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Adenosine deaminases acting on RNA (ADARs) catalyze the
deamination of adenosine to inosine in double-stranded RNA
templates, a process known as RNA editing. InDrosophila, mul-
tiple ADAR isoforms are generated from a single locus (dAdar)
via post-transcriptional modifications. Collectively, these iso-
forms act to edit awide range of transcripts involved in neuronal
signaling, as well as the precursors of endogenous small inter-
fering RNAs. The phenotypic consequences of a loss of dADAR
activity have been well characterized and consist of profound
behavioral defects manifested at the adult stage, including
extreme uncoordination, seizures, and temperature-sensitive
paralysis. However, the spatio-temporal requirements of aden-
osine to inosine editing for correct behavior are unclear. Using
transgenic RNA interference, we show that network-wide edit-
ing in the nervous system is required for normal adult locomo-
tion. Regulated restoration of editing activity demonstrates that
the neuronal requirement of dADAR activity has a significant
adult stage component. Furthermorewe show that in relation to
behavior there are no observable genetic interactions between
dAdar and several loci encodingRNA interference components,
suggesting that editing of neuronal transcripts is the key mode
of ADAR activity for normal behavior in Drosophila.

The catalytic deamination of adenosine to inosine inmRNAs
of metazoan organisms is carried out by a highly conserved
family of enzymes, the adenosine deaminases acting on RNA
(ADARs)2 (1). A unifying feature of all ADAR substrates is a
degree of double-stranded RNA (dsRNA) structure (2). How-
ever, ADARs may act on multiple distinct classes of RNAs.
A-to-I editing can inhibit small interfering RNA (siRNA) pro-
duction through disruption of dsRNA formation following the
replacement of A-U Watson-Crick base-pairs with I�U wobble
pairs or via competingwithDicers for shared dsRNA substrates

(3, 4). ADARs have also been recently shown to modulate both
micro RNA (miRNA) production and target recognition (5–7).
In addition, ADARs deaminate adenosines in a wide range of

codingmRNAs. Intriguingly, inDrosophila, mice, and humans,
transcripts encoding proteins involved in neuronal signaling
comprise the vast majority of coding mRNAs known to
undergo editing (8, 9). In these cases, editing is mediated by the
formation of an imperfect dsRNA generated via base pairing
between the region surrounding the edited adenosine and an
adjacent complementary sequence, often found in neighboring
intronic regions (10, 11). Because inosine is recognized by the
cellular machinery as guanosine (12), adenosine deamination
can act to “recode” the amino acid sequences of key regulators
of neuronal firing properties and the release of neurotransmit-
ter from synaptic vesicles. Indeed, A-to-I editing generally
alters residues that are both highly conserved (or invariant) and
functionally important (8, 11, 13–15).
The genome of Drosophila contains a single adar locus

(termed dAdar) (16). Multiple dADAR isoforms are generated
through alternative splicing and an auto-regulatory event in
which dADAR edits its own transcript (16). Loss of dADAR
activity results in extreme adult stage behavioral defects,
including profound uncoordination, temperature-sensitive
paralysis, seizures, progressive adult stage neuro-degeneration,
and a complete lack of courtship displays in dAdar null males
(17). Bio-informatic and comparative genomic approaches
have identified amultitude of editing sites inmRNAs associated
with electrical signaling in the nervous system (8, 18–21). In
addition, recent evidence suggests that dADAR intersects with
the RNAi pathway. Of the subpopulation of endogenous
siRNAs that exhibit single base pair mismatches when com-
pared with their genomic loci, adenosine-to-guanosine mis-
matches are vastly over-represented, suggesting A-to-I conver-
sions (22).
Although the targets of dADAR are becoming increasingly

well characterized, the spatio-temporal requirements of
dADAR activity for wild-type behavior are less clear. Further-
more, no study has yet to delineate the relative importance of
dADAR interactions with neuronal mRNA transcripts versus
the various small RNA pathways. Here, we address these issues
through two strategies. First, we test for epistatic interactions
between dAdar and components of the RNAi pathway by gen-
erating fly lines null for both dAdar and genes involved in the
production of a variety of small RNAs. Second, we use trans-
genic RNAi and dADAR-expressing transgenes coupled with
the Gene-Switch system (23) to manipulate levels of dADAR
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activity in both time and space and investigate the correspond-
ing effects on coordinated behavior in adult Drosophila.

