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In Drosophila, the most widely used system for generating spa-
tially restricted transgene expression is based on the yeast GAL4
protein and its target upstream activating sequence (UAS). To
permit temporal as well as spatial control over UAS-transgene
expression, we have explored the use of a conditional RU486-
dependent GAL4 protein (GeneSwitch) in Drosophila. By using
cloned promoter fragments of the embryonic lethal abnormal
vision gene or the myosin heavy chain gene, we have expressed
GeneSwitch specifically in neurons or muscles and show that its
transcriptional activity within the target tissues depends on the
presence of the activator RU486 (mifepristone). We used available
UAS-reporter lines to demonstrate RU486-dependent tissue-
specific transgene expression in larvae. Reporter protein expres-
sion could be detected 5 h after systemic application of RU486 by
either feeding or ‘‘larval bathing.’’ Transgene expression levels
were dose-dependent on RU486 concentration in larval food, with
low background expression in the absence of RU486. By using
genetically altered ion channels as reporters, we were able to
change the physiological properties of larval bodywall muscles in
an RU486-dependent fashion. We demonstrate here the applica-
bility of GeneSwitch for conditional tissue-specific expression in
Drosophila, and we provide tools to control pre- and postsynaptic
expression of transgenes at the larval neuromuscular junction
during postembryonic life.

T issue-specific expression of transgenes is a powerful tool for
molecular genetic studies in model organisms. For the fruit

f ly Drosophila melanogaster, one of the most versatile methods to
express transgenes in a spatially restricted manner is a bipartite
expression system based on the yeast GAL4 protein and its
upstream activating sequence (UAS; ref. 1). Since its first
description, a wide variety of driver lines with defined expression
patterns of the GAL4 protein have been generated, either by
using cloned promoter fragments (e.g., ref. 2) or from enhancer
detector screens (e.g., refs. 1 and 3). Hand in hand with GAL4
drivers, a large number of UAS reporter lines have been
described (for reviews, see refs. 4 and 5). The GAL4yUAS
system has a wide variety of experimental applications, such as
‘‘mosaic’’ expression of transgenes for cell-specific rescue of
mutant phenotypes (e.g., ref. 6), but also cell ablation by using
programmed cell death mechanisms (7), functional suppression
of electrical excitability (35) or synaptic activity (8), as well as
genetic perturbation of cellular signaling pathways (2) or cell–
cell communication (9, 10). In many cases, a bipartite expression
system is indispensable, especially when expression of the trans-
gene induces lethality, hindering maintenance of the transgenic
line.

Because early dominant effects of mis- or overexpressed
transgenes can preclude genetic analysis at later developmental
stages or in adult animals, temporal control over the tissue-
specific expression of transgenes is highly desirable. Temporal
control of transgene expression in Drosophila has generally been
accomplished by using a heat shock (hs) promoter. However, this
approach lacks the spatial control that tissue-specific promoters
provide. To circumvent this problem, several alternate ap-
proaches have been proposed. For instance, cell-specific activa-
tion of hs transgenes was achieved with a laser microbeam (11),

