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Abstract

Increasing evidence indicates that the white (w) gene in Drosophila possesses extra-retinal

functions in addition to its classical role in eye pigmentation. We have previously shown that

w+ promotes fast and consistent locomotor recovery from anoxia, but how w+ modulates

locomotor recovery is largely unknown. Here we show that in the absence of w+, several

PDE mutants, especially cyclic guanosine monophosphate (cGMP)-specific PDE mutants,

display wildtype-like fast locomotor recovery from anoxia, and that during the night time,

locomotor recovery was light-sensitive in white-eyed mutant w1118, and light-insensitive in

PDE mutants under w1118 background. Data indicate the involvement of cGMP in the mod-

ulation of recovery timing and presumably, light-evoked cGMP fluctuation is associated with

light sensitivity of locomotor recovery. This was further supported by the observations that

w-RNAi-induced delay of locomotor recovery was completely eliminated by upregulation of

cGMP through multiple approaches, including PDE mutation, simultaneous overexpression

of an atypical soluble guanylyl cyclase Gyc88E, or sildenafil feeding. Lastly, prolonged sil-

denafil feeding promoted fast locomotor recovery from anoxia in w1118. Taken together,

these data suggest that a White-cGMP interaction modulates the timing of locomotor recov-

ery from anoxia.

Introduction

The Drosophila white (w) gene encodes a hemi-unit of an ATP-binding cassette transporter

(ABC transporter) which is proposed to transport a variety of small molecules including pig-

ment precursors, 3-hydrokynurenine and bio-amines [1–6]. In addition to its classical role in

eye pigmentation [7–9], increasing evidence indicates that the w gene has extra-retinal func-

tions in the central nervous system (CNS) [4, 10–12]. We have recently shown that w+ is asso-

ciated with fast and consistent locomotor recovery from anoxia in adult flies [13]. In fact, the

high consistency of locomotion and electrophysiological performance has been a significant

characteristic of wildtype Canton-S (CS) [14–19]. It is possible that the White protein possesses

a housekeeping function in promoting appropriately timed release of second messengers or

neurotransmitters and improving signaling efficacy during anoxic recovery. However, little is
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known about the specific substrates that might interact with White protein to promote fast

and consistent locomotor recovery from anoxia.

In Drosophila larvae, cyclic guanosine monophosphate (cGMP) mediates escape responses

from hypoxia [20]. cGMP can be transported by White protein into vesicles in the principle

cells of Malpighian tubules [21]. These findings suggest a hypothesis that a White—cGMP

interaction could occur in adult flies and mediate locomotor responses to anoxia. Behavioral

modulations by cGMP are well-documented. Upregulation of cGMP increases ion conduc-

tance and depolarizes membrane potential in Xenopus oocytes, and promotes muscle contrac-

tion in C. elegans [22]. High levels of cGMP activate cGMP-dependent protein kinase and

promote locomotion while feeding in larvae and adult flies [23, 24]. Increased cGMP promotes

fast onset of anoxic coma via a cGMP-activated protein kinase [25]. In addition, genes for

cGMP-specific phosphodiesterases (PDEs) have been identified in Drosophila [26, 27]. The

PDEs rapidly hydrolyze cGMP upon light stimulation in the vertebrate phototransduction

pathway [28–32]. Although cGMP is unlikely to be involved in Drosophila phototransduction

[33–35], the existence of multiple cGMP-specific PDE genes as well as their expression in the

CNS [26, 36] implies a functional conservation of PDEs in modulating cGMP levels in Dro-
sophila. Therefore, there is a high probability that a White—cGMP interaction promotes fast

and consistent locomotor recovery from anoxia.

Using multiple approaches, we examined the hypothesized White-cGMP interaction in the

locomotor recovery from anoxia in adult flies. We show that several PDE mutants, especially

cGMP-specific PDE mutants, display wildtype-like fast locomotor recovery, and that locomo-

tor recovery of w1118 was light-sensitive in the night, which was abolished in PDE mutants. In

addition, Pde1c mutation or simultaneous overexpression of an atypical guanylyl cyclase

Gyc88E eliminated the delay of locomotor recovery induced by RNAi knockdown of w. Feed-

ing with sildenafil, a potent inhibitor of cGMP-specific PDEs, suppressed the delay of locomo-

tor recovery induced by RNAi knockdown of w, and promoted fast locomotor recovery in

w1118.

Materials and Methods

Fly strains

Fly strains used for the experiments were CS (Bloomington stock center, #1), w1118 (L. Ser-

oude laboratory). Other flies and their sources include: UAS-w-RNAi (#31088), UAS-Gyc88E

(D.B. Morton laboratory), R50E11-Gal4 (#38750), and a collection of PDE mutants (listed in

S1 Table).

Most PDE mutants were backcrossed into w1118 background for ten egenrations according

to a previous protocol [37] except for Pde9 mutants. The available Pde9 mutants contain alleles

on the X chromosome with a genetic background of y1w67c23 or y1w�. The y1w67c23 showed

delayed locomotor recovery similar to that in w1118 (unpublished observations). Thus Pde9
mutants were added into the tests without serial backcrossing. Each mutant contains a mw+-

carrying transposon in the genome. Up to four copies of mw+ is insufficient to elicit fast and

consistent locomotor recovery [13]. Therefore, PDE mutation largely accounts for the timing

of locomotor recovery.

