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ABSTRACT

The three Drosophila atypical soluble guanylyl cyclases, Gyc-89Da, Gyc-89Db, and Gyc-88E, have been
proposed to act as oxygen detectors mediating behavioral responses to hypoxia. Drosophila larvae mutant
in any of these subunits were defective in their hypoxia escape response—a rapid cessation of feeding and
withdrawal from their food. This response required cGMP and the cyclic nucleotide-gated ion channel,
cng, but did not appear to be dependent on either of the cGMP-dependent protein kinases, dg1 and dg2.
Specific activation of the Gyc-89Da neurons using channel rhodopsin showed that activation of these
neurons was sufficient to trigger the escape behavior. The hypoxia escape response was restored by
reintroducing either Gyc-89Da or Gyc-89Db into either Gyc-89Da or Gyc-89Db neurons in either
mutation. This suggests that neurons that co-express both Gyc-89Da and Gyc-89Db subunits are primarily
responsible for activating this behavior. These include sensory neurons that innervate the terminal
sensory cones. Although the roles of Gyc-89Da and Gyc-89Db in the hypoxia escape behavior appeared to
be identical, we also showed that changes in larval crawling behavior in response to either hypoxia or
hyperoxia differed in their requirements for these two atypical sGCs, with responses to 15% oxygen
requiring Gyc-89Da and responses to 19 and 25% requiring Gyc-89Db. For this behavior, the identity of
the neurons appeared to be critical in determining the ability to respond appropriately.

SENSORY input is critical for an animal to produce a
relevant response to changes in its environment.

For animals to survive in hypoxic environments, they
need to acquire a wide variety of physiological and
behavioral adaptations. Many studies have focused on
long-term changes in response to hypoxia, especially
those involving the hypoxia inducing factor-1 (HIF-1)
and other modifications in gene expression (Semenza

2000; Hochachaka and Rupert 2003). In addition,
animals also show short-term responses to hypoxia that
occur in a time frame of seconds or minutes and likely
do not involve transcription-mediated events. The mam-
malian carotid body is a peripheral chemoreceptor that
senses a number of blood-borne stimuli, including hyp-
oxia and hypercapnia, transducing them into neural
discharges that initiate a number of cardiorespiratory
reflexes (Gonzalez et al. 1994; López-Barneo et al.
2008). Both long-term and short-term responses to
hypoxia critically depend on the ability to detect de-

creases in O2 supply; however, the molecular bases for
O2-sensing systems have only recently begun to be
identified (Gray et al. 2004; Morton 2004b; Vermehren

et al. 2006). For example, within the carotid body,
heme oxygenase-2 has been proposed as the O2 sensor
for the sensing of hypoxia in vertebrates (Kemp 2005;
Ortega-Sáenz et al. 2006).

Recently, members of a novel class of soluble guanylyl
cyclases (sGCs), the atypical sGCs, have been identified
as likely molecular O2-sensors in invertebrates. Guanylyl
cyclases catalyze the synthesis of the intracellular second
messenger cyclic guanosine monophosphate (cGMP),
which mediates a wide variety of physiological and de-
velopmental events in both invertebrates and vertebrates
(Lucas et al. 2000; Morton and Hudson 2002).The
nematode Caenorhabditis elegans has been shown to have
a strong behavioral preference for 5–10% O2 and mu-
tations in their sGC genes alter this O2 preference
(Gray et al. 2004; Chang et al. 2006). Recent studies in
C. elegans also showed that URX neurons, which express
the sGC subunits gyc-35 and gyc-36, are required for re-
sponses to O2 upshifts, while the gyc-31 sGC subunit
expressed in BAG neurons mediates responses to O2 down-
shifts (Zimmer et al. 2009). The Drosophila melanogaster
genome contains five sGC subunit-encoding genes. As in
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mammalian systems, flies express the conventional a- and
b-subunits (Gyca-99B and Gycb-100B) that function as
obligate heterodimers and can be activated by nitric oxide
(NO) (Morton et al. 2005). In contrast, the remaining
three sGC subunits, Gyc-88E, Gyc-89Da, and Gyc-89Db,
belong to the atypical sGC family and have been shown
to be regulated by oxygen (Morton 2004a).

The Gyc-89Da and Gyc-89Db subunits are up to 80%
identical throughout their coding regions and are
biochemically indistinguishable from each other, sug-
gesting that they have arisen from a recent duplication
(Morton et al. 2005). Transient expression of different
combinations of the Drosophila atypical sGCs in COS-7
cells showed that Gyc-89Da and Gyc-89Db form obligate
heterodimers with Gyc-88E, and are potently activated
in the absence of O2, therefore suggesting a function as
O2 sensors (Morton 2004b; Vermehren et al. 2006;
Morton and Vermehren 2007). Gyc-88E is also active
as a homodimer (Morton 2004b; Huang et al. 2007),
directly binds O2 and is also activated by reduced O2

(Huang et al. 2007). In the current study we examine
the role of the atypical sGCs in larval behavioral re-
sponses to changes in O2 levels.

MATERIALS AND METHODS

Fly stocks and genetics: Drosophila stocks were raised on
standard cornmeal–agar–molasses medium at 25� with a 12 hr
light/12 hr dark photocycle. The Gyc-89Da mutant (w1118;
PBac{w1mC¼RB}Gyc-89Dae01821) and Gyc-89Db mutant (w1118;
Mi{3xP3-EGFP.ET1}Gyc-89DbMB03197) lines were obtained from
the Bloomington Drosophila Stock Center (stocks 17991,
23519). The Gyc-89Da/Gyc-89Db double mutant was obtained
by standard meiotic recombination, selecting animals that
expressed both the white1 and green fluorescent protein (GFP).
Deficiency lines that covered portions of the genome includ-
ing Gyc-89Da/Gyc-89Db, Gyc-88E and cyclic nucleotide-gated
ion channel (cng) genes were obtained from the Bloomington
Drosophila Stock Center (stocks 7987, 24137, 7545, 25442,
23692). The UASGyc-88E and UASCNG RNAi lines were obtained
from the Vienna Drosophila RNAi Center (VDRC stocks 21798
for Gyc-88E, and 101745, 29046, 28625, 40964, 100882, 11817,
11816, and 38850 for cng). Generation of the UASbPDE5 (bovine
phosphodiesterase 5) overexpression line and the RNAi lines
for the cGMP-dependent protein kinases, dg1 and dg2, have
previously been described (Broderick et al. 2004; S.-A. Davies,
unpublished data). Fly lines containing two Gyc-88E point
mutations (V474M and S451F) were obtained from the Seattle
Fly tilling project (http://tilling.fhcrc.org; lines Z31083 and Z31071,
respectively). All crosses were carried out using standard
methods at 25� (Greenspan 2004).

Gyc-89Da, Gyc-89Db, and Gyc-88E rescue fly lines: Gyc-
89Da ORF was amplified by PCR, cloned into pcDNA3.1
(Invitrogen, Carlsbad, CA) as described previously (Morton

et al. 2005), and then subcloned into the pUASt vector
(https://dgrc.cgb.indiana.edu/) using the KpnI and XbaI re-
striction sites (UASGyc-89Da). The Gyc-89Db ORF was obtained
from the Berkeley Drosophila Genome Project (http://www.
fruitfly.org/; clone ID GH09958), subcloned into pcDNA3.1,
and then into the pUASt vector using the KpnI and XbaI
restriction sites (UASGyc-89Db). Gyc-88E ORF was amplified by
PCR and cloned into pcDNA3.1, as described previously

(Morton et al. 2005), and then subcloned into the pUASt
vector using the KpnI and NotI restriction sites (UASGyc-88E).
All constructs were confirmed by sequencing and injected into
w1118 embryos (http://www.thebestgene.com/). Four insertion
lines were recovered for Gyc-89Da-pUAST, 11 for Gyc-89Db-
pUAST, and 6 for Gyc-88E-pUAST. Chromosomal locations of
the transposon insertions were determined by standard cross-
ing methods to a balancer line (w1118; CyO/nub1b1nocScoli1stw3;
MKRS/TM6B, Tb1, Bloomington stock 3703). Most of the
parental rescue lines were viable and healthy, suggesting that
the insertion of the constructs is not deleterious on its own.
The only exception was UASGyc-89Db in the Gyc-89Da�/�

background, which had to be kept over a MKRS balancer,
with sufficient double homozygous flies eclosing for the rescue
crosses. The transgenic GAL4 driver lines for Gyc-89Da and
Gyc-89Db (Gyc-89DaGAL4, Gyc-89DbGAL4) were generated by
germline transformation as described earlier (Morton et al.
2008).