and light-induced activation of caged GAL4 was used to activate
UAS transgenes in individual embryonic cells (12). However,
these approaches are technically demanding and are restricted to
certain developmental stages. More recently, temporal control
over tissue-specific expression in Drosophila has been accom-
plished by using the tetracycline-dependent ‘‘tet-off’’ (13, 14) or
‘‘tet-on’’ (15) transactivation systems, which are based on binding
of tetracycline operator (tetO) sequences, either by the tetracy-
cline repressor protein (tetR) in the absence, or by a mutant
tetracycline repressor (rTA) in the presence, of tetracycline or
derivatives (16, 17). These techniques are conceptually elegant
but have the practical limitation in Drosophila that new tissue-
specific tetR or rTA drivers as well as tetO responder lines have
to be generated, although a technique linking the tet-off system
to existing GAL4 drivers has recently been developed (14). We
wanted to make an inducible system that could take advantage
of already characterized fly lines from the GAL4yUAS system,
for instance the 2,300 lines from the ‘‘EP-collection’’ (18, 19).
Recently, modified forms of the GAL4 protein have been
generated for which transcriptional activity depends on the
presence of mammalian steroid hormones or chemically related
compounds (20, 21). These conditional GAL4 proteins, ex-
pressed by using tissue-specific promoters and activated by
systemic application of the ligand, would allow the expression of
UAS transgenes in both a temporally and spatially restricted
fashion. The successful application of an estrogen-receptor-
GAL4 fusion protein (GAL4-ER) for temporally controlled
ablation of specific cells in Drosophila oocytes has recently been
reported (22). Here, we show that an RU486-dependent GAL4-
progesterone-receptor fusion protein called ‘‘GeneSwitch’’ (21,
23) can be used for a bipartite expression system in Drosophila
for spatially and temporally restricted transgene expression
(Fig. 1).

Our motivation to develop an inducible system was to express
transgenes during postembryonic development at the larval
neuromuscular junction (NMJ). We therefore chose to use
cloned promoters from two genes with either panneural (em-
bryonic lethal abnormal vision, ELAV), or panmuscular (myosin
heavy chain, MHC) distribution, to generate fly lines that express
GeneSwitch, either pre- or postsynaptically at NMJs. We show
that these lines can be used to express a variety of UAS
transgenes in larvae in an RU486-dependent fashion. In a
companion paper (24), the authors choose an enhancer detector
approach to generate fly lines that express GeneSwitch in
different cell types in the adult head.

We show that reporter protein expression can be adjusted by
the dosage of the GeneSwitch activator, RU486, which, on its
own at the concentrations used, has no overt effects on viability
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or fertility of f lies. By using sensitive assays based on presynaptic
expression of neurotoxins or genetic alteration of the physio-
logical properties of muscles, we show very low background
transcription in the absence of the activator during most of lar-
val life. The strains expressing panneuronal or panmuscular
GeneSwitch are thus suitable for temporally restricted expres-
sion either pre- or postsynaptically of UAS transgenes at the
larval NMJ. More generally, we anticipate that the GeneSwitch
system will be useful in other cases where temporal control over
spatially restricted UAS transgene expression in Drosophila is of
crucial importance.

Materials and Methods
Molecular Biology and Transformation of Drosophila. For details of
the construction of pP{ELAV-GeneSwitch} and pP{MHC-
GeneSwitch}, see Fig. 6, which is published as supporting
information on the PNAS web site, www.pnas.org. The trans-
formation vectors were partially sequenced to confirm correct
transition sites. Transformation vectors and the helper vector
pp25.7wcD2–3 were grown in the Escherichia coli strain DH10b
(Life Technologies, Rockville, MD) and purified by using the
Qiagen MaxiPrep Kit (Qiagen, Valencia, CA). Standard proce-
dures for P-Element-mediated transformation of Drosophila
were used (25). A single homozygous viable line was generated
with P{ELAV-GeneSwitch} on the third chromosome, and five
independent homozygous viable lines were obtained with
P{MHC-GeneSwitch}, also on the third chromosome.

Fly Stocks. All stocks were in a yw or w1118 background and were
cultured on cornmeal–molasses medium at 25°C or room tem-
perature. ELAV-GAL4 was used for constitutive expression of
UAS-transgenes in the nervous system (2). UAS lines used were
UAS-TNTE, which encodes the tetanus toxin light chain
(TeTxLC; ref. 8); UAS-23 enhanced green fluorescent protein
(EGFP), a dicistronic EGFP (Marc S. Halfon and H.K., unpub-
lished work); and UAS-EKO (35), a GFP-tagged noninactivating

Shaker K1 channel protein. Both UAS-TNTE and UAS-EKO
are embryonic lethal when panneuronally expressed by using
ELAV-GAL4 (8, 35) but are viable to third instar when ex-
pressed in muscles by using 24B-GAL4.