UAS-w-RNAi lines were backcrossed to w+;; TM3/TM6 to have target w+ involved. Firstly,

male RNAi flies were crossed into w+;; TM3/TM6, and male progeny (w+/y;; UAS-w-RNAi/

TM3) were backcrossed into w+;; TM3/TM6 for establishing w+;; UAS-w-RNAi stock.

All the flies were maintained on standard cornmeal medium at 21–23˚C in 12h/12h of

light/dark illumination (lights on at 7 am and off at 7 pm). Male flies were collected within two

days after emergence, transferred into fresh food vials and subject to locomotor assay at least
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three days after collection. A period of 3-day free of anoxic exposure was guaranteed before

locomotor assay. Tested flies were 3–9 days old.

Locomotor assay

Locomotor assays were performed by following a previously described protocol [17]. Briefly,

individual flies were loaded into small circular arenas (1.27 cm diameter and 0.3 cm depth).

We have built a Plexiglas plate with 128 arenas (8 × 16) in an area of 31 × 16 cm2. The bottom

side of plate was covered with thick filter paper, allowing air circulation. The fly plate was

secured in a larger chamber (48.0 × 41.5 × 0.6 cm3). Room air or pure nitrogen gas was

pumped in, homogenized and passed through 41.5 × 0.6 cm2 area at desired speed. We

exposed flies to a 30 s anoxia (a flow of pure nitrogen at 10 L/min) after five min regular loco-

motion. Flies were then allowed 1 hr for recovery. Duration of anoxia exposure was pre-deter-

mined by preliminary tests. We observed that all the flies were immobilized within 10–15 s

from the onset of anoxia. A flow of room air (2 L/min) was provided throughout the test except

during the anoxic exposure.

These settings allow simultaneous examination of multiple strains or genotypes, each con-

taining typically 8 or 16 flies. Locomotor activities were video-captured and the time to loco-

motor recovery was post-analyzed using custom-written fly tracking software [13, 17]. The

locomotor assay was performed in a room with relative humidity of 60–70%.

RT-PCR

RT-PCR was conducted to examine transcriptional changes in selected PDE mutants. Flies

(20–30 of both sexes at 4–7 days old) were homogenized for RNA extraction using Ambion

PureLink RNA mini kit (Cat. 12183020, Ambion). Total RNA (1 μg) was reverse transcribed

to cDNA by GoScript Reverse Transcription System (Cat. A5001, Promega). The target RNA

variants and primers were: Pde1c-RC (5’-GAGCCAGCAGGAGTATCTGT-3’, 5’-CGAACG

GAACTTGGGCTTCT-3’); Pde1c-RB,RD,RE,RG,RH,RJ,RK and RL (5’-GGATCATGAGA

CCGTTGCCT-3’, 5’-CGAACGGAACTTGGGCTTCT-3’); Pde6-RB, RC and RD (5’-

GCCAGTGCCGAGGAGATAAT-3’, 5’-AACACAGAGCACCTTTCGCA-3’); Pde9-RB, RD,

RE and RF (5’-CACTACAACGAGGTGCCCTT-3’, 5’-GTCCGCCACTTTGATCAGGA-3’).

Transcript of ribosomal protein L32 (RpL32) was used as loading control with primers 5’-

CACTACAACGAGGTGCCCTT-3’ and 5’-GTCCGCCACTTTGATCAGGA-3’. Taq DNA

polymerase (MB101-0500, GeneDireX) was used for PCR.

Light illumination

Most of the tests were performed under regular bright light illumination using a white light

box (Logan portaview slide/transparency viewer) during the light time (between 10 am and 4

pm). The selected time window was three hours away from the morning and the evening

peaks of locomotor activity [38]. A double layer of 600 nm filter film (Roscolux 26, Rosco Can-

ada) was used to generate dim red illumination for some of the experiments. Part of the experi-

ments was also conducted in the night between 10 pm and 4 am under either bright light or

dim red. The specific light illumination for each test was described in the text.

Sildenafil feeding

Sildenafil (PZ0003, Sigma-Aldrich) was prepared as a stock solution at 20 mM in dimethyl

sulfoxide (DMSO). Sildenafil was added at 1:100 (v/v) to the food at around 60˚C before hard-

ening. The final concentrations of sildenafil were 0, 1, 10 or 100 μM in the food. DMSO final
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concentration was controlled at 0.5% (v/v). In some of the tests, newly emerged male flies (0–2

days) were fed with the food containing sildenafil for four days (referred to as 4-day feeding).

In other tests, feeding was started from embryos and lasted throughout the life cycle and four

additional days after eclosion (life-cycle and 4-day feeding). Sildenafil-containing food vials

were freshly prepared for 4-day feeding or life-cycle feeding. Locomotor recovery was exam-

ined in the light time under bright light illumination.

Statistics

Because part of the data displayed non-Gaussian distribution, we presented data with scatter

dot plot and box plot (box and Whiskers of Min to Max). Nonparametric Mann-Whitney or

Kruskal-Wallis tests with Dunn’s multiple comparisons were performed to examine the differ-

ence of medians. P< 0.05 was considered significant differences between groups. The sample

size for a typical locomotor assay was 8 or 16, or otherwise indicated.