Fly lines with the Gyc-89Da and Gyc-89Db rescue constructs
(Gyc-89DaGAL4, Gyc-89DbGAL4, UASGyc-89Da, UASGyc-89Db) in-
serted on the second chromosome were crossed with the
single and double mutant fly lines (third chromosome,
standard crossing methods) to create double homozygous fly
lines, with the GAL4 and UAS insertions on the second and the
Gyc-89Da and Gyc-89Db mutations on the third chromo-
somes. Similarly, Gyc-88E rescue constructs (Gyc-89DaGAL4,
Gyc-89DbGAL4, UASGyc-88E) inserted on the second chromo-
some were crossed with the Gyc-88E point mutations (third
chromosome, standard crossing methods) to create double
homozygous fly lines, with the GAL4 and UAS insertions on
the second and the Gyc-88E point mutations on the third
chromosomes. For the rescue experiments, one promoter
GAL4 and one UAS line with the same mutant background
were crossed with each other, obtaining larvae expressing the
Gyc-89Da, Gyc-89Db, or Gyc-88E subunit in either the Gyc-
89Da or Gyc-89Db neurons in each mutant background.

Reverse transcription PCR (RT–PCR): Total RNA was
isolated from third-instar larvae (n ¼ 15) using Trizol
(Invitrogen). Five micrograms of total RNA were used for
synthesizing cDNA using Superscript III reverse transcriptase
with oligo(dT) primers (Invitrogen) according to the manu-
facturer’s protocol. Two rounds of PCR reactions (50 ml) were
performed using 3 ml of cDNA for the first round and 1 ml of
PCR product for the second round. Both PCR amplifications
rounds used 35 cycles with an annealing temperature of 55�.
Primers sequences for the Gyc-89Da and Gyc-89Db subunits
as well as the housekeeping gene b-actin were designed
using Primer3 online software and synthesized by Invitrogen
(supporting information, Table S1). To control for equivalent
levels of input RNA, we used primers targeting b-actin.

Real-time PCR: Total RNA was extracted from adult fly
heads (n ¼ 20) using TRIzol following the manufacturer’s
instructions (Invitrogen, Carlsbad, CA), resuspended in 10 mm

Tris pH 8.5, and stored at �80� until use. To make cDNA, 1 mg
of total RNA was reverse transcribed (20 ml) using the Tetro
cDNA synthesis kit (Bioline, Taunton, MA) with oligo(dT)
primers. Real-time PCR was performed using a MX3000P real-
time PCR system (Stratagene) in a final volume of 10 ml using
Sensimix Plus SYBR master mix (Quantace, Taunton, MA), 2 ml
of cDNA (diluted 1:4), and forward and reverse primers (3 mm).
Primers sequences for the Gyc-89Da, Gyc-89Db, and Gyc-88E as
well as the housekeeping gene b-actin were designed using
Primer3 online software and synthesized by Invitrogen (Table
S2). The real-time amplification data were collected continu-
ously and analyzed using the quantification software supplied
with the MX3000P real-time PCR system.

Larval hypoxia escape responses: Larval escape responses to
hypoxia were performed as previously described (Wingrove
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and O’farrell 1999) with the following modifications. Five
third-instar larvae (�100 hr after hatching) were rinsed in water
and placed on a small pile of fresh yeast paste with the
consistency of toothpaste (�0.8 ml) in a petri dish. Larvae were
allowed to burrow into the yeast for 5 min, replacing the ones
that failed to burrow. The dish was placed in a plexiglass
chamber (12 3 12 3 23 cm) and exposed to a mixture of O2

and N2 flowing through the chamber at 4–5 liters/min, which
was constantly monitored with an O2 monitor (model 5120,
Ohmeda, Helsinki, Finland). Larvae were monitored for 20 min
and scored as ‘‘escaping’’ when they exited their vertical feeding
position and began exploratory behaviors. The time at which
each individual larvae first exited the food was recorded. Each
animal was tested once.

Gyc-88E Point mutation constructs: To test the enzyme
activity of the Gyc-88E point mutations uncovered by the
Seattle Tilling Project, we used site-directed mutagenesis to
replace single bases in the Gyc-88E pcDNA3.1 expression vec-
tor (Langlais et al. 2004). Point mutations were introduced
into Gyc-88E using the QuikChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA), the vectors sequenced and
enzyme activity measured as described previously (Langlais

et al. 2004).
Channelrhodopsin-2 expression assays: A modified version

of channelrhodopsin-2 (ChR2 H134R) (Pulver et al. 2009) was
expressed in Gyc-89Da and Gyc-89Db neurons by crossing the
Gyc-89DaGAL4 and Gyc-89DbGAL4 driver lines with a UASH134R-
ChR2 line, kindly provided by Dr. L. C. Griffith (Brandeis Uni-
versity, Waltham, MA). Stable lines that expressed ChR2 H134R

in either the Gyc-89Da or Gyc-89Db neurons were generated
and larvae were raised on a diet containing 1 mm all trans-
retinal (Sigma). Control w1118 larvae were also raised on this
diet. Third-instar larvae were placed in a small patch of yeast
paste (�1 cm diameter) placed on a layer of 1% agarose in a
10-cm petri dish, which was then inverted. Neurons express-
ing ChR2 H134R were activated by illuminating the yeast paste
with an ultrabright blue LED (Luxeon III Star; 470-nm
wavelength, Thor Labs, Newton, NJ). Trains of light pulses
were generated by a custom-made digital circuit using three
monostables to control train duration, pulse width, and pulse
separation. Digital pulses drove a BuckPuck current source
(Thor Labs) with an intensity control (LuxDrive) that pro-
vided current pulses up to 700 mA to the LED. Rated luminous
flux at full power was 23 L. The pulse generator was capable of
delivering pulse trains of 5–50 sec in length, consisting of
individual pulses 10-420 msec long, separated by 10–420 msec.
Maximum intensity illumination from the LED was focused
using a 103 stereo microscope eyepiece and focused so that
yeast was illuminated with a spot of light approximately 5 mm
in diameter. The behavioral responses of the larvae to illumi-
nation were recorded on a digital video recorder (Canon,
Vixia HG21) fitted with a 14 and a 12 magnifying lens and a
red filter to reduce glare. Three third-instar larvae were placed
in each patch of yeast paste and the number leaving the food
during illumination was recorded.

Effect of hypoxia and hyperoxia on crawling behavior in
larvae: To assess the behavioral response of freely moving
larvae to hypoxia and hyperoxia, the number of stops and
turns made by larvae crawling on agarose was recorded after
they had been transferred to a chamber containing different
oxygen concentrations. Third-instar larvae were removed
from the food, rinsed with water, placed in a petri dish (85
mm) containing 1.5% agarose, and allowed to acclimate for
10 min. Larvae were moved to a fresh 1.0% agarose dish. The
dish was then transferred to a custom assay apparatus (10.5 3 8 3
5.5-in. plexiglass chamber with two holes drilled into it for
tubing). Oxygen levels within this chamber were controlled
using a ProOx oxygen controller (model 110, BioSpherix,

Lacona, NY). This system injected either oxygen or nitrogen
into the chamber until a desired concentration had been
reached and then maintained this concentration with addi-
tional gas as required. The number of stops and turns made by
each larva during the first 2 min in the chamber was then
recorded.

Scanning electron microscopy (SEM): The terminal sensory
cones were imaged with an FEI Quanta 200 ESEM (FEI,
Hillsborough, OR) using the low-vacuum environmental SEM
facility that allows fresh biological samples to be imaged with
no fixation or coating. Third-instar larvae were killed by
placing them in warm water for 20 min followed by transfer
to the imaging chamber.

Statistical analysis: All statistical analyses were carried out
with Prism 4 software (GraphPad Software Inc., San Diego
CA). Unless otherwise stated the data were analyzed using one-
way ANOVA followed by Dunnett’s post-hoc test. Where shown
the significance levels are as follows: *P , 0.05, **P , 0.01,
***P , 0.001.

RESULTS

Characterization of flies with disrupted expression
of the atypical sGCs: Heterologous expression of the
three atypical sGC subunits in COS-7 cells has shown
that they are activated by hypoxia and therefore could
function as O2 sensors (Morton 2004b). To examine the
role of these enzymes in vivo, we identified and charac-
terized fly lines with disrupted atypical sGC genes. Fly
lines with transposon insertions 494 bp upstream of the
translational initiation codon of Gyc-89Da (Gyc-89Dae01821)
and within the Gyc-89Db ORF, 1510 bp downstream of the
ATG start site (Gyc-89DbMB03197), were used (Figure 1A).

We used RT–PCR to determine whether the expres-
sion of the Gyc-89Da or Gyc-89Db genes was affected by
these transposon insertions. In the Gyc-89Dae01821 mu-
tant (Gyc-89Da�/�) we were unable to detect the Gyc-
89Da transcript, while the expression of Gyc-89Db was
normal. Similarly, Gyc-89Db was undetectable in the
Gyc-89DbMB03197 mutant (Gyc-89Db�/�) larvae and ex-
pression of Gyc-89Da was normal (Figure 1B). We then
recombined Gyc-89Dae01821 with Gyc-89DbMB03197 flies to
obtain a double mutant (Gyc-89Da�/�Db�/�). RT–PCR
analysis showed that both Gyc-89Da and Gyc-89Db
subunits were undetectable in this fly line (Figure 1B).
Occasionally we were able to detect a faint, smaller band
for the Gyc-89Db gene in the double mutant. The
sequence of this transcript showed that both the trans-
poson and part of Gyc-89Db were spliced out, resulting
in a loss of 39 amino acids (position 500–539) in the
catalytic domain, which probably resulted in a subunit
that was enzymatically inactive.