RU486 Induction Protocols and Viability Assays. Larvae were raised
on apple juice plates or in standard fly food to the desired age.
Up to 10 mgyml of RU486 (Mifepristone, Sigma) was dissolved
in ethanol or DMSO. For larval feeding, RU486 was diluted
25-fold from the working concentration in ethanol and directly
mixed with the larval food to get a final concentration of 4%
ethanol. For ‘‘larval bathing,’’ third instar larvae were washed
with water and ethanol and transferred to 0.3-ml 3-mgyml
RU486 in a 1.5-ml sample tube, where they resided for 2 min
before they were aged for 0–21 h on a well-yeasted apple juice
plate. To activate GeneSwitch in embryos, we fed the mothers
yeast paste containing RU486 for 2 days before egg collection.
Embryonic or adult viability was expressed as the percentage of
embryos hatching or the percentage of first instar larvae sur-
viving to adulthood.

Protein Chemistry. For quantitative Western blots, larvae were
washed and frozen in liquid nitrogen. Crude protein extracts
were made by homogenizing larvae in protein extraction buffer
(1.5% SDSyTriszHCl, pH 6.8). Total protein from one larva per
lane was subjected to SDSyPAGE (26) and electrotransferred
(27) to nitrocellulose membranes (Schleicher & Schuell). Im-
munodetection of GFP was performed by using a mAb against
GFP (CLONTECH) and the SuperSignal ECL detection Kit
(Pierce) according to the manufacturer’s recommendations.
Western blot data were quantified by using the Ultraviolet
Products Epi Chemi II Darkroom and the LABWORKS IMAGE
ANALYSIS software package, Ver. 4.0 (Ultraviolet Products).
GFP levels were normalized to levels of animals expressing GFP
from a constitutively active ELAV-GAL4 driver.

Immunohistochemistry and Confocal Microscopy. Filleted larval
bodywall preparations were done as in ref. 28. Briefly, fillets were
fixed in 4% paraformaldehyde for 40 min before blocking with
1% BSA and successive incubations with anti-even-skipped mAb
3C10 and AlexaFluor 568-labeled secondary Ab (Molecular
Probes). Analysis of GFP expression levels was done on a
Bio-Rad MRC 1024 confocal microscope by using LASERSHARP,
Ver. 3.0 (Bio-Rad). For comparison of expression levels between
preparations, identical parameters for excitation and detection
were used.

Muscle Physiology. Early third instar larvae (within 50–70% of the
size of crawling third instar larvae) were filleted and pinned in
Sylgard-coated slides to expose bodywall musculature. Record-
ings were made on ventral longitudinal muscle fiber 6 in seg-
ments A2–A4. For voltage-clamp experiments, muscles were
impaled with sharp microelectrodes (15–25 MV, 3 M KCl) and
clamped at 280 mV. Command steps ranged from 280 mV to
120 mV in 10-mV increments. Signals were amplified by using
a Dagan 8500 Intracellular preamp clamp (Dagan Instruments,
Minneapolis), digitized with a Digidata 1320A (Axon Instru-
ments, Foster City, CA) and analyzed by using the PCLAMP 8.0
software package (Axon Instruments). For voltage-clamp re-
cordings, a zero Ca21 solution was used to prevent muscle
contraction and contamination of IEKO by ICa or ICa/K and
contained (in mM): 140 NaCly5 KCly0.5 EGTAy4 NaHCO3y6
MgCl2y5 N-tris[hydroxymethyl]methyl-2-aminoethanesulfonic
acidy5 trehalosey50 sucrose, pH 7.2.

