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Abstract

Stress, or threats to homeostasis, is a universal part of life. Organisms face changing and challenging situations everyday, and the ability
to respond to such stress is essential for survival. When subjected to acute stress, the body responds molecularly and behaviorally in order to
recover a steady state. We developed a simple and robust assay of behavioral plasbeggdphilalarvae in which well-defined behavioral
responses and recovery can be observed and quantified. After experiencing different control and bright light treatments, populations of
photophobic fly larvae were placed a defined distance from a food source to which they crawled. Half:tijnes times at which half the
total number of larvae reached the food, were used to compare different treatments and larval populations. Repeated control treatments with a
main experimental strain gave tight, reproducileranges. Control treatments with the wild type str@dmegon RandCanton Sthe “rover”
and “sitter” alleles of thdoragerlocus, anceyelessnutants gave comparable results to those of the experimental strain. Exposure to bright
light for a defined time period resulted in a reproducible slowing of locomotion. However, given a defined recovery period, the larvae recover
full, normal locomotion. In addition, bright light treatments witlanton Sjave comparable results to those of the experimental sEg@less
mutants, which are partially blind, do not show a response to bright light treatment. Thus, our assay measures the behavioral responses to
bright light in Drosophilalarvae and therefore might be useful as a general assay for studying behavioral plasticity and, potentially, adaptation
to a stressful stimulus.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction acute eventwithout any lasting effects. This process involving
the adaptive physiological response to acute stress is referred
1.1. Stress background to as allostasisSterling and Eyer, 1988

The ability to adapt to changing, challenging situa-
Hans Selye (1956)first coined the term “stress” in his  tions and environments is integral to an organism’s survival
book The Stress of Lifand described it as the “non-specific (McEwen, 1999. The body’s molecular and behavioral re-
response of the body to any demand.” By definition, stress is asponses to stressful circumstances are advantageous because
state in which homeostasis is threatened in either a perceivedhey allow for brisk CNS changes followed by rapid restora-
or physical mannerRacak and Palkovits, 20pIWhen the tion of homeostasis. However, these responses are a “double-
cause of stress is uncontrollable, unpredictable, and of shortedged sword” iicEwen, 1998 — while they promote sur-
duration (acute stress), the body reacts in an adaptive, comvival, they can also have long-term, detrimental effects on
pensatory manner in order to regain or maintain its home- neuronal function. When the uncontrollable stressor is re-
ostatic state. This natural stress response can be moleculapeated or of longer duration, the stress becomes chronic and
and/or behavioral, and the organism may recover from the can lead to allostatic load and molecular changes in the brain.
The stress becomes remembered and learned, and the stress
* Corresponding author. Tel.: +1 434 243 6794; fax: +1434 243 5315, '©SPONse can be provoked by non-threatening events, such
E-mail addresscondron@virginia.edu (B.G. Condron). as in post-traumatic stress disorder.Aplysia a transient
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shock is translated to a chronic 'anxiety’ state, both behav- while the terminal organ contains roughly 80 gustatory neu-
iorally and molecularly. In the three forms of learning exam- rons (Tissot et al., 1997; Heimbeck et al., 1999; Python and
ined in theAplysia—habituation, sensitization, and classical Stocker, 2002

conditioning—two stages of memory storage were observed:  Bolwig’s organ, the larval eye, is the light-sensing organ of
a transient memory that lasts minutes and an enduring mem-the Drosophilalarva and comprises the larval visual system
ory that could last days or even weelr(sker et al., 1970,  (Bolwig, 194§. Itis composed of two bilateral clusters of 12
1973; Carewetal., 1972; Frost et al., 198&hort-term mem- photoreceptor cells in the larval mouth hoolsid]ler et al.,
ory stems from changes in synaptic strength between inter-1987; Hofbauer and Campos-Ortega, 199®e larval optic
connected neuron€astellucci et al., 1970; Kupfermann et nerve is formed by the photoreceptors’ axons and innervates
al., 1970, while the conversion of a short-term memory to a the optic lobe primordium portion of the brain lob&3réen
long-term one requires protein synthesis and the formation of et al., 1993; Campos et al., 1995

new neural connection€astellucci et al., 1989In study-

ing the molecular biology behind this phenomenon, it was 1.4. An assay for behavioral plasticity

found that the neurotransmitter serotonin plays a key role in

learning and the formation of both short and long term mem-  Many different assays have been developed and used to
ories. Serotonin increases presynaptic cAMP, which activatesstudy behavior irDrosophilalarvae. For example, choice
PKA and leads to synaptic strengtheniBy(ne and Kandel, assays have been used to study photobehalitly @nd
1996. Repeated puffs of serotonin activate PKA and lead to Carlson, 199)) olfactory responseShaver et al., 1998