Gyc-88E is the obligatory partner of Gyc-89Da and
Gyc-89Db (Langlais et al. 2004; Morton et al. 2005).
Since no lines with transposons in the Gyc-88E gene are
currently available, we used RNA interference (RNAi)
(Montgomery and Fire 1988) to reduce the levels of
Gyc-88E in specific subsets of cells. When we expressed
the Gyc-88E RNAi in both the Gyc-89Da and Gyc-89Db
neurons, real-time PCR showed that the levels of Gyc-

Guanylyl Cyclases Act as Neuronal Oxygen Sensors 185



88E transcript were reduced to about 20% of that seen
in controls. Interestingly the levels of Gyc-89Da and Gyc-
89Db transcripts were also reduced to about 20% of
the control values (Figure 1C). This suggests that tran-
script levels are regulated in part by the levels of the
active heterodimeric enzyme. To determine whether
there was a reciprocal relationship between the sub-
units, we measured the levels of Gyc-88E transcripts in

the Gyc-89Da�/�Db�/� double mutants and found that
they were also reduced, in this case to 62% of controls
(Figure 1C).

We utilized the Seattle Tilling project to identify point
mutations in Gyc-88E and uncovered two point muta-
tions, S451F and V474M, in Gyc-88E that resulted in the
substitution of residues in the portion of the catalytic
domain predicted to determine substrate specificity of

Figure 1.—Character-
ization of Gyc-89Da,
Gyc-89Db, and Gyc-88E
mutants. (A) Schematic
showing the position of
Gyc-89Da and Gyc-89Db
and transposon insertions.
The coding and untrans-
lated regions are repre-
sented as solid and open
boxes, respectively. (B) Ex-
pression levels of Gyc-89Da
and Gyc-89Db in the differ-
ent mutant backgrounds
and rescue fly lines. The
size of the PCR products
is shown on the right. Actin
was used as loading control
and is shown on the bot-
tom. (C) Real-time PCR of
Gyc-89Da, Gyc-89Db, and
Gyc-88E transcripts in adult
flies expressing Gyc-88E
RNAi (UASERNAi) in both
Gyc-89Da and Gyc-89Db
neurons and in Gyc-89Da/
Gyc-89Db double mutant
flies. Transcript levels were
normalized to the levels of
b-actin and expressed as
percentages of wild-type
controls, mean 6 SEM,
n ¼ 3. All three transcripts
are significantly reduced in
flies expressing Gyc-88E
RNAi (paired t-test). Only
Gyc-89Da and Gyc-89Db
were significantly reduced
in the Gyc-89Da�/�Db�/�

double mutants (paired
t-test). (D) Gyc-88E point
mutations affect conserved
residues in the GTP-bind-
ing domain. Multiple se-
quence alignment of a
variety of GCs showing the
positions of the two point
mutations (arrows) and
their proximity to residues
that have been modeled to
interact with the GTP sub-
strate(Liuetal.,1997).These
residues are marked (:) for

a-and(d)forb-subunitresidues.Dm-a1:DrosophilaGyca-99B.MsGC-a1,MsGC-b1.MsGC-b3.Manducasextaa1,b1,andb3subunits.Rat
GC-A is the homodimeric receptor GC-A. (E)Enzymeactivityof the Gyc-88Epointmutations. PlasmidscodingforGyc-88Ewitheachpoint
mutation were transiently transfected into COS-7 cells together with either Gyc-89Da or Gyc-89Db and guanylyl cyclase activity was mea-
sured. Activity levels are expressed as the mean 6 SEM of four determinations.
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GTP binding. Multiple sequence alignment showed that
these residues are conserved in several classes of gua-
nylyl cyclases across several species (Figure 1D). Both
Gyc-88E mutant lines are homozygous lethal, but as the
lethality was complemented by deficiencies that covered
Gyc-88E it is likely that the lethality is due to second-site
mutations. To determine the effect that these point
mutations had on the enzyme activity of Gyc-88E, we
made constructs in which we introduced the same
mutations in the native Gyc-88E subunit and expressed
them in COS-7 cells. Wild-type Gyc-88E is active as a
homodimer when expressed in COS-7 cells, although it
shows higher levels of activity when co-expressed with
either Gyc-89Da or Gyc-89Db (Langlais et al. 2004). No
detectable activity was measured when Gyc-88EV474M or
Gyc-88ES451F were transiently expressed in the absence of
additional subunits (data not shown). Similarly, when
either of these mutated subunits was co-expressed with
Gyc-89Da, no activity was detected (Figure 1E). By
contrast when co-expressed with Gyc-89Db, Gyc-
88EV474M showed no activity, whereas Gyc-88ES451F showed
about 50% of the activity compared to the wild-type
subunit (Figure 1E). These results suggest that Gyc-
88EV474M acts as a null mutation whereas Gyc-88ES451F is
hypomorphic.

We used the GAL4-UAS system (Brand and Perrimon

1993) to rescue these mutant lines, by subcloning the Gyc-
88E, Gyc-89Da, and Gyc-89Db cDNA constructs (Langlais

et al. 2004; Morton et al. 2005) into the pUASt vector.
We then used these fly lines in combination with the
previously described Gyc-89Da and Gyc-89Db promoter-
GAL4 lines (Morton et al. 2008) to express either sub-
unit in either subset of cells in all the different mutant
backgrounds. To test the expression of Gyc-89Da and Gyc-
89Db driven by the GAL4-UAS system, we performed an
RT–PCR analysis, which showed that the expression of
both genes was restored in the different mutant back-
grounds (Figure1B and Figure S1).

Gyc-89Da and Gyc-89Db are required for a normal
larval hypoxia escape response: Drosophila larvae feed
while buried in their food, with their posterior spiracles
protruding above the surface. In response to reduced
O2 levels they rapidly withdraw from the food and begin
exploratory movements (Wingrove and O’farrell

1999). To study the role of the atypical sGCs in this
hypoxia escape response, we placed third-instar larvae
onto a pile of fresh yeast in normal atmospheric air
(21% O2) and allowed them to burrow into the food and
commence feeding. We then placed the dish in a
chamber with low O2 concentrations (0, 5, 10, and
15%), and monitored the time it took them to com-
pletely crawl out of the yeast and start the exploratory
behavior. Wild-type larvae responded rapidly to low O2

conditions by withdrawing from the food (Figure 2A).
The time taken to leave the food was shortest for the
lowest O2 concentration tested and gradually increased
with increasing O2 concentration. Larvae mutant for

either Gyc-89Da or Gyc-89Db showed a significant in-
crease in the escape time in response to hypoxia when
compared to wild-type controls for 0, 5, and 10% O2

concentrations and showed no difference in response at
15% O2 (Figure 2A). Larvae lacking both Gyc-89Da and
Gyc-89Db subunits took significantly longer than either
of the single mutants to leave the food and took
significantly longer than wild-type larvae for all four
O2 concentrations (Figure 2A).

We also varied the number of copies of either Gyc-
89Da or Gyc-89Db subunits using a combination of the
single and double mutants and small deficiencies to
generate larvae that contained 0, 1, 2, 3, or 4 wild-type
copies of these two genes. These larvae were all tested
for their response to hypoxia and not surprisingly, there
was a gradual increase in the delay to leave the food as
the number of mutant copies increased. Interestingly,
the relationship fit an exponential curve better than a
linear regression (Figure S2) suggesting that there
might be some synergism between these proteins.

To ensure that the increased response times of the
mutant lines was not due to defects in their locomotion,
we measured the distance third-instar larvae traveled
during 5 min on 1% agarose plates in 21% O2 (Osborne

et al. 1997). We found no significant differences in the
distance traveled in 5 min for the different genotypes
(wild type, 3.0 6 0.4 cm; Gyc-89Da�/�, 2.6 6 0.3 cm;
Gyc-89Db�/�, 2.7 6 0.5 cm; and Gyc-89Da�/�Db�/�,
3.16 6 0.29 cm, n ¼ 10 for each, mean 6 SEM).