Results

PDE mutants under w1118 background displayed fast locomotor

recovery from anoxia

Although cGMP mediates behavioral responses to hypoxia in Drosophila larvae [20] and

increased cGMP promotes fast onset of anoxic coma in adult flies [25], it is unclear whether

cGMP modulates the speed of anoxic recovery. We tested this possibility by examining the

time to locomotor recovery in PDE mutants under w1118 genetic background. Intracellular

cGMP is hydrolyzed by the cGMP- or dual- specific (cGMP- and cAMP-specific) PDEs. A

total of 24 PDE mutants (S1 Table), each of which carries a specific allele at the locus of either

Pde1c, Pde6, Pde8, Pde9 or Pde11, were examined.

Four out of a total of 24 PDE mutants displayed wildtype-like fast locomotor recovery from

anoxia. Median time to recovery was 437.0 s (interquartile range (IQR) 344.0–496.0 s, n = 23)

in Pde1cKG05572, 508.5 s (IQR 422.0–655.3 s, n = 16) in Pde1cMI05025, 581.5 s (IQR 506.5–674.3

s, n = 16) in Pde6MB06146, and 553.5 s (IQR486.0–787.5 s, n = 16) in Pde9MI06972. These four

mutants showed similar time to recovery to CS (median 512.5 s, IQR 448.0–553.0 s, n = 16)

with insignificant difference, but shorter time to recovery than w1118 (median 1015.0 s, IQR

755.3–1797.0 s, n = 16) (Kruskal-Wallis tests with Dunn’s multiple comparison) (S1 Table).

The other tested PDE mutants displayed comparable or prolonged time to recovery compared

with CS, and similar time to recovery to w1118. Mutant Pde11e02198 showed severely prolonged

time to recovery compared to CS (P< 0.05, Kruskal-Wallis tests with Dunn’s multiple compar-

ison) or w1118 (P< 0.05, Kruskal-Wallis tests with Dunn’s multiple comparison). Perhaps

essential functions other than locomotor recovery were severely affected in Pde11e02198. It

should be noted that mutant Pde1cc04487, which is associated with male sterility and mating

behavioral defects [39], showed longer time to recovery than CS (P< 0.05, Kruskal-Wallis tests

with Dunn’s multiple comparison). Whereas the product of Pde1c is dual-specific, both Pde6
and Pde9 encode cGMP-specific PDEs, indicating that cGMP-specific PDE mutations are suffi-

cient for fast locomotor recovery. Taken together, four mutants (Pde1cKG05572, Pde1cMI05025,

Pde6MB06146 and Pde9MI06972) displayed wildtype-like fast locomotor recovery from anoxia.

Transcriptional downregulation in PDE mutants with wildtype-like

locomotor recovery

We examined the changes of transcription in the selected PDE mutants that displayed wild-

type-like locomotor recovery. Among nine variants of Pde1c messengers (Fig 1A), variant C

White - cGMP Interaction and Anoxic Recovery in Drosophila
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(Pde1c-RC) and variant H (Pde1c-RH) were down-regulated in Pde1cKG05572 compared with

w1118. Other individual variants including Pde1c-RL and RJ were likely unchanged (Fig 1D).

Down-regulation of Pde1c-RC in Pde1cKG05572 was less than in Pde1cc04487 [39] due to differ-

ent mutation sites. Pde6 transcripts (Pde6-RB, RC and RD) were reduced in Pde6MB06146 (Fig

1B and 1E). Pde9 transcripts (Pde9-RB, RD, RE and RF) were clearly down-regulated in

Pde9MI06972 (Fig 1C and 1F). Thus, down-regulation of PDE transcription was observed in the

mutants with the phenotype of wildtype-like locomotor recovery.

Fig 1. Transcriptional downregulation in PDE mutants. (A, B, C) Schematic gene structures and transcript variants for

Pde1c, Pde6 and Pde9 generated from online NCBI’s sequence viewer. Mutants (Pde1cKG05572, Pde6MB06146, Pde9MI06972)

and the sites for transposon insertion (red triangles) are illustrated. Part of the RNA regions are enlarged for the demonstration

of locations of insertions (red dash lines) and PCR primers (black arrows). (D, E, F) RT-PCR results between control (w1118)

and mutants. Transcriptional downregulation was observed in the mutants. RpL32: internal control.

doi:10.1371/journal.pone.0168361.g001
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Light sensitivity of locomotor recovery in w1118 in the night

The cGMP level is subject to light-evoked changes and circadian fluctuations in vertebrates

and invertebrates [31, 32, 40–43]. To examine the involvement of cGMP in locomotor recov-

ery in Drosophila, we tested the possible light sensitivity of locomotor recovery. Two different

illuminations, bright light and dim red (provided with a 600 nm long-pass filter), were applied.

Dim red illumination mimics darkness because flies are poorly sensitive to red light [44]. In

CS flies, median time to recovery under dim red was 549.0 s (IQR 461.0–566.5 s, n = 8), which

was statistically the same as time to recovery under bright light (median 518.5 s, IQR 490.0–

552.5 s, n = 8) (Fig 2A and 2B). In w1118, median time to recovery under dim red was 1005.0 s

(IQR 733.3–1148.0 s, n = 16), a level significantly shorter than that under bright light (median

1595.0 s, IQR 1474.0–2297.0 s, n = 21) (P< 0.0001, Mann-Whitney test) (Fig 2A and 2B).

Hence, locomotor recovery in w1118 but not CS displayed light sensitivity in the night.