EXPERIMENTAL PROCEDURES

Fly Stocks, Gene-Switch Expression Studies, and Data
Analysis—The Drosophila melanogaster stocks Canton-S and
w1118 were used as controls, depending on the genetic back-
ground of the experimental stocks. For all of the experiments
involving dAdar null flies, we used the dAdar5g1 allele, which
lacks all detectable editing activity (17). Progeny from all
crosses were raised at a constant 25 °C and under 12-h day/
night cycles. Both dAdar RNAi transgenes were obtained from
the Vienna Drosophila RNAi Center stock center. Using the
two individual lines, we subsequently generated a doubly bal-
anced line (w1118; adr-IR1/CyO; adr-IR2/TM3) and picked
double-homozygote males to cross to females carrying Gal4
insertions. Tissue-specific Gal4 lines were obtained from the
Bloomington stock center. For Gene-Switch rescue experi-
ments, we used the UAS-dADAR transgene line w1118;�;
TM3::dADARwt5 (3/4 dADAR). Males from the transgene line
were crossed to dAdar5g1/FM7;�; elav-Switch females, and
dAdar5g1 males positive for both driver and transgene were
collected and aged for 3–5 days. Gene-Switch activation was
subsequently induced by placing flies on food containing 200
�MRU486 (Sigma) for 1week before locomotor experiments or
harvesting for preparation of RNA or protein. The original
yw;�; elav-Switch stock was a kind gift from Stephen Helfand.
The following lines were used to generate dAdar; RNAi double
mutants: dicer-2 (dcr-2L811fsX), argonaute-2 (ago-251b), and
lines with P-element insertions in the loquacious (loqs), r2d2,
and piwi loci. dcr-2, loqs, piwi, and r2d2 mutations were bal-
anced over CyO and crossed into a dAdar5g1/
FM7a::GFP; CyO/Sco background. The dAdar5g1/FM7::
GFP;�; ago-251b/TM3::GFP and UAS-dFMR� stocks were
kind gifts fromBalpreet Bhogal andThomas Jongens. Unpaired
two-tailed Student’s t tests were used for tests of statistical sig-
nificance unless otherwise stated.
RNA Editing Analysis—RNA extractions from Drosophila

heads (10–15/sample) were performed using TRIzol reagent
(Invitrogen). At least three independent RNA samples were
used as a template for each genotype. To measure editing at
various sites, three methods were used. First, A and G peak
heights from electropherogram traces were measured, and the
percentage of editing was expressed at G/(A�G) � 100. For
quantitative measurement of editing at site 7 of the D�6 acetyl-
choline receptor and site 6 of eag, we used the EcoRI andXmn-1
endonucleases, respectively (New England Biolabs), to digest
the bulk RT-PCR product of eachmRNA. In both cases, editing
abolishes the respective endonuclease consensus site. Editing
was calculated by measuring the relative fluorescent signal of
cut and uncut products on an ethidium bromide gel, normal-
ized to the size of the product. To control for incomplete cut-
ting, the same reactionwas performed using cDNA from dAdar
null flies, and the intensity of the uncut product was subtracted
from experimental samples. Finally, for measurement of edited
isoform frequencies, we cloned bulk RT-PCR products into the
TOPO vector (Invitrogen) and sequenced individual clones
using gene-specific primers.

Western Blotting—Protein samples were prepared from
�10–15 fly heads in buffer containing SDS and �-mercapto-
ethanol and run out on a 12.5% gel (Amresco). Anti-HA anti-
body (Covance) was used at 1:1000, whereas anti-actin (Chemi-
con International) was used at 1:10,000. Band intensities were
quantified on a Kodak Image Station following background
subtraction.
Behavioral Analysis—For locomotor assays, total activitywas

measured using population activity monitors (TriKinetics).
Each monitor consists of a vertical glass vial surrounded by
three concentric rings of infrared beams, covering the bottom,
middle, and top of each vial. Locomotion is quantified as the
total number of beam breaks over a 24-h period starting at
1 a.m. This timing allowed us to observe both morning and
night peaks of activity. The flies were raised under 12-h light/
day conditions and aged for 3–5 days post-eclosion prior to
measurement (unless placed on RU486; see above). Nonanes-
thetized flies (n � 5 flies/vial) were used in all cases. For all
genotypes except those harboring the dAdar5g1 allele, locomo-
tion was measured following an acclimatization period of 36 h.
For flies with the dAdar5g1 allele, a 12-h acclimatization period
was used to avoid flies becoming stuck in the fly food. Temper-
ature-sensitive paralysis was tested for by placing flies (1–5) in a
glass vial into a 39 °C water bath for 2 min and scoring for
subsequent paralysis. The vials were preheated for at least 30
min to ensure correct temperature equilibration.
Confocal Microscopy—All of the microscopy was performed

on a Zeiss LSM 510 meta confocal microscope. The samples
were prepared as previously described (24). Primary antibodies
were used at the following concentrations: nc82 (anti-Bruchpi-
lot, Developmental Studies Hybridoma Bank), 1:40; and
anti-HA (Santa Cruz Biotech), 1:50. Alexa-fluor secondary
antibodies (goat anti-mouse Cy3 and goat anti-rabbit fluores-
cein isothiocyanate (Invitrogen)) were used at 1:200. Confocal
images were obtained at subsaturation levels of fluorescent
intensity. The images were contrast-enhanced in Adobe
Photoshop.

RESULTS

Inhibition of Small RNA Production or Targeting Fails to Res-
cue the dAdar Null Phenotype—Across a range of metazoan
species, ADARenzymes exhibit a dichotomous pattern of activ-
ity, editing both the precursors of small RNAs destined to enter
the RNAi pathway (3–7) and imperfect duplexes in the coding
regions of mRNAs (8, 9). A critical step in understanding how
A-to-I editing is related to behavioral outputs is the determina-
tion of which of these twomodes of ADAR activity is of greater
relative importance.
In the invertebrate nematode Caenorhabditis elegans, loss of

