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Tissue-Specific Expression of a Drosophila Calcium-Activated

Potassium Channel

Marie N. Becker,® Robert Brenner, and Nigel S. Atkinson
Department of Zoology, The University of Texas at Austin, Austin, Texas 78712-1064

The Drosophila slowpoke (slo) gene encodes a subunit of
a CAK channel homologous to the vertebrate BK channel.
We have examined slo expression throughout develop-
ment. It is expressed in muscle cells, neurons of the CNS
and PNS, mushroom bodies, a limited number of cells in
embryonic and larval midgut and in epithelial-derived tra-
cheal cells. The promoter has been cloned and shown to
direct expression in the same pattern as the endogenous
gene in both neural and epithelial-derived cells. During pu-
pariation and embryogenesis, slo is expressed in muscles
many hours prior to the appearance of functional channels.

[Key words: Ca?+-activated K+ channel, Drosophila, slow-
poke, development, gene expression, reporter gene, anti-
body]

A cell’s electrical properties are determined by the complement
of ion channels expressed. In Drosophila, the small size of neu-
rons and the absence of identified neuronal circuits have imped-
ed the characterization of neuronal channels. Electrophysiolog-
ical studies are largely restricted to a number of large accessible
muscle fibers. Drosophila muscle has four well-characterized K*
currents, I,, I, Is , I, and one inward voltage-activated Ca?*
current, I,. I, and I are voltage-activated K* (VAK) currents
while I and I are Ca?*-activated K* (CAK) currents. During
embryonic muscle development, I, I, and I, appear about
13.25 hr after laying of the embryo (Broadie and Bate, 1993).
The appearance of I and I occurs 4 hr later, just prior to the
hatching of the larvae, when embryogenesis is essentially com-
plete. During the 4 d of pupariation, muscle currents appear in
the order I, I,, Iy, I, followed by I.. which appears during
about 1 d after the adult leaves the pupal case (Salkoff, 1985;
Wei and Salkoff, 1986). We are interested in how cells regulate
the expression of genes responsible for these currents.

We have assayed the tissue- and developmental-specific ex-
pression of the Drosophila CAK channel gene called slowpoke
(slo). The slo gene encodes the channel that conducts /.. and
was the first CAK channel gene to be identified. This gene was
identified as a behavioral mutant (called slo') (Elkins et al.,
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1986). This mutation causes abnormal behavior following strong
sensory stimuli (37°C heat pulse or a cool but bright light). Ge-
netic and physiological analysis indicated that the mutation spe-
cifically eliminated /.. in muscles and neurons (Salkoff, 1983;
Elkins et al., 1986; Gho and Mallart, 1986; Singh and Wu, 1989;
Komatsu et al., 1990; Broadie and Bate, 1993). The channel’s
current has been characterized in embryonic and larval body
wall muscles, larval motoneurons and indirect flight muscles. In
flight muscle its primary function is action potential repolari-
zation (Elkins et al., 1986). It has also been proposed that [,
participates in motoneuron nerve terminal repolarization (Gho
and Mallart, 1986). It is not known, however, whether slo ex-
pression is restricted to particular cell types or if it is widely
expressed in excitable cells.

The gene was cloned in a chromosomal walk initiated from
an inversion breakpoint (Atkinson et al., 1991). Sequence anal-
ysis suggested that the structure of CAK channels were similar
to that of VAK channels. Strong amino acid similarity was lim-
ited to the putative voltage sensor (S4) and the HS domain which
composes a large portion of the pore (Atkinson et al., 1991).
Furthermore, expression of RNA produced from the cloned gene
causes the production of Ca?*-activated K+ channels in Xenopus
oocytes (Adelman et al., 1992). The sio channel is structurally
and functionally homologous to the vertebrate BK-type CAK
channel (Butler et al., 1993; Knaus et al., 1994).

We have determined the developmental and tissue-specific ex-
pression of slo. We have shown that slo is broadly expressed in
neurons and muscles and that muscle expression precedes the
developmental appearance of the current by many hours. Ex-
pression also occurs in tracheal cells and some cells in the larval
midgut.

Materials and Methods

Stocks. Drosophila stocks used were Canton S (wild type), slo* (null
mutation in slo gene) and w'"'®. Stocks were maintained using standard
Drosophila husbandry techniques.

Transformation construct. In order to isolate the slo promoter, em-
bryonic and adult head cDNA libraries were screened for slo cDNA
clones containing the most 5" mRNA sequence. This sequence was used
as a probe for cosmid genomic clones containing the start of transcrip-
tion and hence the slo promoter region. An Apal/BamHI DNA fragment
c¢DNA clone Z54 (nucleotide —206 to +207 of translation start; Atkin-
son et al.,, 1991) was used to screen 1 X 10¢ ¢cDNA clones from an
embryonic (Hamilton et al., 1991) and 1 X 10° ¢cDNA clones from an
adult head (kind gift from Thomas Schwarz, Stanford University School
of Medicine) cDNA library. Two classes of cDNAs were isolated con-
taining either of two 5’ exons, C1 or C2, spliced to the first common
exon C3. RNase protection indicated these 5 exons are part of mature
transcripts (data not shown). Sequencing of Ct and C2 containing
c¢DNAs showed that these clones do not contain a common 5’ exon,
indicating these clones do not arise from alternative splicing but rep-
resent alternative 5’ exons. Cosmid S13 was isolated in a walk into the
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Molecular maps of slo. A, Restriction map of genomic DNA from the 5’ end of the slo gene. Black boxes represent regions encoding

the gene’s first three exons (C/, C2, C3). Both the C2 and C3 exons contain methionine codons that could be used to begin translation. Gray boxes
represent cDNAs isolated from embryo (E prefix) and adult head (Z and H prefixes) libraries. DNA sequencing was used to align genomic DNA
and cDNAs. The large open box identifies the Xhol-Apal fragment used to construct the P1-9 slo/lacZ reporter gene. B, Splicing map of slo showing
the relative position of alternative exons and the putative transmembrane domains S1-S6 (Atkinson et al., 1991; Adelman et al., 1992; Atkinson,
unpublished observations). Antisera Ab1673 was raised against a fusion protein made from the 3'-most exon. In situ hybridizations were performed

using probes derived from the same exon.