a tightly controlled cascade of gene activation that gives rise gustatory responseHgimbeck et al., 1999 visual learn-

to the growth of new synaptic connectior&chacher et al.,  ing (Gerber et al., 2004 olfactory learning $cherer et al.,
1988; Dash et al., 1990; Glanzman et al., 1990; Bailey et al., 2003, and thermobehaviot {u et al., 2003. Path length as-
1992; Bacskai et al., 1993; Bailey and Kandel, 1993; Kaang says have been used to examine foraging behalierejra

et al., 1993; Martin et al., 199Yaand long-term changes and Sokolowski, 1993; Pereira et al., 1995; Sokolowski et
in synaptic function and structure are confined to synapsesal., 1997 and photobehavioBusto et al., 1999 Locomo-

stimulated by serotonirMartin et al., 1997bCasadio etal.,  tion, crawling, and turning behavior have been studied using
1999. touch-sensitive assay€#éldwell et al., 2003; Tracey et al.,

2003 and plate assaykléiman etal., 1996; Yang et al., 2000;
1.2. Drosophila larval behavior Suster et al., 2003

Hypergravity exposureLe Bourg and Minois, 199%nd
TheDrosophila melanogastdarva undergoes two stages starvation/desiccationdpffmann and Harshman, 1998ave
before pupation and metamorphosis: foraging and wander-been used to examine stress responses in adult flies. However,
ing (Sokolowski et al., 1984 The foraging stage spans most a method has not been developed to examine stress responses
of the larva’s life, from the beginning of first instar to late in Drosophilalarvae. Here we have developed a locomotion
third instar, in which it is feeding and burrowed deep into assay and scoring method that is not only useful in studying
the food substrate. During this timBrosophilalarvae are behavior, but can also be used in conjunction with bright light
photophobic and will actively move away from bright light to examine behavioral responsedfirosophilalarvae.
(Lilly and Carlson, 1990; Gordesky-Gold et al., 1995; Sawin-
McCormack et al., 1995 Approaching late third instar, lar-
vae enter the wandering stage where they leave the food to2. Materials and methods
find an appropriate pupation site. At the onset of wandering,
their repulsion to light decreases until the larvae behave in-2.1. Fly stocks and harvest of synchronized larvae
differently towards bright light stimuliawin-McCormack
etal., 1995. Fly strains were maintained at room temperature
(254+2°C) in plastic vials or glass bottles containing a
1.3. Drosophila larval chemosensory and visual system standard cornmeal/molasd@msophilamedium. Eggs from
adult flies 1-10 days old were collected on fresh egg plates
TheDrosophilalarva possesses a simple olfactory system (molasses-agar mediain 35 murl0 mm dishes) with a small
(Python and Stocker, 20D2The major components of the amount of yeast paste in the center. The plates were replaced
larval chemosensory system consist of the dorsal organ, theafter 24-hour incubation periods and kept at room tempera-
terminal organ, the ventral organ, and a series of pharyngealture, while the hatched larvae were allowed to grow. Early
sensilla Gtocker, 1994; Cobb, 1999The dorsal and termi-  third instar larvae (72—-78 h) from these plates were tested in
nal organs together form the antennomaxillary complex and the experiments.
are involved in olfaction and taste, respectiveBingh and Homozygous strains €#/AS-mCD8-GFP; ddc-GALflies
Singh, 1984; Heimbeck et al., 1999; Oppliger et al., 2000 were used for the treatments and assays. In addition, the fol-
The dorsal organ, which consists of the larval antenna andlowing strains were also examined as controls: wild type
main olfactory organ, contains 21 odorant receptor neurons,strains Canton Sand Oregon R the “rover” forR/forR)
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and “sitter” forS/forS) alleles of theforager locus,eyeless ~ time”, orty/2, was manually determined by interpolation from
(Drosophilapax-6 homologey[2]/ey[2]). the raw data and used as a comparison tool. The half-time

corresponds to the time at which half the total number of
larvae in the assay reached the yeast.

Average arrival times and logarithmic slopes were also de-
termined in these experiments as potential comparison mea-
sures. Although all gave similar statistical results tipenvas
used as the main comparison measure.

All data were normally distributed and were analyzed
"using one-way Analyses of Variance (ANOVA). To deter-
mine which data sets had significantly different means, the
Tukey—Kramer Multiple Comparisons Test was performed as

a post-test.