ADAR activity results in defects in chemotaxis (25), and wild-
type chemotactic behavior can be restored by the introduction
of mutations in genes involved in RNAi (26), implying that a
major function of ADARs inC. elegans is to inhibit the action of
specific small RNAs. BecauseDrosophila is also an invertebrate
model organism, we askedwhether the inhibition of small RNA
production similarly rescued the behavioral defects observed in
dAdar null flies.
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The primary phenotype of flies lacking editing activity is
extreme adult stage uncoordination (17) (Fig. 1A). We used an
automatedmonitoring system (see “Experimental Procedures”)
to assess levels of locomotor activity in dAdar null flies over a
24-h time period. In agreement with previous observations (17,
27), flies lacking dAdar exhibited almost no detectable locomo-
tion, in contrast to the robust levels of activity observed in wild-
type controls (Fig. 1A). The introduction of mutations in sev-
eral loci required for the production or targeting of a variety of
small RNAs (28) failed to rescue locomotion in dAdar null flies
to either wild-type levels or to levels observed in flies harboring
the samemutations but wild type for dADAR activity (Fig. 1A).
Furthermore, 78–100% of all of the double mutants tested

showed clear temperature-sensitive paralysis at 39 °C, a level
similar to that seen in dAdar nulls (93%) and in contrast to
wild-type controls (0%) (Fig. 1B). These data suggest that the
severe behavioral abnormalities observed in dAdar null flies do
not result from the unrestrained action of small RNAs in the
absence of dADAR but rather from a lack of specific editing in
mRNA coding regions.

Down-regulation of dADAR Activity in Vivo via Transgenic
RNAi—We next sought to determine the spatial requirements
of dADAR activity for coordinated adult behavior in Drosoph-
ila. Previous studies have approached this issue through
ectopic expression of individual dADAR isoforms in a dAdar
null background and subsequently testing for rescue of locomo-
tor activity (27). An obvious drawback of this method is the
inability to recapitulate the diverse variety of dADAR isoforms
expressed in the adult nervous system.
We therefore initially sought to adopt the converse strategy:

to knock down expression of all dADAR isoforms simulta-
neously in an otherwisewild-type genetic background and to do
this in a cell-specific manner. To achieve this end, wemade use
of two transgenic RNAi lines (termed adr-IR1 and adr-IR2,
inserted on chromosomes 2 and 3, respectively) under the con-
trol of the UAS-Gal4 binary expression system (29), that gener-
ate perfect dsRNAs complementary to the 3� end of the dAdar
locus (30) (Fig. 2A). All of the dADAR isoforms are predicted to
be down-regulated via the RNAi pathway in cells expressing
these constructs. Tomaximize dADAR knock down, we gener-
ated a line containing both RNAi constructs and used this line
for all subsequent experiments, becausewe found that the com-
bined expression of two independent RNAi constructs was
more efficient at reducing dADAR activity than either trans-
gene line alone (supplemental Fig. S1, A and B).

Pan-neuronal expression of both RNAi constructs robustly
reduced levels of a co-expressed HA-tagged dADAR transgene
(Fig. 2B) and almost abolished detectable endogenous editing
levels at two sites assayed by restriction digest analysis (Fig. 2C),
as well as in the majority of a further 33 adenosines measured
semi-quantitatively by comparison ofA-Gpeak-height ratios in
RT-PCR electropherograms (Fig. 2,D and E, and supplemental
Fig. S1, C and D). Thus, expression of both RNAi constructs
robustly diminished both dADARprotein levels and the editing
activity at a wide range of editing sites.
Pan-neuronal Expression of dADAR Is Required for Normal

Locomotion—Using the abovemethodology, we knocked down
dADAR expression in a variety of physiologically important cell
types and examined the subsequent impact on locomotor activ-
ity. We initially examined the effects of dADAR knockdown in
three cell types: neurons, glia, and muscle. Knockdown of
dADAR in all of these excitable cell types correlated with a
significant reduction in locomotion relative to both control
genotypes (Fig. 3A). However, only pan-neuronal dADAR
knockdown reduced locomotion close to levels seen in dAdar
null flies (89 and 95% reductions compared with driver/� and
transgenes/�, respectively), completely abolishing both diur-
nal peaks of activity (Fig. 3, C and D). Simultaneous expression
of both RNAi constructs in neurons and muscle (but not neu-
rons and glia) yielded a significant additive effect (p � 0.05).
Locomotion in these flies was further reduced compared with
pan-neuronal knockdown alone and was only 4-fold higher
than that exhibited by flies lacking dAdar (supplemental
Fig. S2).
In contrast, pan-neuronal expression of UAS-RNAi lines

corresponding to two RNA-binding proteins, non-A and
dFMR, failed to illicit a significant decrease in locomotion
relative to both controls, indicating that the reduction in

FIGURE 1. Lack of negative epistasis between dAdar and the RNAi path-
way. A, graph of average locomotor activity for flies wild type for RNAi com-
ponents (Canton-S, CS) or harboring mutations in loci involved in the produc-
tion of siRNAs, miRNAs, or piwi-interacting RNAs, in a genetic background
containing or lacking dADAR activity (5g1). The number of vials/genotype is
indicated in parentheses. Error bars, S.E. values. B, graph showing proportion
of flies/genotype exhibiting temperature-sensitive (ts) paralysis following
incubation at 39 °C for 2 min. The number of flies tested per genotype is
indicated in parentheses. The flies lacking editing activity are referred to by
the dAdar allele used (5g1; see “Experimental Procedures”).
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locomotor activity observed following dADAR knockdown
in the nervous system is not a nonspecific effect of RNAi
induction (Fig. 3B).