Results
ELAV-GeneSwitch Drives Gene Expression in Larval Neurons in an
RU486-Dependent Manner. How GeneSwitch is thought to function
is shown in Fig. 1. The protein is expressed in specific cells by

Fig. 1. The GeneSwitchyUAS expression system in Drosophila. Driver lines
expressing the transcriptional activator GeneSwitch in a tissue-specific fashion
are crossed to UAS-reporter lines with genomic inserts of a target gene fused
to five GAL4-binding sites arrayed in tandem (53 UAS). In the absence of an
activator, the GeneSwitch protein is expressed in target tissues but remains
transcriptionally silent (black); Gene X is therefore not expressed. However,
after systemic application of RU486 (red), the GeneSwitch protein becomes
transcriptionally active (blue), mediating expression of gene X (green) in only
those tissues expressing GeneSwitch. [Reproduced with permission from ref.
1 (Copyright 1993, The Company of Bioligists Limited).]
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means of a tissue-specific promoter and accumulates in nuclei in
its inactive form. On binding ligand RU486, GeneSwitch is
switched on as a transcriptional activator of UAS transgenes. By
using UAS-23EGFP driven by ELAV-GeneSwitch as a re-
porter, we investigated RU486-dependent expression of GFP in
the nervous system of third instar larvae. First instar larvae
homozygous for both ELAV-GeneSwitch and UAS-23EGFP
(23 EGFP; ELAV-GAL4) were transferred to food containing
15 mgyml of RU486 or solvent only as controls. Third instar
larvae were dissected, fixed, and stained with an antibody for the
even-skipped protein as a nuclear marker for muscles and
neurons. Confocal imaging demonstrated panneuronal GFP
expression in animals raised on RU486 (Fig. 2 A and B) but
essentially none in control animals (Fig. 2 C and D). In induced
animals, cytosolic GFP expression shows the same distribution
observed with other ELAV-based GAL4 drivers, with high levels
of expression throughout the larval central nervous system (Fig.
2A) and in peripheral sensory neurons as well as at all NMJs.
Thus, in these animals, RU486 mediates reporter gene expres-
sion in the expected pattern of the ELAV-GeneSwitch driver.

We further examined the effects of removing RU486 on GFP
reporter gene expression driven by ELAV-GeneSwitch. We fed
mothers RU486 for 1–2 days before egg collection and examined

GFP fluorescence in the progeny. Newly hatched first instar
larvae expressed GFP in the nervous system (Fig. 2E), indicating
transfer of RU486 from the mothers to the embryos and
activation of the embryonic ELAV-GeneSwitch. If these larvae
were raised in the absence of RU486, GFP fluorescence in
neurons markedly decreased after 24 h (Fig. 2F) and largely
disappeared by third instar (Fig. 2G). Thus, the temporal activity
of GeneSwitch can be regulated by the presence or absence of
RU486 in the larval food.

GeneSwitch Mediates Transcription in a Time- and RU486 Dose-
Dependent Fashion. To address the kinetics and dose dependence
of protein expression in response to RU486, we quantified
induced GFP levels after RU486 application to third instar
larvae by means of Western blot, immunodetection, and densi-
tometry. GFP was detectable 5 h after application of RU486 by
‘‘larval bathing’’ (16.2% of positive control level, Fig. 3 A and C).
Robust expression was seen after 7.5 h, and by 21 h, reporter
protein levels were almost identical (98.4%) to GFP detected in
a fly strain with GFP expressed from constitutive GAL4 under
the control of the ELAV promoter. Similarly, GFP was detect-
able in third instar larvae reared on food containing as little as
1.2 mgyml of RU486 (19.0%, Fig. 3 B and C). Reporter protein
expression showed dose dependence up to 12 mgyml of RU486
(71.7%) but did not substantially increased by up to 10-fold
higher concentrations of RU486 (84.4% at 120 mgyml). Hence,
by feeding 12–120 mgyml of RU486, a 51- to 60-fold increase in
reporter protein expression could be achieved relative to basal
GFP protein levels in the absence of RU486 (1.4 6 1.1%).