2.2. Collection and washing of Drosophila larvae

Because larvae spend most of their lives burrowed in food,
they are covered infood substrate whenimmediately removed
from the medium. This poses a problem in crawling assays,
as larvae covered in yeast will leave yeast trails as they crawl
causing other larvae to follow their paths or be attracted to
them. To avoid this problem, the larvae were washed in dis-
tilled water after collection.

Using a small moistened paintbrush, approximately
200-400 larvae were collected from the molasses agar plates
and placed in a small amount of distilled water. After gently
stirring the water with the brush to aid in washing the larvae, 3. Results
the water was removed and drained using a J00®@ipet- i
man. Clean distilled water was added again, and the washing3'1' Establishing the method and protocol
procedure was repeated two to three times until the Iarvae3.l.1. UAS-mCD8-GFP: ddc-GALA4 line

were clean of yeast. Larvae from homozygous strains &fAS-mCD8-GFP;
) _ ddc-GALA4flies were used as the main experimental strain in
2.3. Behavioral assay and data collection the treatments and assays. This particular strain was chosen
) ) becauseitisisogenic and well-characterized. As serotonergic
The effects of the bright light treatments on larvae crawl- 454 dopaminergic neurons are labeled with green fluorescent

ing were assessed and quantified using a locomotion assayyyotein in this strain, it will be used for future anatomical
The apparatus was a 100 mals mm dish composed of  jyyestigations.

2.3% agar with a circular hole (25 mm diameter) dug out in

the center. A small amount of cold yeast-water paste (50:50,3 1 2. stress source and duration

yeast from Lesaffre Yeast Corporation) was spread along the  gecause larvae are repulsed by light, we hypothesized
edges of the hole prior to running the assay. In addition, the 5t pright light from a Fostec high intensity light source ap-
larvae were gathered and put onto a spatula for transfer ontoyjieq directly onto the larvae would be an effective cause of
the plate with a brush. At the start of the assay, the larvae gyress for the animals. The larvae were kept in approximately
were placed and spread out 5mm from the edge of the plate.5ng,, 1 of distilled water during the light exposure, both to

The assay was run for 60 min. To allow multiple simultane- pffer environmental temperatures changes and to prevent
ous runs of the assay and faster counting of the larvae, themigration away from the light source.

assays were recorded in Quicktime movie format (mov) Us- | 3 set of pilot experiments, the duration of light to use
ing Apple iSight webcams and SecuritySpy software on a yas determined. Periods of 0 min (no light, wild type), 10, 20,
Macintosh computer. . and 30 min of light were applied onto the larvae immediately
The larvae were scored by counting the number to reach fo||owing washing, after which the larvae were observed in
the edge of the yeast within each minute of the assay. Larvagine |ocomotion assay and compared. Ten minutes of light
that crawled out of the yeast were scored only once. Thosegaye the maximum behavioral response. However, increasing
larvae that did not make it to the yeast but were still mo- the gyration of light gave a response that reverted back to a
bile within the 60 min were marked with an infinity time.  yjq type, no-light response. The larvae’s loss of response to
Those that were not crawling (from possible injury during jncreased amounts of light is probably due to desensitization
collection/washing or treatment) were disregarded from the {4 the light after 10 min of exposure. After the initial 10 min,

assay. _ ) the larvae may start recovering from the light and thus begin
No density-dependent effects were observed in any of the 4 show more wild-type responses.

assays. Increasing or decreasing the number of larvae tested
in the assays did not affect crawling speed or arrival times to 3 1 3. Delay and assay duration

the yeast. Because we were looking to develop an assay that charac-
terizes both stress and behavioral plasticity in fruit fly larvae,
2.4. Data analysis and statistics we hypothesized that the larvae would be able to recover after

light exposure. In another set of pilot experiments, we tested
For each assay, an arrival-time or distribution plot (number the larvae’s recovery from the bright light and determined
of larvae scored over time) was drawn. In addition, a “half- an amount of delay time that resulted in a fully recovered
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Table 1
collect Repeated control assaysWdAS-mCD8-GFP; ddc-GALHne
larvae Treatment
l Rest before Intermediate Water before
water water rest
wagh Half-time (1) ~ 4.099 4.031 3.866
l 4.239 3.904 3.898
/e 3.931 3.975 4.303
Y
Qﬁ, 4.635 4.333 4.660
3.894 4.257 4.500
4.134 4.048 3.667
4.464 4.357 3.961
l Mean+ S.E. 4,199 0.1025 4,129 0.0691 4.122-0.1392