slo gene (Atkinson et al., 1991). Hybridization and DNA sequence com-
parison with 5" slo cDNAs identified this cosmid as containing the
furthest 5” slo exons. A 10 kb Xhol/Apal fragment of S13 beginning 5
kb upstream of exon C1 and ending 211 nucleotides into common exon
C3 was subcloned in translational frame with the lacZ gene of P-ele-
ment transformation plasmid pCaSperfgal (Thummel et al., 1988) con-
taining a modified polylinker (Fig. 1).

Germline transformation. Germline transformations were as de-
scribed (Spradling, 1986). The plasmid pp25.7we (200 ng/pl) and the
promoter transformation construct (1 mg/pl) were microinjected into
w''® embryos. A single transformant containing an integration in the
third chromosome was obtained called P1-9a. This P-element insertion
was homozygous lethal in adult flies. Additional insertion sites were
obtained by mobilizing P1-9 using the transposase source A2-3 (Rob-
ertson et al., 1988). Flies containing different insertion sites were iden-
tified based on linkage of the vector encoded whire gene to a different
or balancer chromosome. Two additional lines were identified, P1-9b
and P1-9c¢ containing integrations in the second chromosome and third
balancer chromosome TM6, respectively. Comparison of the lacZ stain-
ing pattern in the mobilized and original insertion lines showed no
difference in tissue specific staining patterns. In order to make flies
containing three copies of the promoter construct, lines were crossed to
generate a stock w!''s; P1-9b/Cy0O; P1-9a/Pi-9¢ TM6. This stock is
referred to as P1-9.

Production of polyclonal antisera Ab1673. A 1.8 kb BglIl/EcoRV
fragment containing the coding region for the last 310 amino acids of
slo cDNA clone Z8 (Atkinson et al., 1991) was subcloned into the
BamHI/Smal site of the pGEX-3X glutathione transferase fusion bac-

terial expression plasmid (Smith and Johnson, 1988). Bacterial expres-
sion was as described by Smith and Johnson (1988). Because the ma-
Jority of fusion protein was in inclusion bodies, the protein was partially
purified by repetitive washing of inclusion bodies in PBS (130 mm
NaCl, 7 mm Na,HPO,, 3 mm NaH,PO,) containing 1% Triton X-100.
The inclusion bodies were then solubilized in 8 M urea in PBS. After
dialysis to remove the urea, the fusion protein was further purified by
electrophoresis through a SDS polyacrylamide gel. A polyacrylamide
gel slice containing approximately 200 g of the fusion protein was
washed in PBS, emulsified in Freund’s complete adjuvant and injected
into a New Zealand White rabbit. The initial immunization was fol-
lowed by immune boosts of 200 wg of fusion protein in Freund’s in-
complete adjuvant 30, 44, 58, and 72 d after the initial immunization.
Immune sera collected 82 d after initial immunization was preabsorbed
to an acetone powder of bacteria expressing glutathione transferase to
remove antibodies to glutathione transferase (Sambrook et al., 1989).
The preabsorbed immune sera was then affinity purified with the fusion
protein (Sambrook et al., 1989) with the following modifications. Ap-
proximately 1 mg of fusion protein was affixed to PVDF membranes
before binding of serum. Before elution of antj-slo antisera, the mem-
branes were washed with PBS containing 2% Tween-20 to remove non-
specific antibodies.

Immunohistochemistry. Prior to sectioning, whole flies or dissected
heads were fixed for 1-2 hr in 4% paraformaldehyde on ice followed
by an overnight incubation at 4°C in 12% sucrose in PBS. Tissue was
embedded in OCT (Miles Scientific) and frozen in liquid nitrogen. 10
p sections were cut at —16°C using a LE.C. cryostat and placed on
Fisher SuperFrost slides. Slides were stored desiccated at —20°C.
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Processing of slides was essentially as described by Schwarz et al.
(1990) with the following exceptions. The antibody dilution buffer did
not contain bovine serum albumin (BSA). Ab1673 was used at a dilu-
tion of 1/50 or 1/25. Anti-B-galactosidase antibody {monoclonal, Pro-
mega) was used at a dilution of 1/500. Slides were incubated at 4°C
overnight in a humid chamber. The biotinylated goat anti-rabbit sec-
ondary antibody (Vector Labs) was used at a dilution of 1/200 and the
dilution buffer contained 0.15 M NaCl, no BSA and 2% goat serum.
After incubation with the secondary antibody, slides were washed once
for 10 min in 0.1 M sodium phosphate buffer, pH 7.2 with 0.3% Triton
X-100 and then washed twice more in sodium phosphate buffer pH 7.2
without Triton X-100 for 10 min each. Remaining steps followed the
manufacturer’s protocol for the Vectastain ABC kit (Vector Labs) using

0.5 mg/ml DAB in PBS plus 0.003% hydrogen peroxide. The color -

reaction was stopped after 15-30 min by washing the slides twice in
PBS for 10 min. Slides were dehydrated through an ethanol series with
a final wash in xylene and mounted in DPX medium (BDH Laboratory
Supplies). Photographs were taken using a Zeiss Axioplan microscope.
Controls were sections of slo? flies, and sections of w!''® flies stained
with preimmune sera or with secondary antibody alone.