During the daytime, time to recovery in CS under dim red (median 504.0 s, IQR 448.8–

537.8 s, n = 8) was similar to that under bright light (median 447.0 s, IQR 427.3–551.5 s, n = 8)

with no significant difference. Time to recovery in w1118 under dim red (median 717.0 s, IQR

441.5–977.5 s, n = 16) was also comparable with that under bright light (median 1001.0 s, IQR

690.5–1101.0 s, n = 16) with no statistical difference (Fig 2B). There was no light sensitivity of

locomotor recovery in CS or w1118 during the daytime.

Light sensitivity of locomotor recovery was abolished in PDE mutants

To further examine the involvement of cGMP in the modulation of locomotor recovery, light

sensitivity of locomotor recovery in Pde1cKG05572 and Pde6MB06146 under w1118 background

was examined. During the night time, time to recovery of Pde1cKG05572 flies under dim red

(median 539.0 s, IQR 464.5–764.0 s, n = 14) was statistically the same as time to recovery

under bright light (median 533.0 s, IQR 378.8–696.5 s, n = 22). Time to recovery of

Pde6MB06146 under dim red (median 555.5 s, IQR 476.3–594.0 s, n = 8) was also the same as

that under bright light (median 674.5 s, IQR 519.8–765.8 s, n = 8) (Fig 2C). Therefore, light

sensitivity of locomotor recovery in the night was abolished in Pde1cKG05572 and Pde6MB06146

mutants.

Pde1c mutation eliminated w-RNAi-induced delay of locomotor recovery

In addition to w1118, w+-carrying flies with RNAi knockdown of w in serotonin subsets show

delayed locomotor recovery from anoxia [13]. We next examined whether PDE mutation

could eliminate w-RNAi-induced delay of locomotor recovery. Time to recovery of w+;;

R50E11-Gal4/UAS-w-RNAi (median 981.0 s, IQR 678.0–1528.0 s, n = 16) was longer than w+;;

R50E11-Gal4/+ (median 588.0 s, IQR 508.0–731.0 s, n = 23) and w+;; UAS-w-RNAi/+ (median

602.0 s, IQR 518.0–663.5 s, n = 24) (P< 0.05, Kruskal-Wallis test with Dunn’s multiple com-

parison) (Fig 3A). Thus, RNAi knockdown of w in serotonin subset by R50E11-Gal4 delayed

locomotor recovery from anoxia. This confirms results that we reported previously [13] but

which are repeated here, from different experiments, to provide an appropriate comparison

for the PDE mutant data.

Median time to recovery in flies carrying heterozygous Pde1c mutant allele (Pde1cKG05572/+)

was 440.0 s (IQR 325.5–537.0 s, n = 13), which was similar to that in CS (median 530.0 s, IQR

461.8–553.0 s, n = 8) with no significant difference (Fig 3B). Hence, heterozygous Pde1cKG05572

allele was sufficient to promote fast locomotor recovery from anoxia.

Median time to recovery in w+; Pde1cKG05572/+; R50E11-Gal4/UAS-w-RNAi flies was 529.0

s (IQR 455.3–619.8 s, n = 8), which was statistically the same as time to recovery in w+;;

R50E11-Gal4/+ flies (median 575.5 s, IQR 513.5–614.8 s, n = 8) or w+; Pde1cKG05572/+; UAS-

White - cGMP Interaction and Anoxic Recovery in Drosophila
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Fig 2. Light sensitivity of locomotor recovery from anoxia in w1118 in the night. (A) Locomotor analysis for CS

and w1118 flies with anoxia. Each plot represents locomotor activity of a single fly. A 30 s anoxia (indicated as an arrow)

was applied after 300 s locomotion under normoxia. Flies were then returned to normoxia and allowed to recover for

3600 s. (B) Light sensitivity of locomotor recovery in the night in w1118 flies. Time to recovery under two different

illuminations (dim and bright) in the night or in the daytime were compared. Scatter dot plot (black circles) and box plot

White - cGMP Interaction and Anoxic Recovery in Drosophila
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w-RNAi/+ flies (median 465.0 s, IQR 395.5–481.8 s, n = 8) (Kruskal-Wallis test with Dunn’s

multiple comparison) (Fig 3C). Therefore, Pde1c mutation eliminated w-RNAi-induced delay

of locomotor recovery.

Overexpression of atypical guanylyl cyclase Gyc88E eliminated w-RNAi-

induced delay of locomotor recovery

To further address the potential role for cGMP upregulation in eliminating w-RNAi-induced

delay of locomotor recovery, an atypical soluble guanylyl cyclase Gyc88E that normally cata-

lyzes cGMP production under reduced oxygen levels [46], was simultaneously expressed in a

w-RNAi targeted neuronal subset. Median time to recovery in flies (w+; UAS-Gyc88E/+;

R50E11-Gal4/UAS-w-RNAi) was 578.5 s (IQR 476.3–708.8 s, n = 16), which was comparable

with time to recovery in w+;; R50E11-Gal4/+ (median 579.0 s, IQR 542.5–646.3 s, n = 16) or

w+; UAS-Gyc88E/+; UAS-w-RNAi/+ (median 474.5 s, 413.5–535.8 s, n = 16) (Kruskal-Wallis

test with Dunn’s multiple comparison) (Fig 3D). Thus, simultaneous upregulation of cGMP

by over-expressing Gyc88E in a serotonin subset was sufficient to eliminate delayed locomotor

recovery induced by w-RNAi.