To confirm that the increased time to respond to
hypoxia was due to the loss of Gyc-89Da and Gyc-89Db
we crossed GAL4 driver lines that drive expression in
either the Gyc-89Da or Gyc-89Db cells (Langlais et al.
2004; Morton et al. 2008) with the UASGyc-89Da and
UASGyc-89Db cDNA rescue lines into each of the three
mutant backgrounds (see Table S3 for hypoxia escape
response values of parental lines). On the basis of our
previous data, the promoter regions used in the Gyc-
89DaGAL4 and Gyc-89DbGAL4 constructs drive expression
in populations of neurons that are broadly nonoverlap-
ping, with only a few sensory neurons observed that co-
express both Gyc-89Da and Gyc-89Db (Morton et al.
2008). The delayed hypoxia escape response seen in the
single mutants was fully rescued for 0, 5, and 10% O2

concentration by expressing either Gyc-89Da or Gyc-
89Db in either the Gyc-89Da or the Gyc-89Db neurons
(Figure 2, B and C). Interestingly, expressing Gyc-89Da
or Gyc-89Db in the Gyc-89Db neurons in a Gyc-89Da�/�

background also rescued the escape response time
(Figure 2B), as did expressing Gyc-89Da or Gyc-89Db
in the Gyc-89Da neurons in a Gyc-89Db�/� background
(Figure 2C). This suggests that both subunits and both
expression patterns are functionally equivalent to the
other. Similarly, the longer delay seen in the double
mutants was also rescued by expressing either Gyc-89Da
or Gyc-89Db in either set of neurons (Figure 2D).
Although expressing a single copy of either Gyc-89Da
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or Gyc-89Db in either set of neurons significantly
reduced the time taken to leave the food, it only partially
rescued the response at 0% O2, as the time taken to
leave the food was still significantly longer than in wild-
type larvae (Figure 2D).

Downregulation of Gyc-88E levels in Gyc-89Da or
Gyc-89Db expressing neurons reduces the hypoxia
escape response: To test the effects of reducing the
levels of Gyc-88E, the obligatory partner of Gyc-89Da
and Gyc-89Db, we expressed Gyc-88E RNAi in either the
Gyc-89Da or the Gyc-89Db neurons. We made stable
double homozygous fly lines (Gyc-89DaGAL4; UASGyc-88E
RNAi and Gyc-89DbGAL4; UASGyc-88E RNAi) and tested
the larvae for their hypoxia escape response. There was
no apparent effect on locomotion, development, or
survival and the adults eclosed at the same time as their
parental controls (data not shown). In contrast, ex-
pression of Gyc-88E dsRNA in either Gyc-89Da or Gyc-
89Db neurons significantly delayed the response to
hypoxia at 0, 5, and 10% O2 concentrations, but no
difference was seen at 15% O2. When Gyc-88E RNAi
was expressed in both Gyc-89Da and Gyc-89Db neu-
rons, the response was not significantly different from
the expression of Gyc-88E RNAi in either population of
neurons alone (Figure 3A).

We also utilized fly lines that carried point mutations
in Gyc-88E. Because the two point mutations are homo-
zygous lethal (see materials and methods), we gen-
erated larvae that had each point mutation over a
deficiency that covered the Gyc-88E gene. These larvae
(Gyc-88ES451F/Df or Gyc-88EV474M/Df) also showed a sig-
nificant delay in their hypoxia escape response at 0, 5,
and 10% O2, compared to larvae that were heterozygous
for the deficiency or for either point mutation (Figure
3B). Similarly, larvae that were trans-heterozygous for
the two point mutations (Gyc-88ES451F/Gyc-88EV474M)
also showed significantly longer delays in leaving the
food at 0, 5, and 10% O2 compared to their heterozy-
gous controls (Figure 3C). As with the Gyc-88E RNAi-
expressing larvae, no differences in the escape response
were detected at 15% O2. To confirm that this delay was
due to the loss of Gyc-88E function, we expressed wild-
type Gyc-88E in either Gyc-89Da or Gyc-89Db neurons
in the trans-heterozygote background (Figure 3C). This
fully rescued the hypoxia escape response. We also
generated larvae that had either the Gyc-88E deficiency
or each Gyc-88E point mutation trans-heterozygous to
the Gyc-89Da�/�Db�/� double mutation (Gyc-88E Df/
Gyc-89Da- Gyc-89Db-, Gyc-88ES451F/Gyc-89Da- Gyc-89Db-,
Gyc-88EV474M/Gyc-89Da- Gyc-89Db-). All these larvae

Figure 2.—Gyc-89Da and Gyc-89Db are re-
quired for a normal hypoxia escape response.
The time taken for third-instar larvae to exit yeast
paste when exposed to four different O2 concen-
trations, 0, 5, 10, and 15%, was measured. (A)
Gyc-89Da and Gyc-89Db single and double mu-
tants. Single Gyc-89Da�/� and Gyc-89Db�/� mu-
tant larvae (green and blue, respectively), as
well as double Gyc-89Da�/�Db�/� mutant larvae
(red), took significantly longer to withdraw from
the food compared to control wild-type larvae
(black) at 0, 5, and 10% O2 (P , 0.0001). At
15% O2 only the Gyc-89Da�/�Db�/� double mu-
tant larvae showed a significant delay compared
to control larvae (P , 0.01). (B) Rescue of Gyc-
89Da single mutants. The increased response
time in Gyc-89Da�/� mutant larvae (green solid
line) was rescued by expressing either the Gyc-
89Da (green dashed/dotted lines) or Gyc-89Db
cDNA (blue dashed/dotted lines) in either the
Gyc-89Da (dashed lines) or Gyc-89Db (dotted
lines) neurons in the Gyc-89Da�/� mutant back-
ground at 0, 5, and 10% O2. (C) Rescue of Gyc-
89Db single mutants. Similarly, the increased re-
sponse time in Gyc-89Db�/� mutant larvae (blue
solid line) was rescued by expressing either the
Gyc-89Db (blue dashed/dotted lines) or Gyc-
89Da cDNA (green dashed/dotted lines) in
the Gyc-89Db (dashed lines) or Gyc-89Da (dot-
ted lines) neurons in the Gyc-89Db�/� back-
ground at 0, 5, and 10% O2. (D) Rescue of

Gyc-89Da�/�Db�/� double mutants. Expression of either Gyc-89Da (green dashed/dotted lines) or Gyc-89Db (blue dashed/dotted
lines) subunits into either Gyc-89Da or Gyc-89Db neurons (dashed lines for the correct expression, dotted lines for the reversed
rescue) in the double Gyc-89Da�/�Db�/� mutant larvae (red solid line) significantly decreased the time of response concentration
compared to wild-type control larvae (P , 0.001). All values show mean 6 SEM. n¼ 40-60 for mutant fly lines; N¼20-25 for rescue
fly lines.
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showed a significant delay in their hypoxia escape
response at 0, 5, and 10% O2 compared to controls
(Figure 3D).

The hypoxia escape response is mediated via cGMP
and cGMP-gated ion channels but not via the cGMP-
dependent kinases: Since guanylyl cyclases catalyze the
synthesis of cGMP, we examined whether reduced levels
of cGMP in the Gyc-89Da and the Gyc-89Db neurons
account for the reduced ability of these larvae to respond
to hypoxia. We reduced cGMP levels by expressing bovine
phosphodiesterase 5 (bPDE5, a cGMP-specific PDE)
in either or both of these populations of neurons.
Previous studies using this construct to express bPDE5
in Malpighian tubules, the osmoregulatory and de-
toxifying organs of flies (Dow and Davies 2003),
resulted in reduced cGMP levels and activity, similar to
the effects of sGC inhibitors (Broderick et al. 2004).

We made stable double homozygous fly lines (Gyc-
89DaGAL4; UASbPDE5 and Gyc-89DbGAL4; UASbPDE5) and
examined the effect of hypoxia on these larvae. The
expression of bPDE5 in Gyc-89Da or Gyc-89Db neurons
had no apparent effect on locomotion, fly development,
or survival, and the adults eclosed at the same time as
their parental controls (data not shown). Larvae ex-
pressing bPDE5 in either Gyc-89Da or Gyc-89Db neu-

rons took significantly longer to respond to hypoxia at 0,
5 (data not shown), and 10% (Figure 4A) O2 concen-
trations compared to the parental control GAL4 and
UAS larvae. In addition, there were no significant dif-
ferences in the escape time between the larvae express-
ing bPDE5 in either Gyc-89Da or Gyc-89Db neurons or
both populations of neurons (Figure 4A).

Downstream cellular targets of cGMP include the
cGMP-dependent protein kinases (cGKs) (Hofmann

2005) and cGMP-gated ion channels (Bradley et al.
2005). To investigate components of the cGMP-signaling
cascade in this behavioral response, we used RNAi to
reduce the expression of these downstream effectors.
When we expressed RNAi targeting two of the cGKs in
Drosophila, dg1 or dg2, in either the Gyc-89Da or Gyc-
89Db neurons, no significant effect on the hypoxia
escape response was observed (Figure 4B) suggesting
that these cGKs are not involved in this pathway.