Fig. 2. RU486 activates GeneSwitch in the larval nervous system. (A–D)
Confocal images of fixed bodywall preparations of Drosophila third in-
star larvae expressing cytosolic GFP (green channel) from a neuron-specific
GeneSwitch driver. Larvae were raised in the presence (A, B) or absence
(C, D) of RU486. Counterlabeling is for the nuclear localized even skipped
(red channel). (E–G) Confocal images of unfixed, whole-mount first (E),
second (F), or third (G) instar larvae expressing UAS-EGFP from ELAV-
GeneSwitch. GeneSwitch was activated in embryos by feeding mothers
RU486, but first instar larvae were transferred to, and developed on, nor-
mal food. (CNS, central nervous system; s, sensory neurons; n, nerves; sy,
neuromuscular synapses.) (Bar 5 100 mm.)

Fig. 3. RU486-mediated expression starts rapidly and is dose-dependent.
Quantitative Western blot analysis of GFP protein. Genotypes of the larvae are
ELAV-GeneSwitch; UAS-EGFP if not otherwise indicated. UAS-EGFP;1 (UAS)
and 1;ELAV-GeneSwitch (GS) are parental lines; ELAV-GAL4;UAS-EGFP ani-
mals have constitutively active GAL4 in all neurons serve as a positive control
(1 control, 1C). (A) Timecourse of GFP protein (arrow) expression (hours after
‘‘larval bathing’’) and (B) dose dependence of GFP protein expression on
RU486 concentration (mgyml) in larval food. (C) Qantitative analysis of West-
ern blots in A (light gray, ‘‘Time’’) and B (dark gray, ‘‘Dose’’) normalized to
positive control (ELAV-GAL4;UAS-EGFP, black).
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ELAV-GeneSwitch Shows Very Low Transcriptional Activity in the
Absence of RU486. Both fluorescence and Western blot analysis
suggested that the basal transcriptional activity of GeneSwitch in
the absence of RU486 was very low in vivo. As a stringent test
of ‘‘leakiness,’’ we examined nervous system expression of
TeTxLC, scoring for lethality. TeTxLC is one of the most potent
of the Clostridium neurotoxins and blocks chemical synaptic
transmission at femtomolar concentrations (29). Panneural ex-
pression of TeTxLC (by using the UAS-TNTE transgene driven
by ELAV-GAL4) causes complete embryonic paralysis and
failure to hatch (8, 35). We generated embryos with a UAS-
TNTE transgene driven by the panneuronally expressed ELAV-
GeneSwitch. In the absence of RU486, embryonic survival of
UAS-TNTE animals expressing GeneSwitch (Fig. 4, black col-
umns) was not significantly different from control animals with
UAS-EGFP (gray columns, 71.5 6 13.9 vs. 77.8 6 1.5%).
However, when ELAV-GeneSwitch in the embryo was activated
by feeding the parents yeast with RU486 before the experiment,
embryonic survival dropped dramatically to almost zero (7.0 6
8.5% for 1 mgyml of RU486, 0% survivors for 3 mgyml of RU486
or higher concentrations). RU486 treatment of control animals
(gray columns) had no significant effect on embryonic viability
up to 33 mgyml in parental food. Larvae expressing ELAV-
GeneSwitch and carrying the UAS-TNTE transgene showed
decreased viability, even in the absence of RU486. In several
independent experiments, 36–72% of ELAV-GeneSwitchy
UAS-TNTE first instar larvae survived to adulthood (49 6 20%,
n 5 three experiments with 30–50 first instar larvae each). The
reduced viability of uninduced ELAV-GeneSwitchyUAS-TNTE
animals indicates that there is low but nonetheless significant
basal expression of the transgene at postembryonic stages.

MHC-GeneSwitch Confers RU486-Dependent Transgene Expression in
Larval Muscles. To examine the efficacy of GeneSwitch when
expressed in larval muscles, we constructed transgenic flies
with GeneSwitch under the control of the MHC promoter
(MHC-GeneSwitch). Larvae carrying both UAS-EGFP and
MHC-GeneSwitch transgenes showed essentially no GFP fluo-
rescence up to early third instar in the absence of RU486 (Fig.
5A Top Left and Middle), whereas their siblings raised in the
presence of 50 mgyml of RU486 show strong GFP expression in
bodywall muscles (Fig. 5A Bottom Left and Middle). In contrast
to the low basal transcriptional activity of GeneSwitch without
RU486 in the nervous system, GFP fluorescence unexpectedly

becomes visible during the late third larval instar in uninduced
animals (Fig. 5A Top Right).