Prior to antibody staining of larvae, Ab1673 (1/25 dilution) and bio-
tinylated goat anti-rabbit antibody (1/100 dilution) were pre-absorbed
to dissected slo* and w!''* larvae, respectively. Larvae were cut along
the dorsal midline, pinned to a Sylgard dish, and fixed in 1% glutaral-
dehyde in PBS for 15 min. Larvae were washed in three 10 min washes
of PBT (PBS with 0.05% Triton X-100), blocked 1 hr in PBT containing
10% goat serum, and then incubated overnight with Ab1673 in PBT,
10% goat serum at 4°C. The larvae were then washed in six 10 min
washes of PBT and incubated with secondary antibody in PBT for 1 hr
at room temperature. Following six 10 min washes of PBT, the antibody
was detected using the Vectastain ABC reagents and manufacturer’s
protocols (Vector Labs). After staining, the larval body walls with the
attached tracheal cells were dissected and mounted on slides in PBS,
80% glycerol for microscopy.

B-Galactosidase staining. Embryos were stained for 3-galactosidase
activity according to a modification of published procedures (Klambt et
al., 1991). Embryos were dechorionated in 50% bleach and then fixed
for 30 min in 5 ml of 5% paraformaldehyde in PBS and 5 ml of heptane.
The fixative and heptane were removed and the embryos were washed
in eight changes of PBS, 0.3% Triton X-100 over 2 hr. Embryos were
then stained in Fe/Na Phosphate X-gal staining solution containing 10
mM NaPO, pH 7.2, 150 mm NaCl, 1 mm MgCl,, 3 mm K, (Fell(CN),),
3 mm K, (Felll{CN),), 0.3% Triton X-100, and 0.27% X-gal. Following
staining the embryos were washed in PBS, 0.3% Triton X-100.

Third instar larvae were cut along the dorsal midline and pinned to
a Sylgard (Dow Corning) dish in a solution of PBS. The larvae were
rinsed once in PBS and fixed in PBS containing 1% glutaraldehyde for
15 min. Following fixation the larvae were rinsed three times in PBS
and stained in the Fe/Na Phosphate X-gal staining solution described
above without Triton X-100. After staining larvae were rinsed in PBS.
Larval organs were then dissected and mounted in PBS containing 80%
glycerol. Larval brains used for plastic sectioning were subsequently
dehydrated through an ethanol series and prepared as in Tomlinson and
Ready (1987) with the exception that osmium tetroxide treatment was
omitted. One micrometer sections were cut on a RMC Ultramicrotome
and then mounted in DPX for microscopy.

For 3-galactosidase detection in adults, whole flies were embedded
in OCT, frozen and 10 pm sections were cut, heated to 50°C, and stored
at room temperature for at least 1 hr. Slides were then washed in three
changes of PBS for 5 min per wash. The slides were dried and warmed
to 37°C; 100 wl of prewarmed Fe/Na Phosphate X-gal (0.33%) staining
solution without Triton X-100 was applied to each slide. Slides were
then covered with a coverslip, incubated overnight at 37°C in a humidor
and mounted in glycerol or dehydrated through an ethanol series and
mounted in DPX (Mismer and Rubin, 1987).

In situ hybridization of sectioned tissue. **S labeled sense and anti-
sense RNA probes were transcribed (Maxiscript kit, Ambion) from a
267 base pair PstI fragment (nucleotide positions 2606-2873; Atkinson
et al., 1991) subcloned in Bluescript II KS vector (Stratagene). The
probe was hydrolyzed to approximately 100 base pairs (Cox et al.,
1984), ethanol precipitated, and resuspended in prehybridization solu-
tion (50% formamide; 10% dextran sulfate; 10 mm Tris, pH 7.5; 5 mm
EDTA; 10 mm sodium phosphate buffer, pH 6.8; 1| X Denhardt’s; 10
mm DTT; 0.6 m NaCl; 250 pg/ml polyadenylic acid; 250 pg/ml yeast
tRNA; 250 pg/ml sheared denatured salmon sperm DNA) at a concen-

tration of 0.5 ng/pl. The specific activity of all probes was greater than
10® cpm/pg. Adult Canton S and slo* flies greater than 3 d old were
embedded together in OCT medium and 8 wm horizontal sections were
cut. Slides were processed as described (Hafen and Levine, 1986) with
the following exceptions: proteinase K was used at a concentration of
0.5 pg/mi rather than pronase; the PBS/glycine wash was for 1 min;
after postfixing in paraformaldehyde the slides were washed in 1 X
PBS and then acetylated with 0.5% acetic anhydride in 0.1 M triethan-
olamine/PBS for 10 min, subsequently the slides were washed in PBS
for 2 min and dehydrated in an ethanol series. Slides were prehybridized
for 1-2 hr at 50°C in a humidor under siliconized Corning coverslips.
Coverslips were removed by holding the slide upright and allowing the
coverslip to slide off. Hybridization solution was applied and the cov-
erslipped slides were incubated overnight at 50°C in a humid chamber.

Washes were performed as in Tsaur et al. (1992) with the following
exceptions. RNase A (20 ng/ml) alone was used to reduce background.
The 2 X SSC wash at 37°C was done with one change of buffer. The
0.1 X SSC wash was eliminated and in its place one 30 min 50°C wash
in 0.3 M NaCl; 0.1 M Tris; 0.01 M sodium phosphate, 5 mm EDTA, pH
6.8, 50% formamide; 14 mm B-mercaptoethanol was performed. Slides
were dehydrated in an ethanol series containing 0.3 M ammonium ac-
etate (Hafen and Levine, 1986). Autoradiography was performed as per
Hafen and Levine using Kodak NTB2 emulsion. Exposure time was 1—
2 weeks. In addition to the slo? negative control we also used the sense
probes as a negative control. They were indistinguishable from the slo?
negative control.