We next asked whether elimina-
tion of dADAR activity in discrete
neuronal subtypes also conferred
locomotor defects. Knockdown of
dADAR in a range of spatially
restricted neuronal subsets failed to
phenocopy the effect of pan-neuro-
nal dADAR knockdown (Fig. 3A),
although small but significant
reductions in locomotion were
observed in two lines driving the
RNAi constructs in the mushroom
bodies, which in addition to their
well known role in learning and
memory also act to modulate loco-
motor activity (31, 32).
Cholinergic neurons have previ-

ously been suggested to be the
primary locus for A-to-I editing in
Drosophila. In a 2-min manual
two-dimensional planar locomotor
assay, ectopic expression of an
uneditable dADAR transgene in
cholinergic neuronswas reported to
rescue the locomotor deficits of
dAdar null flies (27). However, in
our automated system, transgenic
flies expressing dAdar RNAi con-
structs in cholinergic neurons
showed no reduction in activity
compared with driver/� controls
when measured over a 24-h period
and only a 40% reduction relative to
transgenes/� controls. To rule out
the possibility that dADAR knock-
down is inefficient in this cell type
because of particularly high levels of
dADAR expression or other proper-
ties that make these neurons refrac-
tory to RNAi, we took two comple-
mentary approaches. First, because
cholinergic neurons are widely dis-
tributed throughout the adult brain
(33), we reasoned that successful
knockdown of dADAR might still
leave an observable signature in
bulk RT-PCR products derived
from the entire nervous system.
Indeed, we observed substantial
reductions in editing of three pan-
neuronal transcripts (lap, dUnc-13,
and stn-B) following knockdown of
dADAR in cholinergic neurons
(supplemental Fig. S3). In contrast,
editing of syt-1, which also exhibits

pan-neuronal expression, was unaffected.
Negative results in this bulk assay are difficult to interpret,

because the editing status of syt-1 in cholinergic neurons is

FIGURE 2. Knockdown of dADAR activity using transgenic RNAi. A, schematic diagram of the dAdar locus.
Auto-editing occurs close to motif II of the catalytic domain in exon 7 (blue). Transgenic RNAi constructs align
to exon 9, downstream of all post-transcriptional modifications. B, knockdown of dADAR protein levels dem-
onstrated by co-expression of transgenic RNAi constructs with a HA-tagged dADAR transgene (3/4 dADAR; see
text), driven with elav-Gal4. Inset is a representative example of n � 8 westerns from three independent
samples. **, p � 0.005. C, effect of pan-neuronal expression of transgenic RNAi constructs on two editing sites,
assayed by restriction digest analysis. The results are compared with transgenes/� controls (n � 3 independ-
ent digests in each case; **, p � 0.005; ***, p � 0.0005). D, effects of dADAR knockdown on 33 editing sites in five
mRNAs (D�6, DopEcR, eag, shab, and Ca�1D) measured by alteration in A/G peak-height ratio in control and
experimental electropherograms (n � 3 independent PCRs/site). The data are shown normalized to trans-
genes/� controls; ***, p � 0.0005, paired t test. E, representative electropherograms of transcripts encoding
the D�6 AChR amplified from control (transgenes/�) and experimental head cDNA. Editing at sites 1, 2, 4, 5,
and 7 is abolished following knockdown. Editing at site 6 is greatly reduced but still present. Editing at site 3 is
not detectable in control heads. Error bars, S.E. values.
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unknown. It also remains possible that homeostatic mecha-
nisms may increase editing in other neuronal populations in
response to a reduction of editing activity in cholinergic neu-
rons. Thus, we developed a method to directly analyze A-to-I
editing in defined neurons using a molecular reporter of
dADAR activity based on the syt-1mRNA.We used this partic-
ular template because the intronic cis-elements that direct edit-
ing of sites C andD of syt-1 have been previously defined, resid-
ing in the intron directly downstream of the edited exon (11).
We expressed a transgene using the UAS-Gal4 system con-

taining the edited exon of syt-1, flanked by the neighboring
intronic regions as well as the downstream and upstream exons
(supplemental Fig. S4A). When ectopically expressed using
elav-Gal4 or cha-Gal4, the pattern of editing at sites C and D in
the syt-1 reporter transgene (which we term syt-T), mimicked
that of the endogenous syt-1 mRNA, with site D exhibiting a

substantially higher level of editing relative to site C (supple-
mental Fig. S4, B and C). For both sites C and D, expression of
syt-T using cha-Gal4 did not yield higher levels of editing rela-
tive to elav-Gal4 (supplemental Fig. S4C). We next examined
the effect of co-expressing the syt-T reporter along with both
dAdar RNAi constructs in cholinergic neurons. Under these
conditions, editing at site C in the syt-T reporter was abolished,
and editing at sites D was reduced by �20% (supplemental Fig.
S4,B andC). From the above datawe conclude that driving both
RNAi constructs using cha-Gal4 is sufficient to dramatically
reduce editing at some, though perhaps not all, editing sites.
Thus, although editingmay not be completely abolished in cho-
linergic neurons following dADAR knockdown (perhaps
because of low expression of Gal4 from the cha promoter), it
appears that the maintenance of wild-type levels of editing in
this cell type is not essential for normal locomotor activity.