GeneSwitch-Mediated Expression of Ion Channels Can Be Used to
Manipulate Neuromuscular Activity in an RU486-Dependent Fashion.
To estimate the relative levels of gene expression in the presence
and absence of RU486, we used UAS-EKO as a reporter. The
UAS-EKO transgene consists of a noninactivating form of the
Shaker K1 channel, optimized to serve as a current shunt and
vitally tagged with EGFP (the EKO-channel), which can be
expressed from the GAL4 UAS. EKO channels expressed in
larval bodywall muscles are localized by discs-large to the
postsynaptic membranes and elevate K1 conductance in a
dosage-dependent fashion (35). Thus, K1 conductance of larval
bodywall muscles expressing the EKO-transgene can be used as
a quantitative readout of EKO-channel expression levels.

We generated larvae expressing UAS-EKO from the MHC-
GeneSwitch driver and raised them in the presence of 50 mgyml
of RU486 to activate EKO expression. By early third instar, the
GFP-tagged EKO channel is expressed in induced larvae in all
of the bodywall muscles and predominantly localizes, as ex-
pected, to the NMJs (Fig. 5B). We measured K1 currents by
two-electrode voltage-clamp analysis on MF6 in abdominal
segments 2–4 (for a schematic representation, see Fig. 5B). In
RU486-induced animals, we saw outward K1 currents of 315 6
9 nA at a holding potential of 120 mV, which is a 7-fold increase
over induced control animals (MHC-GeneSwitchyUAS-EGFP;
55 6 10 nA at 120 mV; see Fig. 5 C and D, red traces). In
uninduced animals, peak K1 currents at 120 mV reached only
53 6 15 nA in the presence of EKO channels, a 36% increase
over the 39 6 3 nA measured in uninduced controls (Fig. 5 C and
D, blue traces). Therefore, RU486-induced EKO expression in
muscles led to an increase in K1 currents 20-fold higher (708 vs.
36%) than basal, uninduced expression.

Discussion
A method for temporally and spatially restricted expression of
transgenes would be an invaluable tool for mosaic analysis in
model organisms. In Drosophila, the most widely used method
for spatially restricted expression is based on a bipartite system
in which the yeast GAL4 protein controls expression of UAS
transgenes (1, 4, 5). This makes a conditional form of the GAL4
protein a favorable tool for applications in Drosophila, because
it is compatible with a large variety of existing genetic tools.

RU486-Activated GeneSwitch Mediates Protein Expression in Vivo in
Drosophila. We demonstrate here that the conditional ‘‘Gene-
Switch’’ GAL4 protein (21, 23) can be used to induce expression
of UAS reporters in vivo in Drosophila. The GeneSwitch protein
can be expressed in a mosaic fashion by using specific promoters
and is activated by adding the drug RU486 (mifepristone) to the
animal’s diet (Fig. 2 A and B). Notably, RU486 is transferred
from mothers into embryos (Fig. 2E), and induced expression by
using GeneSwitch is indistinguishable from expression mediated
by constitutive GAL4 protein under the same promoters in
tissue types as distinct as muscles (Fig. 5A) and neurons (Fig. 2).
We conclude that RU486 passes cellular barriers, such as the
larval blood–brain barrier (30), and readily penetrates the
nucleus of these cells, and we expect that the same will hold true
for other Drosophila cell types.

At doses used for activation, RU486 alone was not observed
to be toxic for larvae or adults. Adults can tolerate dosages as
high as 215 mgyml without apparent deleterious effects (24).
Similarly, the viability of embryos was unaffected by feeding
mothers doses up to 33 mgyml of RU486 (Fig. 4). However, a
higher dose of RU486 (100 mgyml) reduces embryonic viability
to '50%. It is possible that physiological sensitivity to RU486 is
at its highest during embryonic and larval development.