Embryo in situ hybridization. A population cage was established by
allowing 24 bottles of flies to lay eggs in five coffee cans containing
yeast molasses agar. When new flies appeared the cans were transferred
to a new cage and flies were fed on fresh molasses agar supplemented
with a yeast paste. The cage was maintained at 25°C and was kept
humid with moist paper towels. Food was changed twice daily. Embryo
collections enriched for particular stages were made by placing a food
plate in the cage for 1-6 hr, removing the plate, and allowing it to
develop undisturbed to the desired stage. Embryo stages were confirmed
by visual inspection (Campos-Ortega and Hartenstein, 1985; Wieschaus
and Nisslein-Volhard, 1986).

Whole-mount embryo in situ hybridization was performed essentially
as described (Tautz and Pfeifle, 1989) with the following exceptions.
Formaldehyde fixation was in 1 X PBS, 50 mm EGTA, 10% formal-
dehyde. Following the methanol treatment another two-step fixation was
performed as follows. Embryos were washed in 5% formaldehyde in
PBS for 20 min followed by a 20 min wash in 5% formaldehyde, 0.6%
Triton X-100 in PBS. Hybridization of digoxygenin probes was per-
formed in 50% deionized formamide, 5 X SSC, 100 pg/ml ssDNA, 200
pg/ml tRNA, 0.1% Tween 20.

Digoxigenin probes were prepared using the Genius protocol (Boeh-
ringer Mannheim). The probe was prepared from the Bglll/Clal restric-
tion fragment from cDNA CH4 (Atkinson et al., 1991). This probe
contains nearly all of the last exon of the slo gene and does not contain
any known sites of alternative exon utilization. The negative control
was homozygous slo* embryos. In situ hybridization using the Shaker
Al cDNA (Schwarz et al., 1988) was performed in the same manner
except that the entire cDNA was used as a probe.

Results

We wished to determine the tissue-specific expression pattern of
slo throughout development. In situ hybridization and expression
of a reporter gene were used to identify cells that express sio.
The probes used for in situ hybridization were designed to rec-
ognize all slo mRNA splice variants. We have also used im-
munohistochemical staining to confirm the expression pattern
and to examine the subcellular localization of the protein.

Generation of anti-Slo antisera

Polyclonal antibodies that recognize the slo CAK channel pro-
tein were raised in rabbits using a bacterial-expressed GST-slo
fusion protein as the immunogen. As shown in Figure 1B, the
carboxy-terminal 310 amino acid region of Slo found in the
fusion protein is encoded by all slo splice products and therefore
should identify all forms of the protein. The antisera raised
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Figure 2. Expression of slo and slo-reporter in the adult head sections. A and B are S in sifu hybridizations of sections with a slo cDNA fragment
(see Fig. 1 and Materials and Methods for specific region). A, *S in situ hybridization of a slo anti-sense probe to sections of wild type heads
shows specific expression in the cortical regions of the optic lobes and central brain, Cuticle nonspecifically binds probe in this preparation. B, slo*
null mutant hybridized with the same probe shows only cuticular staining. Wild type hybridized with sense strand probes also show only cuticular
staining. C-G and [ show immunohistochemical staining of adult head with Ab1673. C, Abl673 lightly stains neuronal cell bodies and strongly
stains neuropil regions of the adult brain. Ab1673 stains the optic lobes (lamina, medulla, lobula, and lobula plate), central brain area, and antennae.
The specificity of this antibody for the Slo protein is shown by the absence of immunoreactivity in the sections D-F. D, Mutant slo* (null) head
which does not express the slo gene. E, Wild type head stained with preimmune sera. F, Wild type head is not stained in the absence of primary
antibody Ab1673. G-J shows that the protein produced by the slo gene and the reporter gene show similar subcellular distribution in the adult
brain. G, Optic lobes stained with Ab1673 showing that Slo protein is present in cortical regions but more strongly localizes to the neuropil. H,
P1-9a optic lobes stained with anti-B-galactosidase antibody. The reporter protein is found in highest concentrations in the neuropil region and in
lower amounts in the cortical regions. Staining can also be seen in the eye. /, Ab1673 staining of mushroom bodies. Slo protein is present in the
mushroom body calyx and peduncle. J, Section showing mushroom body expression of the P1-9a fusion protein. Staining with anti-B-galactosidase
antibody detects fusion protein in the calyx and peduncle. Labels: E, eye; Cb, central brain; C, mushroom body calyx; P, mushroom body peduncle.
The following letters are centered on the neuropil of the L, lamina; Lb, lobula; M, medulla; and P, peduncle. The respective cortical regions
surround the dark staining neuropil. Scale bars: A-H and J, 100 pm; [, 20 pm.

against the fusion protein is called Ab1673. Ab1673 specifically
recognizes the Slo protein on sectioned tissue.

Specificity of the antibody is best demonstrated by comparing
sections from wild type flies and from mutant slo* flies (Fig. 2).
The slo* mutation is homozygous-viable vy ray-induced null al-
lele of the gene. This mutation completely eliminates the current
conducted by the Slo channel (Atkinson et al., 1991). Further-
more, Northern blot analysis (Atkinson et al., 1991) and RNA/
PCR (data not shown) fail to detect the transcript in homozygous
slo* mutants. Therefore, slo® mutant flies cannot contain any Slo
protein for the Ab1673 to recognize. As shown in Figure 2, C
and D, the brain of a wild type adult fly stains strongly with
Ab1673 but the slo* mutant brain shows absolutely no staining.