Cyclic nucleotide-gated (CNG) channels bind cyclic
nucleotides to allow cations (mainly Ca21), to flow into
the cell and thus modulate signaling networks (Bradley

et al. 2005; Davies 2006; Davies and Terhzaz 2009).
Drosophila contains at least four genes that appear to
code for CNG channels. Two of these have been cloned
and characterized (cng and cng-like), while two additional

Figure 3.—Gyc-88E subunit is required for a
normal hypoxia escape response. (A) Gyc-88E
RNAi. Reducing Gyc-88E expression in Gyc-
89Da (green), Gyc-89Db (blue), or both sets of
neurons (red) using RNA interference signifi-
cantly increased the escape response at 0, 5,
and 10% O2 concentrations (P , 0.0001) but
had no effect at 15% O2 compared to controls
(Gyc-89DaGAL4, green dashed line; Gyc-89DbGAL4,
blue dashed line; and UASGyc-88E-ERNAi, black
dashed line). (B) Gyc-88E point mutations over
deficiencies. Larvae with one copy of the point
mutation (Gyc-88EV474M/Df in brown and Gyc-
88ES451F/Df in purple, continuous lines) took
significantly longer to withdraw from the food
compared to larvae with one wild-type copy of
Gyc-88E (Gyc-88E Df/1 in gray; Gyc-88EV474M/1
in brown; and Gyc-88ES451F/1 in purple; dashed
lines) at 0, 5, and 10% O2 (P , 0.0001). (C) Res-
cue of Gyc-88E point mutations. The Gyc-
88EV474M/S451F trans-heterozygote (red) shows a
significantly delayed response at 0, 5, and 10%
O2 (P , 0.0001) compared to either heterozy-
gote Gyc-88EV474M/1 (brown dashed line) and
Gyc-88E S452F/1 (purple dashed line) control lar-
vae that is restored by expressing wild-type Gyc-
88E in either Gyc-89Da or Gyc-89Db neurons
(solid green and blue lines, respectively) neurons.
(D) Gyc-88E point mutations and deficiencies
over Gyc-89Da�/�Db�/� double mutant. Larvae
trans-heterozygous for the Gyc-88E deficiency

and Gyc-89Da-Db- double mutant (red continuous line) took significantly longer to withdraw from the food compared to larvae
with only one Gyc-89Da and Gyc-89Db subunits (Gyc-89Da�Db�/1, red dashed line) and larvae with one copy of Gyc-88E (same
controls as in 3B) at 0, 5, and 10% O2 (P , 0.0001). Similarly, larvae trans-heterozygous for the Gyc-88E point mutations and the Gyc-
89Da-Db- double mutant (Gyc-88EV474M/Gyc-89Da-Db- in brown and Gyc-88ES451F/Gyc-89Da-Db- in purple) also showed significantly
increased escape times. All values show mean 6 SEM. N ¼ 20–25.
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genes (CG3536 and CG17922) have been identified
from sequencing the Drosophila genome (Morton and
Hudson 2002). cng encodes a cGMP-sensitive homo-
meric ion channel, similar to the vertebrate CNG3, that
is 50-fold more sensitive to cGMP than to cAMP
(Baumann et al. 1994). The cng-like gene, by contrast, is

similar to the mammalian CNG channel b-subunit; it
does not form functional homomeric channels and is
predicted to form a heteromeric channel specific to
cAMP (Miyazu et al. 2000). Sequence analysis suggests
that CG3536 and CG17922 have little selectivity toward
cGMP or cAMP (Morton and Hudson 2002).

Figure 4.—A normal hypoxia escape response depends on cGMP, cGMP-gated ion channels but not cGMP-dependent protein
kinases. The time taken for third-instar larvae to escape from yeast paste when exposed to 10% O2 was recorded. Because previous
experiments showed the largest effect at 10% O2, all escape response times are shown only at this concentration. (A) Expression of
a bovine phosphodiesterase 5 (bPDE5) in either the Gyc-89Da or Gyc-89Db neurons increased the hypoxia escape response. A
significant (P , 0.01) increased latency was measured when bPDE5 was expressed in either the Gyc-89Da or Gyc-89Db (light
shading) or both sets of neurons (dark shading) when compared to parental Gyc-89DaGAL4, Gyc-89DbGAL4, and UASbPDE5 controls.
(B) Reduced levels of the cGMP-dependent protein kinases dg1 and dg2 had no effect on the hypoxia escape response. dsRNA
complementary to dg1 and dg2 was expressed in either Gyc-89Da or Gyc-89Db neurons and the hypoxia escape response compared
to parental Gyc-89DaGAL4, Gyc-89DbGAL4, UASdg1, and UASdg2 controls. (C–E) The CNG channel is required for a normal hypoxia
escape response. (C) RNAi for a variety of cyclic nucleotide-gated ion channels was expressed in either the Gyc-89Da (top) or
Gyc-89Db (bottom) neurons. Several lines for each of the four predicted CNG channels were tested: GAL4 control (open),
cng (light shading), cng-like (medium light shading), CG17992 (medium dark shading), and CG3536 (solid bars). The escape re-
sponse was significantly delayed when the cGMP-specific cng subunit was downregulated using one of the UASRNAi lines (line
CNG101745, P , 0.01). P values compared to Gyc-89DaGAL4 (top) and Gyc-89DbGAL4 (bottom) controls. (D) Schematic showing the
position of known genes (solid boxes), cng (arrow marking the shaded box), and the relative sizes and positions of the cng deficien-
cies (shaded lines). (E) Genetic interaction between Gyc-89Da/Db and cng. Larvae that were trans-heterozygous for the Gyc-89Da,
Gyc-89Db, and a variety of deficiencies that covered the cng gene (shaded) took significantly longer to withdraw from the food com-
pared to larvae that were heterozygous for either gene at 10% O2 (P , 0.05). The x-axis indicates the genotype of the larvae, and the
y-axis the time (seconds) that the larvae took to completely exit the yeast. All values show mean 6 SEM. n ¼ 20–25.
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There are three available RNAi lines for cng, one for
cng-like, one for CG3536, and three for CG17922. When
we expressed these in either the Gyc-89Da or Gyc-89Db
neurons we found no apparent effect on locomotion, fly
development, or survival (data not shown). Expression
of one of the cng dsRNA sequence (RNAi line 101745)
in either Gyc-89Da or Gyc-89Db neurons significantly
delayed the response to hypoxia at 10% O2. Down-
regulation of any of the other three (cng-like, CG3536,
and CG17922) CNG channels had no significant effect
on the hypoxia escape response (Figure 4C). If cng acts
in the same pathway as the atypical sGCs, we would
expect that there would be a genetic interaction
between these genes. To test this we generated larvae
that were trans-heterozygous for the Gyc-89Da/Db de-
ficiency with a deficiency covering the cng gene (Figure
4D). These larvae also showed significant delays in their
hypoxia escape response at 10% O2 (Figure 4E).

Activation of the Gyc-89Da neurons is sufficient to
trigger the hypoxia escape response: Channel-rhodopsin
2 (ChR2), a light-activated cation channel, has been used
to study the roles of neurons in their native circuitry
(Nagel et al. 2005). To determine whether we could
trigger the hypoxia escape response by directly activat-
ing the neurons that express the atypical sGCs, we
expressed a mutated form of ChR2 (ChR2-H134R) using
the Gyc-89Da–GAL4 driver. ChR2-H134R shows en-
hanced responses to blue light pulses and less spike
frequency adaptation than neurons expressing ChR2
(Pulver et al. 2009). Larvae expressing ChR2-H134R
in the Gyc-89Da neurons were placed in yeast paste
and illuminated with pulses of blue light. They quickly
responded to the blue light by crawling out of yeast
(see movie in File S1), similar to the behavior seen at low
O2 concentrations. We varied the light pulse length and
time between pulses and found that optimal stimulation
was achieved with a pulse of 10 msec and a pulse sep-
aration of 50 msec (Figure 5). This corresponds to a
stimulation frequency of 17 Hz and triggered 100% of
the larvae to leave the yeast within the 50-sec stimulation
period. When larvae expressing ChR2-H134R in the
Gyc-89Db neurons were stimulated in a similar fashion,
they did not exit the food at a higher frequency than
control animals. Whether this was due to insufficient
expression of ChR2 or whether activation of all the
Gyc-89Db neurons is insufficient to activate the behav-
ior is not clear at this time.

Abrupt changes in O2 levels reduce stopping and
turning frequencies in Drosophila larvae and require
the atypical sCGs: During most of the larval phase,
Drosophila larvae remain immersed within the food
source and feed constantly (Sokolowski et al. 1984).
Food-associated taxis behaviors induced by tempera-
ture (Ainsley et al. 2008), odorants (Fishilevich et al.
2005), and light (Busto et al. 1999) require that the
animal integrates sensory inputs from its current
environment for comparison with previously estab-

lished environmental set points associated with a food
source.