Populations of early third-instar larvae of tddS-mCD8-GFP; ddc-GAL4

line were tested in the locomotion assay after experiencing three different
control treatments: rest before water, intermediate water, and water before
rest. From the raw data, half-timeg$), or times in which 50% of the larval
population reached the yeast, were manually determined by interpolation.
Statistical tests were performed using one-way Analyses of Variance
(ANOVA). The t1/, values of the three control populations were not sig-
nificantly different from one anotheP@ 0.05).

l measure tuz
arrival time 3.2. Basics of the behavioral assay — tight data and
reproducibility

3.2.1. Control treatments

In order to verify that the washing and periods in dis-
tilled water had no significant effects on larval behavior in
our assay, we conducted several sets of control experiments
without light. Before being tested in the behavioral assay, the
Fig. 1. Overview of the experimental protocol. A large population of early larvae underwent a 50-min treatment period that included
third instar larvae (72-78 h) is collected from a molasses egg plate using 210 min in distilled water (approximately 5@Q.) and a total
small moistened paintbrush. The larvae are then washed and rinsed in a smalpf 40 min of rest, all of which were conducted in partial dark.
amount of distilled water. Immediately after washing, the larvae undergo a 1 age intervals were determined based on the observations
50-min treatment period that includes a 10-min exposure to bright light d Its f h i . d ibed ab h
administered at the beginning, middle, or end of the period as well as 40 min an r.es_u tS. r(_)m the pilot eXpe”me.m.S escribed a OV?' The
of rest. The larvae are tested in a 60-min locomotion assay after treatment, 10 min in distilled water were administered at three differ-
where they are placed 5 mm from the edge of an agar plate with a yeast pasteent time points: 40 min (rest before water), 20 min (interme-
hole dug out in the center. As the larvae crawl towards the yeast, the numberdjate water), and 0O min (water before rest). During the rest
of larvae to reach_the (_adge of the )_/east W|th!n each minute of the assay 'Speriods, the larvae were allowed to roam freely in a cov-
recorded. Aty/» arrival time, or the time at which half the total number of d and 35 10 dish. S I f di
larvae in the assay reached the yeast, is then determined. Pjre and empty mix mm dish. Small amounts of dis-

tilled water were used to help collect the larvae after rest

periods. A diagram of the control treatments can be seen in
Fig. 2A.

response. After exposure to 10 min of light, the larvae were

given rest periods in which they were allowed to roam freely 3.2.2. Repeated control assays of UAS-mCD8-GFP;

in a covered and empty 35 mm10 mm Petridish. A40-min  ddc-GAL4 line

delay or rest period after light was sufficientto give responses  Using larvae from the homozygousAS-mCD8-GFP;

that were consistent with wild type responses. ddc-GALdlines, each control treatment was tested in the be-
Initially, an assay time of 30 min was sufficient to account havioral assay multiple times. A raw data plot from a typical

for almost all of the larvae and minimize the number marked control assay is shown ikig. 3A. The half-times, orty/»

with an infinity time. However, after determining bright light  values, of all the control assays are listedTable 1 The

and recovery times and incorporating them into the meth- t;,» values of all sets of experiments gave a tight range and

ods, a much longer assay time was needed, especially for theeproducible dataHig. 4). The data yielded comparable re-

bright light assays. An assay time of 60 min was found to be sults and were not significantly different from one another

sufficient. (one-way ANOVA, P>0.05). Therefore, the washing and
An overview of the complete experimental protocol is treatments do not significantly affect larval behavior in this

shown inFig. 1 assay.
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(B) minutes Fig. 3. Raw data from a control assay and a bright light assay. Bright light

populations yielded noisier distribution plots and higher half-tintgg)(
Fig. 2. Determined treatments for the assay. All treatment periods were than control populations. (A) and (B) are distribution plots from a select
50 min in duration and were conducted prior to the locomotion assay. (A control population and a select bright light population, respectively. Dis-
Control treatments were used for non-light-trealts&S-mCD8-GFP: ddc- tribution plots were obtained by counting the number of larvae scored per
GAL4andeyelestarvae populations, tHerageralleles “rover” and “sitter”, minute during the 60-min assay. (A) Control populations yielded severely
and wild type strain®regon RandCanton Sin the treatments, the larvae left-skewed distributions. This particular distribution, derived from a “rest

experienced “rest” periods (indicated by the dark gray) totaling 40 min in du- P&fore water” control population, gavei value of 3.724 min, indicating
ration and “water” periods (blue) 10 min in duration. During the rest periods, that half the total number of larvaa € 131) arrived to the yeast in less than