Identification of the slo promoter

In Drosophila, electrophysiological and genetic studies have ir-
refutably demonstrated that the slo gene produces ion channels

in some embryonic and larval body wall muscles and in the
adult indirect flight muscles (Salkoff, 1983, 1985; Elkins et al.,
1986; Gho and Mallart, 1986; Elkins and Ganetzky, 1988; Singh
and Wu, 1989, 1990; Komatsu et al., 1990; Broadie and Bate,
1993). Nevertheless, neither in situ hybridization nor immuno-
histochemistry detected the presence of slo products in muscles
(see Fig. 7TA—D and data not shown). Similarly, molecular tech-
niques have failed to detect Shaker (VAK channel) expression
in muscles even though electrophysiological studies of the Shak-
er channel are typically performed in these cells (see Fig. 7F
and Tseng-Crank et al., 1991). It appears that K* channel tran-
scripts and proteins are in vanishingly small abundance in mus-
cle fibers, well below the sensitivity of in situ hybridization and
antibody staining.

In order to detect low levels of expression we put a lacZ
reporter gene into a slo exon so that the slo promoter could drive
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production of (3-galactosidase. B-Galactosidase is extremely sta-
ble and can be colorimetrically detected in very small quantities.
Furthermore, increased sensitivity can be achieved by construct-
ing stocks with multiple insertions of the reporter gene.

To identify the slo promoter we used the 5'-most exon from
cDNA z54 (Atkinson et al., 1991) as a probe to screen both a
head-specific and an embryo-specific cDNA library. Twelve new
¢DNAs which included additional 5’ sequences were isolated.
All of these were mapped onto genomic DNA first by Southern
blotting and then by sequencing portions of the ¢cDNAs and
genomic DNA. The alignment of the 5’ ends of the ¢cDNAS is
shown in Figure 1A. The 5’ ends of all cDNAS terminated at
one of two discrete positions suggesting that two transcription
start sites existed.

A 10 kb genomic DNA fragment, which included the first
three cxons of slo and about 5 kb of DNA 5’ to the exon Cl
(Fig. 1A), was subcloned into a modified pCaSpergal Dro-
sophila transformation vector (Thummel et al., 1988). The three
exons in this fragment are C1, C2, and C3 (Fig. 14). CI and
C2 are alternatively utilized 5’ most exons (data not shown).
Exon CI does not code for any amino acids while exon C2
includes a consensus translation start codon and codes for 17
AA. Some mRNAs from the endogenous gene begin with the
C1 exon and others begin with C2. The C3 exon is common to
all slo transcripts and also contains an in-frame ATG codon. In
the transformation construct, P1-9, exon C3 of slo has been
fused in frame with a lacZ reporter gene. In P1-9, expression in
the slo reading frame will direct the synthesis of B-galactosidase
(Fig. 1A).

Construct P1-9 was transtormed into Drosophila embryos,
transformed stocks were established and assayed for expression
of lacZ. P1-9 faithfully reproduces the slo neuronal expression
pattern in the adult and embryo and it also enables us to visu-
alize expression in muscle fibers. Three different P1-9 chromo-
some inscrtions were assayed. All express 3-galactosidase in the
same pattern. Flies that carry three copies of the transformed
gene were made by crossing flies with different insertion sites
to one another. Multiple copies of the transtormed gene do not
alter its expression patlern but increase its expression level. Pre-
viously, expression of sfo in muscle fibers has not been molec-
ularly demonstrable.

Expression in the adult brain

In situ hybridization of a slo probe to sections of Drosophila
heads showed that slo gene expression is widespread in the brain
(Fig. 2A). More specifically, slo mRNA is found in the cortical
regions of the lamina, medulla, lobula, and lobula plate of the
visual system. However, the nonspecific binding of radiolabeled
probe by cuticular structures makes it difficult 1o assay expres-
sion in the ncurons of the eye.

Immunohistochemical staining with Ab1673 confirmed these
results and showed more detail (Fig. 2C,G,7T). In Drosophila, the
cortical regions house the neuronal cell bodies and neuropil
regions are composed of neuronal projections and synaptic con-
nections, neuronal cell bodies are not found in this area (Bullock
and Horridge, 1965; Strausfeld, 1976). Protein was clearly pres-
cnt in the cortex of all of the major regions of the brain (Fig.
2C,G,I). However, the abundance of the protein was clearly
many fold higher in the neuropil. Therefore, Slo CAK channel
subunits exist not only in cell bodies but are also transported
into neuronal projections, perhaps for use in synaptic boutons.

In the central brain a region of prominent staining is the mush-

room bodies (Fig. 27). These heavily studicd structures are cen-
ters of associative learning and have been shown to be involved
in the establishment of memories in both flies and bees (Menzel
et al., 1974; Han et al., 1992). The mushroom body calyx con-
tains cell bodies and synaptic connections while the peduncle is
thought to be composed only of neuropil, that is, to contain only
axons and synaptic connections (Davis, 1993). The calyx and
peduncle of the mushroom bodies stain with Ab1673 (Fig. 2I).
The adult antennae are also clearly stained by Ab1673 (Fig. 2C).

We also examined the expression of the slo reporter gene in
the adult. Figure 2, H and J, shows that the rcporter reiterates
the expression pattern defined by Ab1673 in the visual centers
of the brain, the mushroom bodies and antennae. In fact, staining
with anti-f-galactosidase antibody shows that this pattern is du-
plicated down to the level of transport of the protein down neu-
ronal projections into the neuropil. This is particularly apparent
in the peduncle of the mushroom bodies (Fig. 2J). Neuropil
localization of the slo/B-galactosidase fusion protein is far less
efficient than the localization of authentic slo protein. Neverthe-
less, it would appear that the first three exons of slo contain
sufficient information to guide the fusion protein down neuronal
projections. Figure 2H also shows that the reporter directs ex-
pression of [-galactosidase in the adult eye. We believe that
expression is in the photoreceptor cells. In summary, in the adult
head, these three disparate approaches indicate that slo is ex-
pressed in the visual system including the eye, lamina, medulla,
lobula and lobula plate, and in the mushroom bodies and anten-
nae.