Sildenafil eliminated delayed locomotor recovery induced by w-RNAi

Sildenafil, a specific inhibitor of vertebrate PDE5, blocks enzymatic activities of Drosophila
PDE1, PDE6 and PDE11 [26]. There is a possibility that sildenafil would promote fast locomo-

tor recovery through the inhibition of PDE activities with a consequence of cGMP upregula-

tion. To test this idea, newly emerged male flies (w+;; R50E11-Gal4/UAS-w-RNAi) were fed

with food containing sildenafil at 0, 1, 10 or 100 μM for four days. Flies fed with 100 μM silden-

afil showed time to recovery (median 504.0 s, IQR 435.5–604.5 s, n = 21) shorter than that

with 0 μM (median 1158.0 s, IQR 707.3–1548.0 s, n = 22) (P< 0.05, Kruskal-Wallis test with

Dunn’s multiple comparison), 1 μM (median 744.0 s, IQR 581.5–1056.0 s, n = 21) (P< 0.05,

Kruskal-Wallis test with Dunn’s multiple comparison) or 10 μM (median 784.0 s, IQR 553.5–

1004.0 s, n = 22) (P< 0.05, Kruskal-Wallis test with Dunn’s multiple comparison) (Fig 4A).

Flies fed with 1 or 10 μM sildenafil displayed the same time to recovery as vehicle control (0

μM sildenafil). Thus, sildenafil feeding displayed an effect in a dosage-dependent manner to

promote fast locomotor recovery.

We then examined whether sildenafil could eliminate delayed locomotor recovery induced

by w-RNAi. Fed with vehicle control (0 μM sildenafil) for four days, flies (w+;; R50E11-Gal4/

UAS-w-RNAi) displayed time to recovery (median 1211.0 s, IQR 752.8–2221.0 s, n = 16) lon-

ger than w+;; R50E11-Gal4/+ flies (median 678.0 s, IQR 579.5–845.0 s, n = 16) (P< 0.05, Krus-

kal-Wallis test with Dunn’s multiple comparison) or w+;; UAS-w-RNAi/+ flies (median 682.5

s, IQR 584.3–781.3 s, n = 16) (P< 0.05, Kruskal-Wallis test with Dunn’s multiple comparison)

(Fig 4B). Fed with 100 μM sildenafil, however, w+;; R50E11-Gal4/UAS-w-RNAi flies displayed

time to recovery (median 518.0 s, IQR 499.0–613.0 s, n = 15) similar to w+;; R50E11-Gal4/+

flies (median 609.0 s, IQR 491.0–656.8 s, n = 16) or w+;; UAS-w-RNAi/+ flies (median 581.0 s,

IQR 499.0–658.0 s, n = 15) with no statistical difference (Fig 4C). Thus, feeding with 100 μM

sildenafil for four days eliminated delayed locomotor recovery induced by w-RNAi.

(median, box and Whiskers of min to max in green color) were shown. P value was obtained using Mann-Whitney test.

(C) Elimination of light sensitivity of locomotor recovery in PDE mutants. Flies were tested under dim or bright in the

night.

doi:10.1371/journal.pone.0168361.g002
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Fig 3. Pde1c mutation or Gyc88E overexpression suppresses w-RNAi-induced delay of locomotor

recovery. (A) RNAi knockdown of w in serotonin subset delayed locomotor recovery from anoxia. * P < 0.05

by Kruskal-Wallis test with Dunn’s multiple comparison. R50E11-Gal4, driver specific for serotonin subset [13,

45]. (B) Time to recovery analysis in CS and w1118; Pde1cKG05572/+ flies. There was no significant difference

of time to recovery between flies. (C) Pde1cKG05572 mutation suppressed w-RNAi-induced delay of locomotor

recovery. (D) Simultaneous overexpression of Gyc88E suppressed w-RNAi-induced delay of locomotor

recovery.

doi:10.1371/journal.pone.0168361.g003
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Sildenafil promoted fast locomotor recovery in w1118

The effect of sildenafil in promoting fast locomotor recovery in w1118 was examined. Newly

emerged w1118 flies fed with 100 μM sildenafil for four days showed time to recovery (median

1133.0 s, IQR 991.0–1364.0 s, n = 16) similar to flies fed with 0 μM sildenafil (median 1135.0 s,

IQR 738.5–1362.0 s, n = 16), 1 μM sildenafil (median 896.5 s, IQR 701.3–1079.0 s, n = 16), or

10 μM sildenafil (median 1309.0 s, IQR 755.0–2203.0 s, n = 16) with no significant difference

(Fig 5A). w1118 fed with 100 μM sildenafil for a prolonged period (the entire life cycle and

Fig 4. Sildenafil feeding suppresses w-RNAi-induced delay of locomotor recovery. (A) Time to

recovery in flies (w+;; R50E11-Gal4/UAS-w-RNAi) fed with food containing 0, 1, 10 or 100 μM sildenafil.