FIGURE 3. Effects of cell-specific dADAR knockdown on adult locomotion. A, graph showing mean locomotor activity of experimental populations (n �
9 –12 vials/genotype) normalized to driver/� (black) or transgenes/� control lines (gray), measured over 24 h. The cell type and driver are indicated in each
case. Error bars, S.E. values. MB, mushroom body; CC, central complex; EB, ellipsoid body; GDN, giant descending neuron. *, p � 0.05; **, p � 0.005; ***, p �
0.0005, relative to controls (dotted line illustrates deviation from control means, normalized to 1). B, pan-neuronal expression of RNAi constructs targeted to
non-A or dFMR does not phenocopy the effect of pan-neuronal dADAR knockdown (n � 9 –11 vials/genotype). C and D, effects of dADAR knockdown on
temporal patterns of locomotor activity. Flies harboring dAdar RNAi constructs with no driver exhibit robust peaks of activity at lights-on (morning; gray bars)
and lights-off (night; black bars) (C). Pan-neuronal dADAR knockdown results in complete suppression of both peaks of activity (D).
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Controlled Restoration of Editing Activity in Time and Space
Using theGene-Switch System—How is neuronal dADAR activ-
ity linked to adult stage behavior? Hypothetically, two (mutu-
ally nonexclusive) paradigms can be envisioned. A-to-I editing
may be required early in development for the establishment or
maintenance of appropriate neuronal connections. Alterna-
tively, fine-tuning of neuro-transmission via dADAR-mediated
coding changes may be solely required at the adult stage. We
sought to delineate between these two conceptual schemes.
Given that (i) dAdar null larvae do not exhibit any obvious
locomotor defects (17); (ii) expression of dAdarmRNA is high-
est at the pupal and adult stages (16); and (iii) editing at many
adenosines is restricted to later stages of Drosophila develop-
ment (34–36), we favored the hypothesis of a strong adult stage
requirement for dADAR activity. This hypothesismakes a clear
prediction that restoration of A-to-I editing specifically in the
adult stage nervous system should partially rescue the dAdar
null phenotype. To test this we utilized theGene-Switch system
(23), which allows temporal control of transgene expression
through the use of a modified Gal4 (“switch”) that is active only
in the presence of the ligand RU486.
We used a pan-neuronal Gene-Switch driver (elav-S), to

induce expression of a HA-tagged dADAR transgene corre-
sponding to the most abundant adult stage isoform of dADAR
(termed 3/4 dADAR) (16) specifically in the adult stage nervous
system of dAdar null flies. Switch activation was initiated by
transferring 3–5-day-old dAdar null males onto food contain-
ing 200 �M RU486 for 1 week. This concentration of RU486
elicited robust expression of the 3/4 dADAR transgene (Fig.
4A). Examination of the transgene mRNA revealed high levels
of auto-editing, above that observed in endogenous dAdar
transcripts isolated from total head mRNA in Canton-S con-
trols (Fig. 4B). Confocal microscopy demonstrated that 3/4
dADAR was expressed throughout the nervous system when
driven by elav-S and was localized to neuronal nuclei and cell
bodies (Fig. 4, C and D). We did not detect any 3/4 dADAR
expression in the absence of RU486 using both Western blot-
ting and microscopy, illustrating that the Gene-Switch system
allows stringent regulation over dADAR transgene expression.
Furthermore, induction of 3/4 dADAR restored editing at two
sites (site 7 of the D�6 acetylcholine receptor (AChR) and site 1
of the eag potassium channel) to �60 and 80%, respectively, of
levels observed in wild-type flies placed on RU486 (Fig. 4E).
In theDrosophila nervous system,manymRNAs targeted for

deamination by dADAR are edited at multiple adenosines, cre-
ating a combinatorial spectrum of edited isoforms. We investi-
gated whether expression of the 3/4 dADAR transgene in a
dAdar null background was able to phenocopy the wild-type
distribution of editing inmRNAs encoding the D�6 AChR sub-
unit. The D�6 transcript is edited at seven adenosines (19),
leading to coding changes in the ligand-binding domain of the
receptor. We focused on the four most 3� editing sites (sites
4–7), which exhibit robust editing in wild-type head cDNA
(supplemental Table S2).
We sequenced individual clones frombulkRT-PCRproducts

derived from the heads of wild-type Canton-S controls and
dAdar null flies expressing 3/4 dADAR driven by elav-S (Fig.
4F). Of the 16 possible combinations of editing sites, 12 were

detected in D�6 cDNA from Canton-S heads. However, the
frequency distribution of edited isoforms was highly nonuni-
form, with three isoforms (fully edited, GGGG; fully unedited,
AAAA; and edited at sites 4–6 but not site 7, GGGA) account-
ing for almost 80% of the 133 clones sequenced. Transcripts
edited at all sites were the most abundant isoform (45%).
Remarkably, expression of 3/4 dADAR in a dAdar null back-
ground using elav-S generated a strikingly similar frequency
distribution to that of Canton-S, with the fully edited isoform
found at a frequency of 30% (Fig. 4F). However, we also
observed novel editing combinations (AAGA and AGGA) in
the experimental genotype at frequencies of 6–13% that are
extremely rare in the wild-type nervous system (1 of 133 and 3
of 133 clones, respectively). Examination of total editing at all
four sites in wild-type and rescue genotypes further demon-
strated the robust restoration of editing achieved following
induction of 3/4 dADAR. Editing at sites 4–7 was rescued to
67–112% of wild-type levels, with site 7 rescued to the lowest
degree, and site 6 rescued to the highest degree (Fig. 4G).
Broad Substrate Recognition by a 3/4 dADAR Transgene—