Expression in adult muscle

Figure 3 shows the reporter gene expression in thoracic, leg and
head muscles. In all indirect flight muscles, B-galactosidase ac-
tivity appears in a punctate and striated pattern. DAPI staining
of nuclei indicates that the (3-galactosidase activity coincides and
surrounds nuclei (data not shown). However, in the direct flight
muscles and in all other muscles (leg, abdomen, and head mus-
cles) a uniform distribution of B-galactosidase is seen. This dif-
ference in localization was first apparent in pupae (Fig. 3A). In
indirect flight muscle we believe that the fusion protein is en-
riched near the nucleus and endoplasmic reticulum.

Expression in the pupa

The development of ionic currents in flight muscle has been
described in great detail (Salkoff, 1985). The current conducted
by the slo CAK channel, .., does not appear until 24 hr after
the adult has left the pupal case. We were particularly interested
in whether the appearance of [ was transcriptionally deter-
mined. As shown in Figure 3A, our reporter experiments show
the promoter is active in the pupae in both indirect, direct flight
muscles, other striated muscles, the CNS and the PNS (anten-
nae). Notice that the differecnce in the staining pattern between
indirect and direct flight muscle exists in the pupae. This pattern
is also seen in an adult fly five minutes following eclosion from
the pupal case and furthermore, RNA/PCR experiments confirm
that slo is expressed in pupae (data not shown).

Expression in the larval muscle and brain

Physiological and genetic assays have shown that slo is ex-
pressed in at least a subset of larval body wall muscles (Gho
and Mallart, 1986; Singh and Wu, 1989, 1990; Komatsu et al.,
1990). As expected, the P1-9 reporter gene is expressed in all
body wall muscles (Fig. 4A). The reporter gene also shows



Figure 3. P1-9 transformants stained for B-galactosidase activity. Sec-
tions of both pupae and adults show expression in the brain, thoracic
ganglion and indirect flight muscles and all other muscle types. A, Pu-
pae, horizontal section. B, Adult, horizontal section. /nset shows punc-
tiform staining specific to indirect flight muscle. C, Adult, sagittal sec-
tion. Abbreviations: B, brain; 7, thoracic ganglion; /, indirect flight mus-
cle; D, direct flight muscle. Scale bar, 200 wm.

strong expression in the central brain and in cells surrounding
the yentral nerve cord (Fig. 4B). Figure 4, E and F, shows that
the cell membrane of neuronal cell bodies in the cortical regions
of the larval brain stain in the enzymatic assay. The very clear
delineation of the neuronal cell bodies in Figure 4, E and F
indicates that the first three exons of slo are capable of targeting
the fusion protein to the cell membrane. The region of the larval
brain called the optic lobes are undifferentiated precursors to the
adult visual system (Truman et al., 1993). No expression of slo
could be detected in these cells (Fig. 4B).

Expression in larval tracheal cells and digestive system

We have also seen expression of the reporter gene in the tracheal
cells of the larvae (Fig. 5C). Furthermore, these cells also stain
with Ab1673 demonstrating expression of the endogenous gene
(Fig. 5A). The tracheal cells generate a branched tubular epithe-
lial structure that serves as the respiratory organ of the animal.

The P1-9 reporter produces a very interesting pattern in the
larval gut (Fig. 64). The midgut has two positions of endoge-
nous [B-galactosidase activity. Transformants also show expres-
sion in three other regions, the esophagus, midgut, and the pos-
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Figure 4. P1-9 reporter expression in larval muscles and brain. Third
instar larvae fillets and brains were stained for B-galactosidase activity.
A, P1-9 is expressed in all body wall muscles of the larvae. B, P1-9
expression in the larval brain. Arrows identify the immature optic lobes
which do not express the reporter. C and D, Untransformed controls. E,
Cross-section of the ventral nerve cord of a P1-9 larval brain stained
for B-galactosidase activity. B-Galactosidase activity localizes to the
neuronal cell membrane (arrow). F, Ventral nerve cord (whole mount)
of larval brain showing B-galactosidase localization to neuronal cell
membranes (arrow). Scale bars: A-D, 100 pm: E and F, 10 pm.

terior end of the hindgut. The midgut expression roughly cor-
responds to the region seen in the embryonic midgut (see be-
low), indicating that the expression pattern initiated during
embryogenesis persists throughout larval life. We know of no
muscles that are associated with the midgut at this position. The
expression in the muscles associated with the larval esophagus
and hindgut appear to be smooth muscle.

Expression in the embryo

In situ hybridization of slo probes to whole mount Drosophila
embryos shows expression in the CNS, PNS, and in a spiral of
cells surrounding just one loop in the developing midgut (Fig.
7A-D). The expression pattern was documented with both a 3’
probe common to all of the identified s/o transcripts (Fig. 1) and
a nonoverlapping probe that contains the first 1144 nucleotides
of slo ¢cDNA z54 (data not shown). Both probes produced an
identical hybridization pattern. This staining pattern is seen in
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Figure 5. Expression in tracheal cells. A, Antisera Ab1673 stains tracheal cells in the wild type larval body wall. B, The slo* mutation eliminates
tracheal immunoreactivity. C, B-Galactosidase activity stain shows that the P1-9 reporter is also expressed in the tracheal cells. Scale bar, 10 pm.

wild type embryos (Fig. 7A-D) but not in flies homozygous for
the slo* null mutation (Fig. 7E). However, slo* homozygotes do
show expression of the Shaker (VAK channel) gene (Fig. 7F).
Also seen in the embryo are a small number of slo-expressing
cells in the midgut (Fig. 7D). Close examination reveals that
these cells actually form a spiral around one loop of the midgut.
These cells appear to be in the same region as those seen in the
larval midgut.