One foraging strategy used by larvae to fine tune their
spatial position in order to reorient in the direction of a
food source is to perform changes in their stopping and
turning behaviors (Yang et al. 2000). By measuring the
number of stops and turns that a larva makes when
exposed to a change in environment, we conducted a
quantitative assessment of exploratory behavior in re-
sponse to a uniform O2 shift (Ainsley et al. 2008). In the
absence of food and O2 shift, wild-type larvae showed an
area-restricted search (ARS) behavior with a high
number of stops and turns. This number significantly
decreased when exposed to an O2 downshift or upshift
from 21% O2 (Figure 6A). A change of only 1% (either
up or down) was sufficient to trigger this change and
shifts of larger magnitude had little additional effect.

We then tested the responses of Gyc-89Da�/� and Gyc-
89Db�/� mutant larvae to shifts in O2 concentration.
When Gyc-89Da�/� mutant larvae were shifted to mildly
hypoxic (17–20% O2) or hyperoxic (22–30% O2)
conditions, they responded in the same manner as
wild-type animals, with a significant reduction in the
number of stops and turns. By contrast, when they were
shifted to a more severe hypoxic environment (11–15%
O2), they showed no behavioral response and main-
tained their ARS behavior (Figure 6A). When these
manipulations were carried out on Gyc-89Db�/�mutant

Figure 5.—Activation of the Gyc-89Da neurons is sufficient
to trigger the hypoxia escape response. Channel-rhodopsin 2
(ChR-2-H134R) was expressed in Gyc-89Da neurons and
third-instar larvae allowed to feed in yeast paste. They were
then exposed to pulses of blue light (470 nm, 10 msec long)
for 50 sec delivered at 0- to 100-msec pulse separation and the
number of larvae leaving the food during the stimulus time
was recorded. Up to 100% of the larvae expressing ChR-2
in the Gyc-89Da neurons (green) could be driven out from
the food whereas control (w1118) larvae (black) rarely exited
the food during light stimulation. Values plotted as the
mean 6 SEM, n ¼ 12–42.
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larvae, a complementary pattern was observed. No
behavioral response was detected at mildly hypoxic
(17–20% O2) or hyperoxic (22–30% O2) conditions,
whereas they responded to the more severe hypoxic
environment (11–15% O2) with a similar response to
wild-type larvae, reducing their stops and turns (Figure
6A). These results suggest that Gyc-89Da is responsible
for detecting changes in oxygen concentration between
11 and 15% O2, whereas Gyc-89Db signals changes
between 17 and 30% O2.

To confirm these results, we focused on the behav-
ioral responses seen for three different shifts in oxygen
concentration: downshifts from 21% to either 15 or 19%
O2 and an upshift from 21 to 25% O2 (Figures 6, B–D)
and recorded the numbers of stops and turns per-
formed by the larvae. With a downshift from 21 to 15%
O2, Gyc-89Da�/� mutant larvae failed to show a reduc-
tion in the number of stops and turns, whereas Gyc-
89Db�/� mutant larvae responded in the same way as
wild-type larvae (Figure 6B). When Gyc-89Da was ex-

Figure 6.—Gyc-89Da and Gyc-89Db mutants respond differently to abrupt changes in O2 levels. A quantitative assessment of
larval exploratory behavior in response to a uniform O2 shift was measured as the number of stops and turns in the first 2 min after
the shift. (A) Number of stops/turns at different O2 shifts (21% to the O2 concentration indicated on the x-axis) for wild-type
larvae (black), Gyc-89Da�/� mutants (green), and Gyc-89Db�/� mutants (blue). Gray lines indicate the shifts used in B, C, and D.
(B) Number of stops and turns for larvae downshifted from 21 to 15% O2. Wild-type and Gyc-89Db�/� mutant larvae showed a
reduced number of stops and turns. Gyc-89Da�/� mutant larvae, by contrast, maintained a significantly higher number of stops
and turns compared to wild-type controls, which were rescued by expressing Gyc-89Da or Gyc-89Db in the Gyc-89Da neurons
(DaGAL4, UASDa and DaGAL4, UASDb) but not in the Gyc-89Db neurons (DbGAL4, UASDa and DbGAL4, UASDb) (P , 0.0001). (C and D)
number of stops and turns when larvae were downshifted from 21 to 19% O2 (C) or upshifted from 21% to 25% (D). Wild-type and
Gyc-89Da�/� mutant larvae showed a reduced number of stops and turns. Gyc-89Db�/� mutant larvae, by contrast, maintained a
significantly higher number of stops and turns compared to wild-type controls. As in B the wild-type response was restored by
expressing Gyc-89Db or Gyc-89Da in the correct neurons (Gyc-89Db neurons in this case) (DbGAL4, UASDb and DbGAL4, UASDa),
but not if expressed in the incorrect neurons (DaGAL4, UASDb and DaGAL4, UASDa) (P , 0.0001). Wild-type controls shown in black,
Gyc-89Da�/� mutants green, and Gyc-89Db�/� mutants blue. Data represented as mean 6 SEM, n ¼ 20–24.
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pressed in the Gyc-89Da neurons of Gyc-89Da�/� mu-
tant larvae, the behavioral response was restored (Fig-
ure 6B). Similarly, the behavioral response was restored
when Gyc-89Db was expressed in Gyc-89Da neurons
(wrong subunit in the correct neuron). However, the
response was not restored by expressing either Gyc-
89Da or Gyc-89Db in the Gyc-89Db neurons (either
subunit in the wrong neuron) (Figure 6B). For the
milder downshift from 21 to 19% O2 (Figure 6C) and for
the upshift from 21 to 25% O2 (Figure 6D), Gyc-89Db�/�

mutants showed no response, which was rescued by
expressing Gyc-89Db in the Gyc-89Db neurons. By
contrast, the Gyc-89Da�/� mutants showed normal re-
sponses to both stimuli (Figure 6, C and D). As with the
more severe downshift, when the wrong subunit was
expressed in the correct neurons (Gyc-89Da in the Gyc-
89Db neurons) the behavioral response was restored.
Similarly, when either subunit was expressed in the
wrong neuron (Gyc-89Da or Gyc-89Db in the Gyc-89Da
neurons) the behavioral response was not restored
(Figure 6, C and D).

DISCUSSION

The atypical sGCs are required for a normal hypoxia
escape response: In a wide variety of eukaryotic and
prokaryotic cells, heme-containing proteins are used
to detect varying levels of O2, CO, and NO (Gilles-
González and González 2005). Conventional sGCs are
heme proteins that bind, and are regulated by NO and
CO, but are unable to bind O2 (Boon et al. 2005).
Recent studies have identified the atypical sGCs in C.
elegans and Drosophila as likely molecular O2 sensors
that can bind and are regulated by O2 (Gray et al. 2004;
Morton 2004b; Vermehren et al. 2006; Huang et al.
2007; Zimmer et al. 2009). Results described here show
that in Drosophila, like C. elegans, the atypical sGCs are
required for behavioral responses to hypoxia. Larvae
with disrupted expression of Gyc-88E, Gyc-89Da, or Gyc-
89Db subunits showed a significant delay in their
hypoxia escape response when compared to wild-type
larvae, and this delay was further increased by combin-
ing the mutated genes for each subunit. Gyc-89Da
and Gyc-89Db were disrupted with transposon inser-
tions either within the coding region (Gyc-89Db) or
within an intron (Gyc-89Da) of the gene. Both mutant
lines showed a substantial reduction in the levels of
transcript for the disrupted gene. We also recombined
these two insertions to generate a Gyc-89Da�/�Db�/�

double mutant, which showed a significant reduction in
the levels of Gyc-89Da and Gyc-89Db.

To reduce the expression of Gyc-88E, we expressed
Gyc-88E RNAi in either or both of the neurons that
express Gyc-89Da and Gyc-89Db. We also obtained point
mutations in the highly conserved catalytic domain of
Gyc-88E and showed that the mutated residues were

required for enzyme activity. Modeling the structure of
sGC catalytic domains has shown that residues from
both subunits interact with the GTP substrate, with
specific residues being provided by the a-subunit and
others provided by the b-subunit (Liu et al. 1997).
Although Gyc-88E can form active homodimers, its cata-
lytic activity is substantially lower compared to the hetero-
dimers, where it functions as an a-subunit (Morton and
Anderson 2003; Morton 2004b). Both mutated residues
are located very close to residues that are required for
GTP binding and specificity (Liu et al. 1997; Morton

and Hudson 2002).
We showed that the increased time taken to respond

to hypoxia in each of the mutant lines was rescued by

Figure 7.—Neurons innervating the larval sensory cones
co-express Gyc-89Da and Gyc-89Db. (A) Schematic of a dorsal
view of a Drosophila larva showing central and peripheral
neurons expressing Gyc-88E/Gyc-89Da (red), Gyc-88E/Gyc-
89Db (green), and those co-expressing all three subunits (yel-
low). Anterior end is on the left and posterior end on the
right. Neurons that express Gyc-88E plus only Gyc-89Da or
Gyc-89Db are found in the gustatory and olfactory ganglia, ab-
dominal segments of the lateral body wall, and the CNS. The
only neurons that express all three atypical sGC subunits are
sensory neurons on the thoracic body wall and the terminal
sensory cones. (B) Scanning electron micrograph of a larval
terminal sensory cone showing what appears to be a terminal
pore in the peg (p). (C) Confocal fluorescent micrograph
showing the colocalization of Gyc-89Da and Gyc-89Db in the
neuron innervating a larval terminal sensory cone. Overlay of two
confocal stacks (Gyc-89Da-GFP and Gyc-89DbGAL4, UAS dsRED).
(D) Light micrograph of the same chemosensory cone
shown in B. Bars measure 20 mm in C and D, and 25 mm
in B.
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expressing the subunit that was disrupted. In addition,
for the Gyc-89Da and the Gyc-89Db mutants, we could
rescue the mutant phenotypes by expressing the com-
plementary subunit, suggesting that they are func-
tionally equivalent. Biochemical experiments using
transiently transfected subunits in heterologous cells
have also demonstrated that Gyc-89Da and Gyc-89Db
are functionally equivalent (Langlais et al. 2004;
Morton et al. 2005).