Mammalian genomes encode three ADAR loci (ADAR1–3),
which often exhibit specificity for particular dsRNA duplexes.
For example, within the serotonin-2C receptormRNA, site A is
edited by ADAR1, but site D is not (37). Similarly, editing of the
Gln/Arg site of the GluR-2 AMPA receptor is solely mediated
by ADAR2, whereas the Gln/Arg site of the paralogous GluR-6
kainate receptor is an exclusive substrate of ADAR1 (38).
Whether post-transcriptional modifications of dAdar

mRNAs affect substrate specificity is unknown. If the 3/4
dADAR transgene used in our Gene-Switch experiments was
unable to edit a wide range of target adenosines, this would
make the interpretation of any subsequent behavioral assays
difficult. Therefore, we investigated the ability of the 3/4
dADAR transgene to mimic global editing levels in wild-type
Drosophila.
To do so, we assayed editing at a wide range of target

adenosines (n � 86) in 19 neuronal mRNAs derived from the
heads of Canton-S controls and dAdar null flies expressing 3/4
dADAR under control of elav-S. The mRNAs studied encom-
pass three classes of protein translated from dADAR mRNA
targets: voltage-gated ion channels (VGICs), ligand-gated ion
channels (LGICs), and presynaptic release proteins, and exhibit
diverse editing levels ranging from �5 to �90% (Fig. 5A).

All of the sites with editing levels above 6% inwild-type heads
(n� 76) exhibited detectable levels of editing following expres-
sion of 3/4 dADAR in a dAdarnull background, illustrating that
this single dADAR isoform can edit an extremely diverse range
of target adenosines. Levels of editing induced by expression of
3/4 dADAR in dAdar null flies broadly correlate with the levels
of endogenous editing over the 86 sites tested (R2 � 0.722 com-
pared with Canton-S; supplemental Fig. S5A). However, in 83
of the 86 editing sites tested, expression of 3/4 dADAR was
unable to fully restore wild-type levels of editing. The inability
of 3/4 dADAR to fully rescue editing at many sites is not due to
low expression levels, because increasing expression severalfold
using a stronger global driver (tubulin-Gal4) failed to further
restore editing at 36 adenosines tested and did not shift the
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FIGURE 4. Restoration of adult stage editing using the Gene-Switch system. A, temporal control of transgene expression. In dAdar null flies (5g1) carrying
the elav-S driver and a HA-tagged dADAR transgene (3/4 dADAR), transgene expression is only observed following placement of flies on food containing 200
�M RU486 (representative example of n � 3 Western blots). B, transgene auto-editing occurs at high levels following induction with RU486. Levels of editing
are higher in the ectopically expressed transgene than dAdar mRNA isolated from whole Canton-S heads (n � 3 electropherograms for each genotype).
C, contrast-enhanced confocal z-stack of 3/4 dADAR localization. In dAdar null flies expressing 3/4 dADAR under control of elav-S, punctate transgene expression
(green) can be observed throughout the nervous system (neuropil is stained with anti-bruchpilot, nc82, purple) and is absent in flies of the same genotype fed
on food lacking RU486 (n � 5, � RU486). Bar, 100 �m. The staining in the subesophageal ganglion in the RU486 controls (asterisk) is an antibody artifact, as it
is also present in w1118 control flies (data not shown). D, contrast-enhanced confocal slice showing 3/4 dADAR expression in nuclei/cell bodies surrounding the
antennal lobes. Transgene expression is not observed in the neuropil. Bar, 50 �m. E, rescue of editing at D�6 site 7 and eag site 1 by expression of 3/4 dADAR
(n � 3 independent restriction digests/population). Error bars, S.E. values. F, frequency distribution of edited isoforms of D�6 mRNAs is substantially recapit-
ulated by expression of 3/4 dADAR in a dAdar null background. The frequencies were calculated by sequencing individual D�6 cDNA clones derived from total
head cDNA (Canton-S: n � 133; 5g1; elav-S � 3/4 dADAR: n � 109). G, total levels of editing at four sites in D�6 mRNA in control and rescue backgrounds.
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spectrum of editing in D�6 AChRmRNAs toward more highly
edited isoforms (supplemental Fig. S6).
To delineate between sites with high and low affinities for the