In situ hybridization shows that expression first occurs at stage
14 of embryogenesis [11.5-13 hr after embryo laying (AEL)] in
the subesophageal ganglion of the brain just at the time that
condensation of the CNS is occurring (data not shown). By stage
15 (13-15 hr AEL) expression has spread to the entire CNS and
PNS. By in situ hybridization the last cell type to show expres-
sion are cells of the body wall sensilla. It should be noted that,
just as in the adult, expression cannot be detected in muscle by
in situ hybridization.

The P1-9 slo reporter construct was also assayed for its em-

AT i
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Figure 6. B-Galactosidase activity stain shows that the reporter is ex-
pressed in the larval digestive system. A, Larval digestive tract from a
P1-9 transformant stained for B-galactosidase activity. There are six
areas of B-galactosidase activity in this tissue. They are marked by
arrowheads and asterisks identify activity only found in the P1-9 trans-
formant. From left to right they are, P1-9 specific esophagus activity,
endogenous midgut activity, two bands of P1-9 specific midgut activity,
endogenous midgut activity and P1-9 specific hindgut activity. B, Un-
transformed digestive system shows endogenous midgut activity found
in all larval digestive tracts. Scale bar, | mm.

bryonic expression pattern. P1-9 duplicates the temporal and tis-
sue-specific pattern of expression of the endogenous slo gene in
the CNS, PNS, and gut (Fig. 7G). Expression from P1-9 is first
seen in the central brain area and then shortly later in the em-
bryonic brain lobes, ventral nerve cord, antenno-maxillary com-
plex, and midgut. Whereas we cannot molecularly demonstrate
muscle expression from the endogenous gene; the P1-9 reporter
appears to be expressed in all body wall muscle (Fig. 7G,H)
with expression first appearing in developmental stage 13 (AEL
10.5-11.5). In the CNS, expression is first detected early in stage
14. The reporter gene is also expressed in body wall sensilla,
however, the reporter expression in the muscle makes them dif-
ficult to see. These neurons can be easily seen by in situ hy-
bridization because muscles do not stain in this assay.

Discussion

We have described the developmental expression of the slo CAK
channel gene in nerves, muscle, and epithelial derived cells. Ini-
tially, we chose in situ hybridization and an anti-slo antibody as
our tools for this description. Using the slo* null mutation as a
negative control allowed us to unambiguously ascertain that our
in situ hybridization and immunohistochemical staining were
highly specific for products from the gene. Previously, it has
been shown that the slo* mutation fails to complement other slo
mutations and that flight muscle of homozygous slo* lines does
not express /.. Furthermore, Northern blots and RNA/PCR do
not detect slo transcripts in whole flies.

Using these techniques we detected expression in neural and
epithelial-derived cells. However, we did not detect expression
in muscle fibers, even fibers in which the presence CAK chan-
nels produced by the slo gene has been clearly demonstrated by
whole cell voltage-clamp and patch-clamp analysis (Salkoff,
1983, 1985; Elkins et al., 1986; Gho and Mallart, 1986; Elkins
and Ganetzky, 1988; Singh and Wu, 1989, 1990; Komatsu et
al., 1990; Broadie and Bate, 1993). Inability to detect endoge-
nous slo gene expression in muscle fibers suggests that its prod-
ucts are of very low abundance, far below the abundance in
neural tissue. The failure of the antibody to visibly stain muscle
fibers could also result from a protein modification which pre-
vents antibody recognition. To circumvent this problem we
cloned the slo promoter and used it to direct expression of B-ga-
lactosidase, a stable protein for which a variety of assays exist.
In transformed flies this reporter provided an alternate means to
determine where and when slo expression occurs during devel-
opment.

In slo* homozygotes, both the in situ hybridization pattern and
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Figure 7. Expression of slo in embryos. A-E are whole mount in situ hybridization of slo cDNA probes to stage 15 embryos. Arrows identify
specific structures. Different optical sections showing slo expression in the CNS, scale bar, 100 pm (A); antenno-maxillary complex, scale bar, 10
pm (B); PNS (C); and cells associated with one loop of the midgut (D); slo* mutant embryos do not hybridize to the probe (E): but do hybridize
to a Shaker Al cDNA probe (F). G, B-Galactosidase activity stain of P1-9 embryos shows that the reporter is expressed in the CNS (white arrow),
antenno-maxillary complex, and midgut (black arrow) (H) P1-9 embryo (different focal plane) clearly showing muscle expression of the reporter
(arrow). I, Early stage 13 P1-9 embryo showing only muscle expression. Scale bar in [ equals 100 wm and applies to C-1I.

Ab1673 immunohistochemical staining of neural tissue are com-
pletely eliminated. Ab1673, however, still shows residual stain-
ing in the eyes of slo' adults. Drosophila eyes are primarily
neural tissue and this lack of specificity was unexpected and is
unexplained. It may mean that photoreceptor neurons express a
closely related cross-reacting K* channel. Due to this lack of
specificity, Ab1673 immunohistochemistry does not provide any
information concerning sfo expression in the eyes.