Fig. 4. Both basal transcriptional activity of ELAV-GeneSwitch and toxicity of
RU486 are low. The viability of embryos expressing either a UAS-TNTE reporter
(black bars, TnTx[e]) or a control UAS-EGFP reporter (gray bars, EGFP) from the
ELAV-GeneSwitch driver is shown as a function of RU486 concentrations in the
parents’ food. The percentage of UAS-TNTEyELAV-GeneSwitch first instar
larvae surviving to adulthood in the absence of RU486 is shown as a hatched
bar (TnTx[a]).

Osterwalder et al. PNAS u October 23, 2001 u vol. 98 u no. 22 u 12599

G
EN

ET
IC

S



Systemic application of RU486 leads to activation of UAS
reporters within 5 h (Fig. 3A). Once activated, GeneSwitch-
mediated transgene expression can be turned off by shifting
animals to RU486-free food. The slower ‘‘off-response’’ (Fig. 2
E–G) may in part be due to perdurance of the highly stable GFP
(31). Still, RU486-mediated activation of gene expression, as
well as interruption of transgene expression by discontinuing the
feeding of the drug, could prove useful for developmental
studies. For instance, the maternal activation of GeneSwitch
could be used to rescue embryonic lethality in mutant back-
grounds and would uncover the role of the mutant gene at later
stages. Likewise, dominant–negative constructs (e.g., ref. 2) or
expressible double-stranded RNA constructs (32) could be used
to selectively interfere with gene function at larval, pupal, or
adult stages.

Because the GeneSwitch protein shows very low transcrip-
tional activity in the absence RU486 (21), we did not expect high
basal activity of the GeneSwitch system. Indeed, in embryos and
during most of the larval stages, we found only very low
expression of reporter genes in the absence of RU486, as
demonstrated by expressing TeTxLC, a potent neurotoxin (8), in

the nervous system under the control of ELAV-GeneSwitch.
Although a constitutive ELAV-GAL4 or induced ELAV-
GeneSwitch in trans to UAS-TNTE causes essentially complete
late embryonic lethality (Fig. 4 and ref. 35), uninduced Gene-
Switch allowed almost normal embryonic hatching. However,
only half of the first instar larvae expressing TeTxLC under the
control of uninduced ELAV-GeneSwitch survived to adulthood.
Because it has previously been shown that tetanus toxin acts in
vivo at femtomolar concentrations (29), we suspect that low basal
activity of uninduced GeneSwitch can lead to accumulation of
TeTxLC in the central nervous system to reach those levels over
long time scales.

One prominent exception to the low basal activity of
GeneSwitch was MHC-GeneSwitch-mediated expression in the
absence of RU486 in muscles during late third instar (Fig. 5A).
Interestingly, this stage is coincident with a large surge of the
flies’ major steroid hormone, 20-HE (33), raising the question of
whether 20-HE activates GeneSwitch. A direct interaction,
however, seems unlikely, because a similar surge in background
expression was not observed for GeneSwitch in the nervous
system (Fig. 2); However, a muscle-specific metabolite of 20-HE

Fig. 5. RU486 induces transgene expression in larval bodywall muscles. (A) Expression of UAS-EGFP driven by MHC-GeneSwitch in bodywall muscles of first (Left),
early third (Center), and late third instar larvae (Right) in the presence (Bottom) or absence (Top) of RU486. The bodywall musculature was imaged through the
cuticle in undissected larvae. Muscle fibers 7, 6, 13, 12, and 5 are labeled; first instar larva or muscles are outlined in red in uninduced animals for better visibility.
(B) Schematic diagram for two electrode voltage-clamp analyses (Upper) and EKO-channel localization predominantly to NMJs in fixed bodywall preparations
from third instar UAS-EKOyMHC-GeneSwitch larvae (Lower). (C) Representative current traces and (D) current–voltage relationship obtained under zero Ca21

conditions for uninduced (blue traces and curves) or induced (red traces and curves) UAS-EKOyMHC-GeneSwitch animals (left column in C, squares in D) or
UAS-EGFPyMHC-GeneSwitch controls (right column in C, circles in D).