* P < 0.05 by Kruskal-Wallis test with Dunn’s multiple comparisons. (B) Time to recovery in flies fed with

vehicle control (containing 0 μM sildenafil). Flies were fed for 4 days after eclosion. * P < 0.05 by Kruskal-

Wallis test with Dunn’s multiple comparisons. (C) Time to recovery in flies fed with 100 μM sildenafil. Feeding

duration was the same as B.

doi:10.1371/journal.pone.0168361.g004
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Fig 5. Prolonged sildenafil feeding promotes fast locomotor recovery in w1118. (A) Time to recovery

analysis in w1118 fed with 0, 1, 10 or 100 μM sildenafil for four days. The feeding started from eclosion. (B)

Time to recovery analysis in w1118 fed with 0, 1, 10 or 100 μM sildenafil for the entire life cycle and four

additional days from eclosion. * P < 0.05 by Kruskal-Wallis test with Dunn’s multiple comparisons.

doi:10.1371/journal.pone.0168361.g005
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four additional days after eclosion) displayed time to recovery (median 821.0 s, IQR 667.8–

1012.0 s, n = 34) comparable to flies fed with 10 μM sildenafil (median 826.5 s, IQR 645.3–

1167.0 s, n = 32), but shorter than flies fed with 0 μM sildenafil (median 1174.0 s, IQR 886.0–

15852.0 s, n = 27) (P< 0.05, Kruskal-Wallis test with Dunn’s multiple comparison) or 1 μM

sildenafil (median 1058.0 s, IQR 842.3–1385.0 s, n = 30) (P< 0.05, Kruskal-Wallis test with

Dunn’s multiple comparison). w1118 flies fed with 10 μM sildenafil for prolonged period also

showed shorter time to recovery than flies fed with 0 μM sildenafil (P< 0.05, Kruskal-Wallis

test with Dunn’s multiple comparison) (Fig 5B). Therefore, prolonged feeding with 10 or 100

μM sildenafil promoted fast locomotor recovery from anoxia in w1118.

Discussion

Locomotor recovery from anoxia in adult Drosophila is complicated and little of the molecu-

lar basis is understood. We have previously shown that the w gene modulates the timing of

locomotor recovery from anoxia [13]. Here we present data to support the hypothesis that a

White—cGMP interaction promotes fast locomotor recovery. We find that several PDE
mutants under w1118 background display wildtype-like fast locomotor recovery from

anoxia, and that locomotor recovery in w1118 but not wildtype is light-sensitive in the night.

upregulation of cGMP through multiple approaches, including PDE mutation, specific

expression of Gyc88E, and sildenafil feeding, suppresses the w-RNAi induced delay of loco-

motor recovery. Finally, sildenafil feeding throughout the life cycle promotes fast locomotor

recovery in w1118. Taken together, these findings suggest that a White-cGMP interaction

promotes fast locomotor recovery from anoxia in adult Drosophila.

Fast and light-insensitive locomotor recovery in the night is observed in wildtype or w1118-

carrying PDE mutants, indicating that cGMP upregulation without normal expression of

White protein is sufficient to elicit wildtype-like performance of locomotor recovery. The

product of mini-white+, carried in the transposon in each of selected PDE mutants, is insuffi-

cient for fast and consistent locomotor recovery [13]. These findings are further supported by

the observation that cGMP upregulation through tissue-specific expression of Gyc88E in w-

RNAi targeted cells completely eliminates the delay of locomotor recovery. Results imply that

cGMP functions downstream of White protein in the modulation of recovery timing. The

most plausible explanation is that the effect of cGMP upregulation is equivalent to the high

efficacy of cGMP signaling in wildtype.

What could mediate the high efficacy of cGMP signaling in wildtype flies? Light-evoked

cGMP hydrolysis by PDEs is one of the common characteristics in vertebrate phototransduc-

tion as well as in the CNS [28, 29, 31, 32, 40, 41]. The expression of PDEs in fly head [26, 36]

and the minor importance of cGMP in Drosophila phototransduction [33, 34, 47] suggest a

conserved cGMP signaling cascade in extra-retinal tissues. The w transcripts are detectable in

the fly head [8, 10]. It is proposed that White protein possesses extra-retinal functions in addi-

tional to its classical role in eye pigmentation [4, 10–13]. The potential overlap between PDE/

cGMP signaling and White expression in extra-retinal nervous system supports a White—

cGMP interaction. In addition, White protein uptakes cGMP into vesicles in the Malpighian

tubules in Drosophila [21]. In the fly head, White protein imports biogenic amines (histamine,

dopamine and serotonin) as well as pigment precursors including 3-hydroxykynurenine into

vesicles [1–3, 48, 49]. The biological significance for vesicular storage would be the avoidance

of excessive enzymatic hydrolysis in the cytoplasm [21] and the promotion of synchronous

release of vesicular contents. Together with our observations, these findings strongly support

the notion that White imports cGMP and improves cGMP signaling in extra-retinal nervous

system.

White - cGMP Interaction and Anoxic Recovery in Drosophila

PLOS ONE | DOI:10.1371/journal.pone.0168361 January 6, 2017 12 / 16



In vertebrate photoreceptors, cGMP infusion produces a rapid, large and persistent increase

of light-sensitive current [30, 50, 51]. PDE-mediated circadian cGMP fluctuation is also com-

mon in mammalian circadian system [40, 41]. PDE activity is minimal during the day, and

light pulse during the night modifies the cGMP levels in PDE-dependent manner [40]. In

Drosophila, although the interaction between cGMP-dependent protein kinase (PKG) and

circadian system is involved in the regulation of circadian feeding pattern [52], it is unclear

whether cGMP itself or cGMP-specific PDEs are subjected to circadian modulations. Many

of the clock genes in Drosophila display daily rhythms of transcription and post-translational

phosphorylation [53–58]. Our observations that light sensitivity of locomotor recovery is pres-

ent in the night but not in the daytime indicate the presence of circadian cGMP fluctuation in

Drosophila.