The hypoxia escape response also required an in-
crease in cGMP in the Gyc-89Da and the Gyc-89Db
neurons and was likely mediated by the cGMP-gated ion
channel cng. Furthermore, our results showed this
pathway likely does not involve the cGKs DG1 or DG2,
as we observed no change in the hypoxia escape re-
sponse when dg1 or dg2 RNAi was expressed in either
Gyc-89Da or Gyc-89Db neurons. It is possible that
another cGK might be involved, since the Drosophila
genome contains an additional gene predicted to code
for a cGK (Morton and Hudson 2002).

We hypothesize that cGMP-dependent activation of
cng in response to reduced oxygen levels activates
specific sensory neurons that activate the escape re-
sponse. By using channel rhodopsin-2 to selectively
activate neurons that express Gyc-89Da, we could trigger
a behavioral response that mimicked the effect of
reduced oxygen. The above experiments show that the
atypical sGCs are required for the hypoxia escape
response and that activation of the Gyc-89Da neurons
are sufficient to activate the response.

Gyc-89Da and Gyc-89Db have different effects on
oxygen-stimulated changes in crawling and searching
behavior: As described above, Gyc-89Da and Gyc-89Db
appear to be functionally redundant, despite having a
broadly nonoverlapping expression pattern. It was
therefore surprising to observe slightly different effects
of mutations in these genes when we examined the
responses of crawling larvae to changes in oxygen. In
the absence of food, Drosophila larvae exhibit food
searching behavior during which bouts of crawling

forward are interrupted by frequent stops, turns, and
moving the head from side to side (Ainsley et al. 2003).
When a larva experiences a potentially deleterious
environment, such as low oxygen, it responds by re-
ducing the number of stops and turns that it makes.
Both hypoxic and hyperoxic environments elicit this
response in wild-type larvae. In larvae that are mutant
for either Gyc-89Da or Gyc-89Db, this response is de-
fective, but the concentrations of oxygen at which the
response is defective differ depending on the sGC
subunit that is affected. Gyc-89Da is required for
responses in the range of 11–16% oxygen, whereas
Gyc-89Db is required for responses to both mild hypoxia
(18–20% oxygen) and hyperoxia (22–30% oxygen). As
with the hypoxia escape response, these defective re-
sponses could be rescued by expressing the correct
subunit in the correct cells. Similarly, expressing the
incorrect subunit in the correct cell rescued the re-
sponse. This latter result is somewhat surprising and
contrasts to findings from C. elegans. Preferences for
different oxygen concentrations and responses to oxy-
gen upshifts and downshifts are mediated by specific
atypical sGCs and sensory neurons (Gray et al. 2004;
Zimmer et al. 2009). In nematodes, however, the identity
of the subunit appeared to be critical for the correct
response to either upshifts or downshifts (Zimmer et al.
2009). In Drosophila larvae Gyc-89Da mutants failed to
respond to a 21–15% downshift, which could be rescued
by either Gyc-89Da or Gyc-89Db. Gyc-89Db mutants
failed to respond to 21–25% upshift, which could also be
rescued by either Gyc-89Da or Gyc-89Db. In both cases
restoration of the response was not seen if the subunits
were expressed in the incorrect cells. This is also in
contrast to the molecular basis for odor coding in the
antennae of Drosophila where the odor receptor deter-
mines the odor specificity of a neuron and the response
characteristics of a neuron can be changed by changing
the receptors expressed in that cell (Hallem et al. 2004).

Sensory cones are strong candidates for the O2

sensors mediating the hypoxia escape response: Gyc-

TABLE 1

Summary of the role of Gyc-89Da and Gyc-89Db and the neurons in which they are expressed during the hypoxia escape
response and changes in ARS behavior responses to hypoxia and hyperoxia

Gyc-89Da�/� mutant Gyc-89Db�/� mutant

DaGAL4 UASDa DaGAL4 UASDb DbGAL4 UASDa DbGAL4 UASDb DaGAL4 UASDa DaGAL4 UASDb DbGAL4 UASDa DbGAL4 UASDb

Hypoxia escape response rescued
Yes Yes Yes Yes Yes Yes Yes Yes

ARS behavior rescued
21%-15% Yes Yes No No ND ND ND ND
21%-19% ND ND ND ND No No Yes Yes
21%-24% ND ND ND ND No No Yes Yes

The hypoxia escape response was rescued at all oxygen concentrations when either subunit was expressed in either Gyc-89Da or
Gyc-89Db neurons in both mutants. By contrast the area restricted search (ARS) behavior was rescued by either subunit but only if
it was expressed in the correct neurons for that mutation. ND, not determined.
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89Da and Gyc-89Db subunits are expressed extensively
in the Drosophila nervous system, in both central and
peripheral neurons (Langlais et al. 2004; Morton et al.
2008) (for a schematic see Figure 7A). There are
relatively few cells that co-express both subunits. Be-
cause of this broadly nonoverlapping expression pat-
tern of Gyc-89Da and Gyc-89Db, it was possible to
express either subunit in both the correct and incorrect
cells. All possible combinations fully rescued the hyp-
oxia escape response. For example, in the Gyc-89Db
mutant, expression of either Gyc-89Da or Gyc-89Db in
either the Gyc-89Da or the Gyc-89Db neurons rescued
the response. Similarly, we could rescue the Gyc-88E
point mutations by expressing Gyc-88E in either Gyc-
89Da or Gyc-89Db neurons. In addition, manipulations
of the cGMP levels and the levels of the Gyc-88E and cng
had the same effects whether these manipulations were
to Gyc-89Da, Gyc-89Db neurons, or both populations.
This suggests that both populations of neurons are
functionally equivalent to each other. These results
contrasted to those where we attempted to rescue the
response to oxygen-stimulated changes in crawling and
searching behaviors. For this behavior, as described
above, the Gyc-89Da and Gyc-89Db subunits were
equivalent to each other; however, the cells in which
they were expressed were not (see Table 1 for summary).

The simplest explanation for these results is that the
cells that co-express both Gyc-89Da and Gyc-89Db
subunits are the ones that mediate the hypoxia escape
response, whereas the cells that express only Gyc-89Da
are involved in dispersal responses to more severe
hypoxia, while those that express only Gyc-89Db are
involved in dispersal behaviors to mild hypoxia and
hyperoxia. Our previous studies identified a small sub-
set of neurons that co-expressed both Gyc-89Da and
Gyc-89Db subunits (Morton et al. 2008) (see schematic
in Figure 7A). These include two sensory neurons on
either side of the thoracic segments innervating baso-
conical sensilla and single sensory neurons innervating
each of the seven pairs of terminal sensory cones on the
posterior two abdominal segments (Morton et al.
2008). These terminal sensory cones stick out of the
food when the larvae are feeding in their vertical
position, putting them in an ideal location to sense
changes in O2 concentrations in their surrounding en-
vironment. Insect chemoreceptors are afferent neurons
that are contained within cuticular structures called
sensilla, small hollow hairs or pegs bearing one or more
pores through their interior, and each containing 2–50
chemosensory neurons (Rogers and Newland 2003).
Scanning electron microscopy of these terminal sensory
cones showed the existence of a small pore at the tip of
the peg located at the top of the sensory cone, suggest-
ing that it could function as a chemosensor (Figure 7B).
Confocal imaging using larvae expressing Gyc-89Da-
GFP and Gyc-89DbGAL4-UASdsRED showed colocalization
of Gyc-89Da and Gyc-89Db in a single neuron innervat-

ing each terminal sensory cones (Figure 7, C and D).
Due to their location and the co-expression of all three
subunits in these cells (Langlais et al. 2004; Morton

et al. 2008), we hypothesize that these are the neurons
that are responsible for detecting the reduced O2

concentrations and then signaling to the CNS to initiate
the escape response.