3/4 dADAR isoform, we examined the identities of transcripts
containing adenosines edited above 10% in Canton-S that were
either highly (�75%) or weakly (�25%) rescued in dAdar null
flies expressing 3/4 dADAR, examples of which are shown in
Fig. 5B. Intriguingly, transcripts encoding VGICs dominated
the population of mRNAs with adenosines rescued by �75%
relative to Canton-S controls (14 of 17 adenosines) (supple-
mental Table S3). In contrast, 8 of 9 adenosines rescued by
�25% were found in transcripts encoding LGICs. This skewed
distribution occurs despite the fact that an equal proportion of
the editing sites tested reside in mRNAs encoding VGICs and
LGICs (39 of 86 and 38 of 86 sites, respectively). The mean

percentage rescue relative towild type is significantly higher for
VGICs (61 � 4%) compared with LGICs (44 � 4%; p � 0.01).
VGIC editing in the rescue background also exhibits a greater
correlation with wild-type levels than that shown by LGICs
(supplemental Fig. S5, B and C).
In addition to the above demarcation, high and low affinity

sites for 3/4 dADAR tended to cluster within particular
mRNAs. Just three transcripts (encoding the Ca�1D calcium
channel and the eag and shab potassium channels) account for
12 of 17 high affinity adenosines. Similarly, 8 of 9 low affinity
adenosines in LGICs are clustered in three mRNAs (the D�5
and D�2 AChR subunits and the rdl GABAA receptor �-sub-
unit) (supplemental Table S3).
These results first indicate that the 3/4 dADAR isoform

exhibits a very low degree of absolute substrate specificity and
second suggest that post-transcriptional modifications that
lead to the inclusion of alternative exons not present in the 3/4
dADAR transgene may act to modulate the affinity of dADAR
for dsRNA duplexes in mRNAs encoding distinct classes of
neuronal proteins.
Adult Stage Restoration of A-to-I Editing Partially Rescues the

dAdar Null Locomotor Defect—Given that expression of 3/4
dADAR was able to restore editing at almost all of the sites
tested (although in the majority of cases, not to wild-type lev-
els), we next examined the effect of adult stage restoration of
A-to-I editing on coordinated locomotion using the same auto-
mated locomotor assay described above (Figs. 1A and 3). A
week-long exposure to RU486-containing fly food did not
induce an alteration in locomotor activity in either wild-type or
dAdar null flies heterozygous for elav-S nor in dAdar null flies
overexpressing a dFMR transgene under the control of elav-S
(Fig. 6). In contrast, adult stage neuronal expression of 3/4
dADAR increased locomotor activity in dAdar null flies 18-fold
relative to dAdar nulls carrying the elav-S driver but lacking the
3/4 dADAR transgene (1214� 166 versus 68� 22 beam breaks
over 24 h). This increase represents a rescue to �25% of loco-

FIGURE 5. Global rescue of A-to-I editing via ectopic expression of a 3/4
dADAR transgene. A, peak-height ratios measured for 86 neuronal editing
sites in Canton-S controls (blue) or dAdar null flies (red) expressing 3/4 dADAR
driven by elav-S. Editing sites are presented in rank order of levels observed in
Canton-S controls. The data are from 3–12 electropherograms from at least
three independent total cDNA samples. The number of electropherogram
peaks analyzed for each genotype: Canton-S, 382; 5g1; elav-S � 3/4 dADAR,
423. Error bars, S.E. values. B, examples of site-specific sensitivity to the expres-
sion of 3/4 dADAR. Editing at sites 3 and 4 in the eag potassium channel
(edited to �16 and 80%, respectively, in Canton-S heads) is rescued by �85%
via ectopic expression of 3/4 dADAR. In contrast, editing at sites 3 and 4 of the
D�1 AChR mRNA (edited to �30 and 100% in Canton-S) is only rescued by 2
and 37%, respectively.

FIGURE 6. Induction of editing in the adult nervous system partially
restores locomotion in dAdar null flies. Mean activity in control and exper-
imental genotypes with or without a 1-week exposure to RU486. The pres-
ence of RU486 neither alters locomotor activity over 24 h in wild-type controls
nor rescues locomotion in dAdar null flies heterozygous for elav-S alone or
overexpressing dFMR via elav-S. In contrast, expression of 3/4 dADAR in the
adult nervous system significantly restores locomotion relative to the above
controls (***, p � 0.0005) to �25% of wild type. Error bars, S.E. values.
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motor activity exhibited by Canton-S controls fed RU486.
These results demonstrate a clear adult stage requirement for
dADAR activity in Drosophila.

DISCUSSION

Understanding how gene function is related to ethology
requires a detailed knowledge of not only the molecular path-
ways but also the cell types and developmental stages in which
gene activity is most crucial. A-to-I editing is essential for cor-
rect adult stage behavior in Drosophila (17). It is becoming
increasingly clear that dADAR is likely to exhibit extreme func-
tional pleiotropy, deaminating adenosines within a multitude
of coding mRNAs as well as the precursors of endogenous
siRNAs (8, 22). In this study we have sought to untangle this
pleiotropy by (i) defining the primary substrates of dADAR for
correct behavior, and (ii) investigating the spatial and temporal
loci in which A-to-I editing is most crucial.
If the predominant function of A-to-I editing in Drosophila

was to antagonize small RNA production or targeting, then an
overabundance of small RNA activity would be expected to
substantially contribute to the dAdar null phenotype. If so,
reducing small RNA production should rescue wild-type
behavior in flies lacking dADAR activity. Although such nega-
tive epistasis has been documented in another invertebrate
model organism, the nematode C. elegans (26), we were unable
to observe any genetic interactions between dAdar and several
loci involved in the production of a range of small RNAs (Fig. 1).
Positive interactions with the RNAi pathway (for example, the
requirement of edited endogenous si- or miRNAs) are also
unlikely to significantly contribute to the dAdar null pheno-
type, because dcr-2, ago-2, and loqsmutants do not phenocopy
flies lacking editing activity (Fig. 1A).3
A number of caveats should bemade clear when interpreting

