I¢, could be
evoked in these young cells (Fig. 4); both
were observed before there was any trace of
Ioy. The maturation time of these currents,
however, apparently overlaps the develop-
mental onset of I,, because both Ix. and
Ic, are larger at 72 hours than at 55 hours.

In the nerve and muscle cells of many
animals, a Ca®* current appears early in the
development of membrane electrical proper-
ties (7). In Drosophila flight muscles, howev-
er, the Ca’" current abruptly becomes
prominent at the end of pupal development
after the development of voltage-dependent
outward conductances (I). Our observa-
tions now show that many Ca** channels
are, indeed, present more than 2 days be-
fore. These observations make Drosophila
development more consistent with the over-
all picture presented by Spitzer (7) of early
appearing Ca?* channels in membrane elec-
trical development. The reasons for Ca**
channel inactivity in young fibers and the
action of ATP in inducing activity are un-
known. Internal perfusion of cultured chick
sensory neurons and molluscan neurons
with ATP or EGTA stabilizes Ca®* channel
activity (8). Since EGTA or ATP unmask
Drosophila Ca** channels, intracellular Ca**
concentration may normally be high at early
stages of muscle development. However,
other more direct effects on the channels
have not been ruled out.

The role for the early appearance of Ik is
unclear, but it could function to repolarize
cells to shut down Ca?* channels and pre-
vent unwanted Ca?" influx. This may be
particularly critical before the development
of other repolarizing currents and adequate
Ca®* buffering capacity. Ix. was undetected
previously because of the high concentration
of extracellular Ca®* necessary to activate it.
Although the intracellular Ca** concentra-
tion in early cells may be high enough to
block Ic,, Ik apparently requires an even
higher level for activation at the voltages in
these experiments. The finding of Ik, in-
creases the total number of identified, inde-
pendent current-carrying systems in this
membrane to seven (I). The picture that
now emerges of membrane electrical proper-
ties is one of redundant channel properties
and staggered channel development extend-
ing from early pupal into adult life. The two
fast transient outward currents, I, and I,
are genetically separable (3) and thus proba-
bly fully independent; it is likely that I and
Iky are also fully independent. Some Shaker
alleles have no I, and yet this does not

100 nA
dsomv
1 second
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+Ca?* —
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Fig. 4. Early development of I and occult Ca®*
channels. (A) Voltage-clamp records of wild-type
pupal muscles at about 50 hours of development.
There was no evidence of the later appearing ..
(B) After addition of Ca®* at this same develop-
mental stage, Ix. was seen as a large delayed
outward current. The small biphasic current tail
produced upon repolarization was larger when
increasing amounts of current were evoked. (C)
Occult Ca** channels are unmasked at this same
early stage by intracellular injection of ATP in the
presence of 20 mAM Ba?*.

produce a lethal phenotype; thus, there is at
least a partial overlap of function by separate
current systems. In addition, occult or
“masked” Ca*>* channels may be present in
other systems.
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