In summary, we have shown that the atypical sGC sub-
units are equivalent for a variety of behavioral responses
to changes in oxygen concentration. In all cases, the
Gyc-89Da and Gyc-89Db subunits appear to be func-
tionally equivalent to each other. By contrast, different
subsets of neurons that express these subunits are re-
quired to respond to the different stimuli.

The authors thank Dennis Hazelett, Philip Copenhaver, and Judy
Stewart for helpful discussions and comments on the manuscript. We
also thank L. C. Griffith (Brandeis University, MA) for the UASH134R-
ChR2 line, Stefan Pulver for help and advice with the channel-
rhodopsin activation experiments, Charles Scudder for designing
and building the LED stimulation controller, and John Mitchell for
taking the scanning EM images of the sensory cones. This study would
not have been possible without the resources available from FlyBase
and the Bloomington Stock Center. This research was supported by a
National Institute of Neurological Disorders and Stroke grant
NS29740 to D.B.M.

LITERATURE CITED

Ainsley, J., J. Pettus, D. Bosenko, C. Gerstein, N. Zinkevich et al.,
2003 Enhanced locomotion caused by loss of the Drosophila
DEG/ENaC protein Pickpocket1. Curr. Biol. 13: 1557–1563.

Ainsley, J., M. Kim, L. Wegman, J. Pettus and W. A. Johnson,
2008 Sensory mechanisms controlling the timing of larval de-
velopmental and behavioral transitions require the Drosophila
DEG/ENaC subunit, Pickpocket1. Dev. Biol. 322: 46–55.

Baumann, A., S. Frings, M. Godde, R. Seifert and U. Kaupp, 1994 Pri-
mary structure and functional expression of a Drosophila cyclic
nucleotide-gated channel present in eyes and antennae. EMBO
J. 13: 5040–5050.

Boon, E., S. Huang and M. Marletta, 2005 A molecular basis for
NO selectivity in soluble guanylate cyclase. Nature 1: 53–59.

Bradley, J., J. Reisert and S. Frings, 2005 Regulation of cyclic
nucleotide-gated channels. Curr. Opin. Neurobiol. 15: 343–349.

Brand, A., and N. Perrimon, 1993 Targeted gene expression as a
means of altering cell fates and generating dominant pheno-
types. Development 118: 401–415.

Broderick, K., L. Kean, J. Dow, N. Pyne and S. Davies,
2004 Ectopic expression of bovine type 5 phosphodiesterase
confers a renal phenotype in Drosophila. J. Biol. Chem. 279:
8159–8168.

Busto, M., B. Iyengar and A. Campos, 1999 Genetic dissection of
behavior: modulation of locomotion by light in the Drosophila
melanogaster larva requires genetically distinct visual system func-
tions. J. Neurosci. 19: 3337–3344.

Chang, A., N. Chronis, D. Karow, M. Marletta and C. Bargmann,
2006 A distributed chemosensory circuit for oxygen preference
in C. elegans. PLoS Biol. 4: e274.

Davies, S., 2006 Signalling via cGMP: lessons from Drosophila. Cell
Signal 18: 409–421.

Davies, S., and S. Terhzaz, 2009 Organellar calcium signalling
mechanisms in Drosophila epithelial function. J. Exp. Biol. 212:
387–400.

Dow, J., and S. Davies, 2003 Integrative physiology and functional
genomics of epithelial function in a genetic model organism.
Physiol. Rev. 83: 687–729.

Fishilevich, E., A. Domingos, K. Asahina, F. Naef, L. Vosshall

et al., 2005 Chemotaxis behavior mediated by single larval olfac-
tory neurons in Drosophila. Curr. Biol. 15: 2086–2096.

Guanylyl Cyclases Act as Neuronal Oxygen Sensors 195
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FIGURE S1.—Expression of Gyc-89Da, Gyc-89Db and Gyc-88E relative to actin and expressed as % of wild type controls. 

Total RNA was extracted from adult heads and 1 μg was used to prepare cDNA. After diluting the cDNA 1:4, 2 μl was used for 

the real-time PCR reaction. Results are the average of three separate RNA preparations. 
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FIGURE S2.—Non-linear relationship between Gyc-89Da/Db copy number and hypoxia escape response. Larvae with the 

genotypes shown in the following table were assayed for their hypoxia escape response as described in the methods section. Data 
from larvae with different genotypes, but the same number of wild type copies of Gyc-89Da or Gyc-89Db were pooled. When the 

results were plotted the data fitted exponential curves (B) better than linear regression (A) for all O2 concentrations tested. All 

values are mean ± SEM. N=20-60. 
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FILE S1 

Supporting Movie 

Three 3rd instar larvae were placed in a small pile of yeast on a layer of agar in a petri dish, the dish inverted and filmed with a 

video camera fitted with a red filter to reduce glare. The first portion of the movie shows wild type larvae (w1118) and the second 

portion shows larvae with ChR2-H134R expressed in the Gyc-89Da neurons. In both cases, when the caption “Light on” shows, 

the larvae were illuminated for 50s with a blue LED flashing at 17Hz.  
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TABLE S1  

List of primers used RT-PCR 

Primer Sequence Fragment size 

Gyc-89Da, 1st round 5’-TTCAGTGAATCCCATCCGGTGG-3’ 

5’-ATCGCCGGTGTACTTCGATA-3’ 

882 bp 

Gyc-89Da, 2nd round 5’-TGAATCTGCGAGAGAGGATGAG-3’ 

5’-CCAACTCGAATAGCCACGTC-3’ 

708 bp 

Gyc-89Db, 1st round 5’-AGTGCGGAGAACGCCAAGGAAG-3’ 

5’-CCTTCAGCGCAGTATAGTTGG-3’ 

889 bp 

Gyc-89Db, 2nd round 5’-GGCAGCCACCTCCAAGGACGAA-3’ 

5’-TTAATGCCCACCCGTATAGC-3’ 

714 bp 

-actin, 1st - 2nd rounds 5’-TCGCAGTTCTACAGCGAAAG-3’ 

5’-AGGGCGTAACCCTCGTAGAT-3’ 

1132 bp gDNA 

592 bp cDNA 
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TABLE S2 

List of primers used real time PCR 

Primer Sequence Fragment size 

Gyc-89Da 5’-CGATGCTGTCTTAAACATGGACT-3’ 

5’-GAAGATCGACGTTCCCCAGT-3’ 

171 bp 

Gyc-89Db 5’-TGGCCTTAAGGGTGATGAAG-3’ 

5’-CAACCTTATAGCCCACCTTTTG-3’ 

237 bp 

Gyc-88E 5’-GTGCACATATCCGAGTCTACGA-3’ 

5’-GAGTCAACGGCTTGGATACAG-3’ 

238 bp 

-actin 5’-GGTGTGGTGCCAGATCTTCT-3’ 

5’-CAGAGCAAGCGTGGTATCCT-3’ 

150 bp 
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TABLE S3 

Escape response times for Gyc-89Da and Gyc-89Db single and double mutants compared to parental fly lines 

used for Gyc-89Da and Gyc-89Db rescue assays 

Mutant backgrounds 

 Gyc-89Da Gyc-89Db Gyc-89Da/Db  

 91.93 ± 10.09 86.98 ± 7.02 178.5 ± 17.81 0% 

-/- 121.8 ± 9.53 128.3 ±12.28 243.8 ± 23.14 5% 

 144.1 ± 13.13 128.9 ± 13.08 233.5 ± 26.11 10% 

 96.70 ± 9.403 93.60 ± 14.93  167.3 ± 23.92  0% 

DaGAL4;-/- 136.40 ± 19.77 139.7 ± 20.47 209.30 ± 31.76 5% 

 141.0 ± 15.84 120.8 ± 20.18 235.2 ± 30.80 10% 

 ND 91.95 ± 11.24 180.7 ± 27.45 0% 

DbGAL4;-/- ND 142.60 ± 19.84 216.40 ± 33.16 5% 

 ND 118.7 ± 16.18 224.1 ± 36.67 10% 

 95.20 ± 19.29 84.65 ± 11.50 182.10 ± 24.71  0% 

UASDa;-/- 129.40 ± 13.83 133.70 ± 19.97 221.50 ± 33.11 5% 

 134.6 ± 45.42 115.8 ± 14.57 225.1 ± 30.39 10% 

 ND 93.60 ± 11.11 177.40 ± 28.44 0% 

UASDb;-/- ND 147.3 ± 22.45 217.20 ± 28.00 5% 

 ND 113.2 ± 19.43 206.2 ± 33.49 10% 

Values represent mean ± SEM at three O2 concentrations (0%, 5% and 10%). (-/-) represents mutant backgrounds (N=40); 

(DaGAL4;-/- and DbGAL4;-/-) represents the GAL4 construct in the different mutant backgrounds (N=20), and (UASDa;-/- and 
UASDb;-/-) represents the UAS construct in the mutant background (N=20). ND = not determined (90% of animals were 

DbGAL4;-/Sb or UASDb;-/Sb) 