this data. First, we cannot fully rule out the possibility of nega-
tive epistasis with the miRNA pathway, because miRNA pro-
duction is not fully abolished in loqs null flies (39), and the
generation of dAdar; dicer-1, or argonaute-1 double nulls
(which would completely lack miRNA activity) was impossible
given the lethality of dicer-1 and argonaute-1mutants. Second,
it has previously been reported that certain siRNAs may be
initially generated by Dicer-1 and subsequently loaded into
Ago-2 complexes (40). Therefore, a small degree of residual
siRNA activity may still be present in dcr-2 null flies. Third, in
the double-null mutants we generated, we did not investigate
the full spectrum of abnormalities observed in dAdar null flies,
such as seizure frequency, disorganization of the retina, or pro-
gressive adult stage neuro-degeneration (17).
Nonetheless, while keeping the above caveats in mind, given

that extreme uncoordination and temperature-sensitive paral-
ysis are still present in all the double mutants generated, we
suggest that the key function of dADAR in relation to behavior
is likely to be the alteration of the protein landscape through
deamination of adenosines in the coding regions of mRNAs.
This conclusion is parsimonious with the ontology of mRNA
targets of dADAR (which are almost exclusively involved in
controlling the electrophysiological and synaptic release prop-

erties of excitable cells) and the phenotype of dAdar null males
(severe behavioral abnormalities without any grossmorpholog-
ical defects) (8, 17–21).
We present two additional pieces of evidence that genetic

recoding of neuronal transcripts is the crucial mode of dADAR
activity. First, although our locomotor assays combined with
cell-specific dADAR knockdown indicate a role for A-to-I edit-
ing in non-neuronal tissues, they strongly illustrate that the
primary locus for editing is the nervous system. Loss of neuro-
nal editing activity correlates with a 90% reduction in locomo-
tor activity, close to levels seen in dAdar null flies (Fig. 3, A and
D, and supplemental Fig. S2). The requirement of dADAR in
theDrosophila brain appears to be “network-wide” rather than
limited to a restricted population of neurons, because knock-
down of editing in a wide range of neuronal subtypes failed to
phenocopy the effect of pan-neuronal loss of dADAR activity
(Fig. 3A).
Second, restoration of editing specifically in the adult stage

nervous systemofdAdarnull flies rescued locomotion to�25%
of wild type (Figs. 4–6). Several constraints are likely to limit
the level of rescue achieved by this method. dADAR activity is
not solely required in the nervous system for locomotor activity
(Fig. 3). Knockdown of dADAR in the muscle reduced locomo-
tion from �7200 beam breaks in 24 h (transgenes/� controls)
to �2900 (driver � transgenes) (supplemental Fig. S2). Thus,
activity levels in our rescued dAdar mutants (�1200 beam
breaks in 24 h) are likely to be approaching the maximum level
achievable by transgene expression solely in the nervous sys-
tem, particularly when considering the possibility of any addi-
tional requirements of editing in glial or other cell types.
In addition, although we were able to restore editing at

almost all of the adenosines tested (Fig. 5A) and substantially
recapitulate the spectrum of edited isoforms of one transcript
(the D�6 AChR mRNA; Fig. 4F), we were unable to restore
wild-type levels of editing at the majority of editing sites (Fig.
5A). Our data indicate that the most prevalent adult stage
dADAR isoform (termed 3/4 dADAR) is capable of editing
almost all target adenosines but not towild-type levels. Surpris-
ingly, mRNAs encoding ligand-gated ion channels appeared
significantly more resistant to editing by 3/4 dADAR relative to
those encoding voltage-gated ion channels (supplemental Fig.
S5 and supplemental Table S3). It will be interesting to test
whether varying auto-editing levels, expressing dADAR trans-
genes that include alternative exons not present in 3/4 dADAR,
or co-expressing multiple dADAR isoforms can further rescue
editing in this class of mRNAs.
The lack of a complete restoration of editing is likely to act as

a further limit to the level of rescue attainable by expressing a
single dADAR isoform. Functional analysis has demonstrated
strong epistatic interactions between editing sites in both the
Shaker potassium channel and the Rdl GABAA receptor (35,
36), suggesting that regulation of the spectrum of edited iso-
forms of a given protein is of adaptive importance. The inability
to correctly mimic wild-type levels of editing by expression of
3/4 dADARmay lead to the generation of novel edited isoforms
(Fig. 4F) and consequent downstream effects on neuronal phys-
iology that may mitigate a more complete rescue. Therefore,
our rescue experiments are likely to significantly under-esti-3 J. E. C. Jepson, personal observations.
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mate the actual adult stage requirement for neuronal A-to-I
editing.
In conclusion, although our data does not rule out the

hypothesis that as yet unknown neuro-developmental defects
contribute to the dAdar null phenotype, we demonstrate that a
major role of editing is to fine-tune neuronal physiology at the
adult stage through genetic recoding. Altering the expression
pattern and biophysical properties of several dADAR targets
has been shown to modulate complex behaviors such as learn-
ing and memory, sleep, and the production of the mating song
(41–45). The generation of tools to robustly knock down
dADAR in a cell-specific manner will now facilitate experi-
ments to determine how A-to-I editing molds the transcrip-
tome in discrete neuronal subpopulations, contributing to
evolved and adaptive ethological outputs in Drosophila.
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