The White—cGMP interaction in the modulation of locomotor recovery is further sup-

ported by the effects of sildenafil feeding. The delay of locomotor recovery is observed in

w1118, or w+-carrying flies with w-RNAi targeted in a restricted cell population. Although sil-

denafil feeding promotes fast locomotor recovery in both flies, a relatively long feeding period

is required for w1118 flies while a short period is sufficient for w+-carrying flies with targeted

w-RNAi. Likely, partial loss or down-regulation of White protein poses tissue-specific and lim-

ited reduction of a White—cGMP interaction that could be relatively easier to rescue, whereas

complete lack of White could require life-long treatment of sildenafil in order to elicit fast

locomotor recovery. Sildenafil is a potent inhibitor of vertebrate PDE5 and Drosophila PDE6

[26], both of which are cGMP-specific. These data confirm the role for a White—cGMP inter-

action in the modulation of timing of locomotor recovery from anoxia.
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8. Pirrotta V, Bröckl C. Transcription of the Drosophila white locus and some of its mutants. EMBO J.

1984; 3(3):563–8. PMID: 6425054

9. Nolte DJ. The eye-pigmentary system of Drosophila: The pigments of the vermilion group of mutants. J

Genet. 1954; 52(1):111–26. doi: 10.1007/BF02981494

10. Campbell JL, Nash HA. Volatile general anesthetics reveal a neurobiological role for the white and

brown genes of Drosophila melanogaster. J Neurobiol. 2001; 49(4):339–49. doi: 10.1002/neu.10009

PMID: 11745669

11. Zhang SD, Odenwald WF. Misexpression of the white (w) gene triggers male-male courtship in Dro-

sophila. Proc Natl Acad Sci U S A. 1995; 92(12):5525–9. doi: 10.1073/pnas.92.12.5525 PMID:

7777542

12. Hing AL, Carlson JR. Male-male courtship behavior induced by ectopic expression of the Drosophila

white gene: role of sensory function and age. J Neurobiol. 1996; 30(4):454–64. doi: 10.1002/(SICI)

1097-4695(199608)30:4%3C454::AID-NEU2%3E3.0.CO;2-2 PMID: 8844509

13. Xiao C, Robertson RM. Timing of locomotor recovery from anoxia modulated by the white gene in Dro-

sophila. Genetics. 2016. doi: 10.1534/genetics.115.185066

14. Kain JS, Stokes C, de Bivort BL. Phototactic personality in fruit flies and its suppression by serotonin

and white. Proc Natl Acad Sci U S A. 2012; 109(48):19834–9. doi: 10.1073/pnas.1211988109 PMID:

23150588

15. Liu L, Davis RL, Roman G. Exploratory activity in Drosophila requires the kurtz nonvisual arrestin.

Genetics. 2007; 175(3):1197–212. doi: 10.1534/genetics.106.068411 PMID: 17151232

16. Soibam B, Mann M, Liu L, Tran J, Lobaina M, Kang YY, et al. Open-field arena boundary is a primary

object of exploration for Drosophila. Brain Behav. 2012; 2(2):97–108. doi: 10.1002/brb3.36 PMID:

22574279

17. Xiao C, Robertson RM. Locomotion induced by spatial restriction in adult Drosophila. PLoS One. 2015;

10(9):e0135825. doi: 10.1371/journal.pone.0135825 PMID: 26351842

18. Kroll JR, Wong KG, Siddiqui FM, Tanouye MA. Disruption of endocytosis with the Dynamin mutant shi-

birets1 suppresses seizures in Drosophila. Genetics. 2015; 201(3):1087–102. doi: 10.1534/genetics.

115.177600 PMID: 26341658

White - cGMP Interaction and Anoxic Recovery in Drosophila

PLOS ONE | DOI:10.1371/journal.pone.0168361 January 6, 2017 14 / 16

http://dx.doi.org/10.1007/BF00484918
http://www.ncbi.nlm.nih.gov/pubmed/812484
http://dx.doi.org/10.1007/BF00498891
http://dx.doi.org/10.1007/BF00498891
http://www.ncbi.nlm.nih.gov/pubmed/117796
http://dx.doi.org/10.1242/jeb.021162
http://www.ncbi.nlm.nih.gov/pubmed/18931318
http://dx.doi.org/10.1073/pnas.0710168105
http://dx.doi.org/10.1073/pnas.0710168105
http://www.ncbi.nlm.nih.gov/pubmed/18385379
http://dx.doi.org/10.1126/science.32.812.120
http://dx.doi.org/10.1126/science.32.812.120
http://www.ncbi.nlm.nih.gov/pubmed/17759620
http://dx.doi.org/10.1080/01677060802309629
http://www.ncbi.nlm.nih.gov/pubmed/19012054
http://dx.doi.org/10.1007/BF02986797
http://www.ncbi.nlm.nih.gov/pubmed/24538927
http://www.ncbi.nlm.nih.gov/pubmed/6425054
http://dx.doi.org/10.1007/BF02981494
http://dx.doi.org/10.1002/neu.10009
http://www.ncbi.nlm.nih.gov/pubmed/11745669
http://dx.doi.org/10.1073/pnas.92.12.5525
http://www.ncbi.nlm.nih.gov/pubmed/7777542
http://dx.doi.org/10.1002/(SICI)1097-4695(199608)30:4%3C454AID-NEU2%3E3.0.CO;2-2
http://dx.doi.org/10.1002/(SICI)1097-4695(199608)30:4%3C454AID-NEU2%3E3.0.CO;2-2
http://www.ncbi.nlm.nih.gov/pubmed/8844509
http://dx.doi.org/10.1534/genetics.115.185066
http://dx.doi.org/10.1073/pnas.1211988109
http://www.ncbi.nlm.nih.gov/pubmed/23150588
http://dx.doi.org/10.1534/genetics.106.068411
http://www.ncbi.nlm.nih.gov/pubmed/17151232
http://dx.doi.org/10.1002/brb3.36
http://www.ncbi.nlm.nih.gov/pubmed/22574279
http://dx.doi.org/10.1371/journal.pone.0135825
http://www.ncbi.nlm.nih.gov/pubmed/26351842
http://dx.doi.org/10.1534/genetics.115.177600
http://dx.doi.org/10.1534/genetics.115.177600
http://www.ncbi.nlm.nih.gov/pubmed/26341658