In adults, slo mRNA is found in the cortex of the brain. Fur-
thermore, antibody staining shows that the protein, while present
in the cortex, most strongly localizes to neuropil. In flies, neu-
ronal cell bodies are in the cortical regions while neuropil con-
sists of neuronal projections and synaptic connections. Ab1673
also recognizes the mushroom bodies which are centers of as-
sociative learning in the fly. Both the mushroom body calyx and
peduncle stain. The peduncle is thought to contain only axons
and synaptic connections (Davis, 1993). It appears that the pro-
tein is transported down these axons and functions either in the
axons or synaptic boutons. In frogs, CAK channels have been
localized to synaptic boutons and are thought to be involved in
modulating calcium influx (Robitaille et al., 1993).

In embryos, in situ hybridization shows that expression of the
endogenous gene begins at early stage 14 in the subesophageal
ganglion and then rapidly spreads to the developing brain lobes,
ventral nerve cord, antenno-maxillary complex and the body
wall PNS. Unexpectedly, by stage 15 expression can also be
seen in a small number of cells that appear to form a spiral
around one loop of the midgut. Even though Broadie and Bate
(1993) have shown that slo is expressed in embryonic muscles,
our in situ hybridization fails to detect muscle transcripts. We
surmise that the mRNA must be of extremely low abundance.

The slo reporter gene reproduces the expression pattern of the
endogenous gene in embryonic CNS, antenno-maxillary com-
plex, and gut both with regard to tissue type and developmental

onset of expression. Similarly, in adult heads the reporter dupli-
cates the slo expression pattern. It appears then, that the 10 kb
of genomic DNA included in the reporter contains the slo tran-
scriptional control region.

There are two caveats to this recapitulation of the endogenous
gene’s expression pattern. In adult eyes we are unable to docu-
ment endogenous gene expression because (1) the cuticle binds
in situ hybridization probes and (2) the loss of antibody speci-
ficity within the eye. In addition, neither in situ hybridization
nor immunohistochemical staining detected endogenous gene
expression in muscle of any developmental stage. Therefore, the
conclusion that sle is expressed in both the eye and widely in
muscle is based solely on data collected using the reporter gene.

It is interesting that during muscle development, expression
of the reporter precedes the appearance of the /.. by many hours.
In embryonic muscle, the reporter is expressed at about stage
13 while the current, I, first appears at stage 17 (Broadie and
Bate, 1993), a difference of some 6 hr. Similarly, 7 is not found
in pupal flight muscle and only appears in adults approximately
24 hr post-eclosion; however, reporter expression is apparent
throughout pupariation and in the adult 5 min post-eclosion. It
appears that a post-transcriptional mechanism may exist which
prevents premature assembly or operation of sle channels. In
pupal flight muscle precedent exists for such an event. Wei and
Salkoff (1986) have shown that Ca** channels are present as
early as 72 hr pupariation but that they are inactive until eclo-
sion. This appears to result from inactivation by intracellular
Ca*".

While examining reporter expression in the larval body wall
we noticed that tracheal cells strongly stained for B-galactosi-
dase activity. Staining larval fillets with Ab1673 showed that
these cells also express the endogenous gene. Tracheal cells are
modified epithelia that produce and maintain the insect respira-
tory system. These cells are functionally similar to vertebrate
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lung epithelia (Manning and Krasnow, 1993). Throughout de-
velopment they transport fluid out of the tracheae to clear these
air passageways. Electrolyte transport in vertebrate lung epithe-
lia involves the flux of Cl-, Na* and K* ions through channels
across the cell membrane (McCann and Welsh, 1990). The slo
CAK channels may be participating in this process in tracheal
cells.

In larvae the reporter is also expressed in a region of the larval
midgut. These appear to be the same cells which express en-
dogenous slo during embryogenesis. We are unaware of any
muscles or neurons that contact the midgut at these positions.
Although we have not been able to unambiguously identify these
cells, these cells may be homologous to vertebrate colonocytes.
In vertebrates colonocytes, CAK channels have a well docu-
mented role in water movement and Na* coupled amino acid
absorbtion (Sheppard et al., 1988; Turnheim et al., 1989).

The reporter gene includes the first three slo exons, the third
of which is truncated and in-frame with the lacZ gene. The third
exon, C3, includes the first putative transmembrane domain (S1)
of slo (Atkinson et al., 1991). Therefore, the fusion protein
should be targeted to the cytoplasmic membrane and the (-ga-
lactosidase moiety should be tethered to the outside of the cell.
Indeed, close inspection of stained larval brains show that 3-ga-
lactosidase activity delimits cell bodies. In adult brains, Slo pro-
e and the reporter protern focalizes to neuropif 1n the optic
lobes and mushroom bodies. It appears that the first three exons
of slo contain information which directs the protein into cell
membranes and down neuronal projections in at least some neu-
rons. We have not yet identified the responsible targeting signal.

Until recently, tissue-specific expression of CAK channels has
been ascertained primarily by electrophysiology. We have been
able to document, in the whole organism, the developmental
expression of a CAK channel gene. Interestingly, the catalog of
slo-expressing tissues closely parallels a list of vertebrate tissues
in which CAK channels have been identified. In vertebrates,
CAK channels have been detected in nervous tissue, striated and
smooth muscle, intestinal colonocytes, and lung epithelia. Sim-
ilarly, the slo gene is expressed in CNS, PNS, both smooth and
striated muscle, midgut, and tracheal cells.

It is remarkable that a single channel gene is expressed in a
broad range of functionally different tissues where the channels
are likely to be physiologically distinct. It is unlikely that in all
these tissues the slo-derived channels are biophysically identical.
One of the most striking features of the slo gene is that its
mRNAs are subject to extensive alternative splicing. Alternative
splicing provides a mechanism whereby the gene is free to pro-
duce channels tailored for operation in particular tissues. We
anticipate that tissue-specific splicing of slo transcripts will
prove to be the major means of producing channels custom-
made for individual tissues. This work will provide a foundation
from which the regulation of CAK channel gene expression can
be studied.
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