12600 u www.pnas.orgycgiydoiy10.1073ypnas.221303298 Osterwalder et al.



activating GeneSwitch cannot be ruled out. Alternatively, this
phenomenon could be explained by activity of uninduced
GeneSwitch at very high concentrations. High promoter activity
and GeneSwitch mRNA stability conferred by nontranslated
sequences in the P{MHC-GeneSwitch} construct (see Fig. 6,
which is published as supporting information on the PNAS web
site, www.pnas.org) may lead to particularly high levels of the
GeneSwitch protein in muscles.

Two GeneSwitch Constructs Allow Temporally Controlled Expression
at Larval NMJs. One advantage of a temporally and spatially
restricted expression system is that it allows independent genetic
manipulation of interacting sets of cells at different points in
development. For example, neurons and muscles interact to
elaborate synapses through which they communicate. From the
first contact at midembryogenesis to the fully established NMJ
in third instar larvae, a variety of pre- andyor postsynaptically
expressed factors orchestrate different aspects of synaptogenesis
(34). By using a neuron- and a muscle-specific promoter, we
constructed two fly lines that allow entirely pre- or postsynaptic
conditional expression of UAS transgenes at the larval NMJ.
These lines provide a unique toolset for temporally controlled
genetic manipulations of the larval NMJ. We demonstrate that
by using UAS-EKO or the UAS-TNTE, respectively, to induce
a conditional loss of postsynaptic electrical excitability in larvae
(Fig. 5 C and D) or RU486-dependent loss of synaptic trans-
mission in embryos (Fig. 4). These experiments reveal the kind
of novel opportunities available with a conditional GAL4 sys-
tem: embryonic lethality caused by neuronal expression of a
neurotoxin represents the most severe case of deleterious effects
of transgenes early in development, precluding analysis of effects
at later stages. By using the GeneSwitch system, early effects can
be avoided, which permits the addressing of effects of transgenes
in larvae, during metamorphosis, or on the adult nervous system
in the background of normal development.

Advantages of the GeneSwitch System for Future Applications. A
conditional GAL4 protein for temporally controlled mosaic
expression of transgenes has a practical advantage over non-
GAL4yUAS-based systems in that all existing and well charac-

terized UAS transgenes can be used. This feature is particularly
important in cases where a considerable amount of work was
necessary to generate and characterize the UAS lines, such as for
the ‘‘EP-lines,’’ a collection of 2,300 fly lines in which random
insertion of UAS sequences into the genome enables GAL4-
mediated misexpression of downstream genes in Drosophila (18,
19). By using the ELAV-GeneSwitch driver, targeted misexpres-
sion in the nervous system during metamorphosis or in adults
may be used to identify genes involved in the formation of the
mature form of the nervous system or in adult behavior and to
separate those effects from earlier developmental effects.

The other currently available conditional GAL4 protein, ER-
GAL4 (20), has been demonstrated to work in Drosophila (22). We
have chosen the GeneSwitch protein for an inducible system for its
claimed low background expression, high inducibility, and lack of
interference with endogenous gene expression (21). Although a
direct comparison of the two conditional GAL4 systems in Dro-
sophila is difficult because of the different promoters that have been
used, the efficacy and simplicity of use appear to be comparable.
Differences may include drug treatment (22) and timing of trans-
gene expression [5–7.5 h to transgene detection, less then 1 day for
maximal expression for the GeneSwitch system (Fig. 3A), as
compared with 12 h and 2.5 days for ER-GAL4, as reported in ref.
22]. However, the availability of several alternative methods for
temporally and spatially controlled gene expression in flies, includ-
ing the tetracycline repressor proteinytetracycline operator-based
system (13–15), would be invaluable for independent manipulation
of multiple transgenes in the same animal.
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