19. Haddad GG, Sun Y, Wyman RJ, Xu T. Genetic basis of tolerance to O2 deprivation in Drosophila mela-

nogaster. Proc Natl Acad Sci U S A. 1997; 94(20):10809–12. doi: 10.1073/pnas.94.20.10809 PMID:

9380715

20. Vermehren-Schmaedick A, Ainsley JA, Johnson WA, Davies SA, Morton DB. Behavioral responses to

hypoxia in Drosophila larvae are mediated by atypical soluble guanylyl cyclases. Genetics. 2010; 186

(1):183–96. doi: 10.1534/genetics.110.118166 PMID: 20592263

21. Evans JM, Day JP, Cabrero P, Dow JA, Davies SA. A new role for a classical gene: white transports

cyclic GMP. J Exp Biol. 2008; 211(Pt 6):890–9. doi: 10.1242/jeb.014837 PMID: 18310115

22. Gao S, Nagpal J, Schneider MW, Kozjak-Pavlovic V, Nagel G, Gottschalk A. Optogenetic manipulation

of cGMP in cells and animals by the tightly light-regulated guanylyl-cyclase opsin CyclOp. Nat Commun.

2015; 6:8046. doi: 10.1038/ncomms9046 PMID: 26345128

23. Osborne KA, Robichon A, Burgess E, Butland S, Shaw RA, Coulthard A, et al. Natural behavior poly-

morphism due to a cGMP-dependent protein kinase of Drosophila. Science. 1997; 277(5327):834–6.

doi: 10.1126/science.277.5327.834 PMID: 9242616

24. Sokolowski MB. Drosophila: genetics meets behaviour. Nat Rev Genet. 2001; 2(11):879–90. doi: 10.

1038/35098592 PMID: 11715043

25. Dawson-Scully K, Bukvic D, Chakaborty-Chatterjee M, Ferreira R, Milton SL, Sokolowski MB. Control-

ling anoxic tolerance in adult Drosophila via the cGMP-PKG pathway. J Exp Biol. 2010; 213(Pt

14):2410–6. doi: 10.1242/jeb.041319 PMID: 20581270

26. Day JP, Dow JA, Houslay MD, Davies SA. Cyclic nucleotide phosphodiesterases in Drosophila melano-

gaster. Biochem J. 2005; 388(Pt 1):333–42. doi: 10.1042/BJ20050057 PMID: 15673286

27. Morton DB, Hudson M, L. Cyclic GMP regulation and function in insects. Adv Insect Physiol. 2002;

29:1–54. doi: 10.1016/S0022-1910(01)00157-3

28. Stryer L. Cyclic GMP cascade of vision. Annu Rev Neurosci. 1986; 9:87–119. doi: 10.1146/annurev.ne.

09.030186.000511 PMID: 2423011

29. Hurwitz RL, Bunt-Milam AH, Chang ML, Beavo JA. cGMP phosphodiesterase in rod and cone outer

segments of the retina. J Biol Chem. 1985; 260(1):568–73. PMID: 2981219

30. Cobbs WH, Barkdoll AE, Pugh EN. Cyclic GMP increases photocurrent and light sensitivity of retinal

cones. Nature. 1985; 317(6032):64–6. doi: 10.1038/317064a0 PMID: 2993915

31. Haynes L, Yau KW. Cyclic GMP-sensitive conductance in outer segment membrane of catfish cones.

Nature. 1985; 317(6032):61–4. doi: 10.1038/317061a0 PMID: 2993914

32. Ebrey T, Koutalos Y. Vertebrate photoreceptors. Prog Retin Eye Res. 2001; 20(1):49–94. doi: 10.1016/

S1350-9462(00)00014-8 PMID: 11070368

33. Zuker CS. The biology of vision of Drosophila. Proc Natl Acad Sci U S A. 1996; 93(2):571–6. doi: 10.

1073/pnas.93.2.571 PMID: 8570597

34. Hardie RC. Phototransduction in Drosophila melanogaster. J Exp Biol. 2001; 204(Pt 20):3403–9. PMID:

11707492

35. Montell C. Visual transduction in Drosophila. Annu Rev Cell Dev Biol. 1999; 15:231–68. doi: 10.1146/

annurev.cellbio.15.1.231 PMID: 10611962

36. Davies SA. Signalling via cGMP: lessons from Drosophila. Cell Signal. 2006; 18(4):409–21. doi: 10.

1016/j.cellsig.2005.08.011 PMID: 16260119

37. Garfinkel MD, Sollars VE, Lu X, Ruden DM. Multigenerational selection and detection of altered histone

acetylation and methylation patterns: toward a quantitative epigenetics in Drosophila. Methods Mol Biol.

2004; 287:151–68. PMID: 15273410
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