larvae were allowed to roam freely in a covered and empty 35ai@mm 4 min. (B) Bright light populat_ions also produced Ieft—skeV\_/ed dis_tributio_ns,_
dish, and in the water periods, the larvae were keptin distilled water (approx- Put there was much more noise throughout the curve. This particular distri-
imately 500 mL). Both periods were conducted in partial dark. The 10-min Pution, derived from a “bright light, no delay” population, gavea value
water period was administered at the end, beginning, and middle of the en- of 13.266 min (see Sectid®), indicating that half the total number of larvae
tire treatment period, corresponding to the “rest before water,” “intermediate (N=278) arrived to the yeast in more than 13 min.

water,” and “water before rest” control treatments, respectively. (B) Bright

light treatments were used foiAS-mCD8-GFP; ddc-GALandeyelessar- light and rest but at different times and orders. A diagram of

vae populations and consisted of rest periods and light periods. Rest period : : :
were the same as described in (A), totaling 40 min in duration and conductedsthe brlght |Ight treatments can be seerrig. 2B.

in the dark. Light periods were the same as the water periods in (A) except
the larvae and distilled water were exposed to bright light for 10 min instead 3.3.2. Bright light and recovery

of being kept in the dark. Light periods were administered at the same time Populations that endured bright light exposure with no de-

points as the water periods in (A), giving the bright light treatments “no . . LT .
delay,” “intermediate delay,” and “long delay”. For interpretation of the ref- lay yielded half-times that were significantly different from

erences to color in this figure legend, please refer to the web version of the those of the control populations. A raw data plot from a typ-

article. ical bright light, no delay assay is shownhig. 3B. These
differences subsided with a long delay period from the light.
3.3. Introducing bright light Populations with intermediate delay gave results that were
midway between no and long delay. Therefore, the interme-
3.3.1. Bright light treatments diate and long delay periods administered after bright light
Bright light treatment experiments followed the same pro- exposure resulted in intermediate and full recovery from the
cedures as the control treatments outlined in Se@i@n, light, respectively. Populations with no delay experienced no

except larvae were exposed to bright light instead of partial recovery. These results are listedlable 2and are shown in
dark while kept in distilled water. The larvae were still keptin Fig. 4.

partial dark during rest periods. Three modes of bright light  All controls yielded comparable results and were not
and delay were examined. To examine these modes, brightsignificantly different from one another (one-way ANOVA,
light periods for the duration of 10 min were administered at P>0.05). The differences among the bright light, no recov-
three different time points within a 50-min window: at 40 min  ery populations and the controls were significant (one-way
(no delay), 20 min (intermediate delay), and 0 min (long de- ANOVA, Tukey comparisonP <0.001). Bright light popu-
lay). Therefore, all larvae experience matching amounts of lations that experienced full recovery were not significantly
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Fig. 4. Half-times {3/2) of control populations, bright light populations, control strains, apelesgpopulations. Columns represent means of populations,
and error bars represent standard errors of populations. The sample size of each set is indicatedi liie total number of larvae used is indicated by

T. Pure strains of theJAS-mCD8-GFP; ddc-GAL#ne were used in the control populations and bright light populations that are represented in the first six
columns. The control populations were tested under three different control treatments: rest before water, intermediate water, and waterHefatatees
ranges of these controls, shown in the first three columns, were comparable and were not significantly different from one another (one-w&sANIBYA,
Treatments used with the bright light populations consisted of no recovery, intermediate recovery, and full recovery from light. Half-timesrettvwery

and intermediate recovery light populations were significantly higher from those of the control populations (one-way ANOVA, Tukey corRpadi€ft),
indicated by the triple-asterik (***) over the fourth and fifth columns. Bright light populations that experienced full recovery, shown in thelsirth were

not significantly different from the control®¢ 0.05). The wild type strain®regon RandCanton Sand the “rover” and “sitter” alleles of thiragerlocus

were tested as control strains and are represented in the seventh column. The taagealoies of the control strains fit nicely into the ranges oftihe
values of the control populations of thAS-mCD8-GFP; ddc-GALHne and was not significantly different from thei@¥ 0.05). To demonstrate behavioral
plasticity in a wild type strainCanton Swas also tested in the bright light, no recovery and bright light, full recovery treatments. The half-times of the no
recovery light populations d€anton Srepresented in the eighth column, were significantly different from those ¢JA8mCD8-GFP; ddc-GALdontrol
populations P <0.001, indicated by ***) but not significantly different from those of tH&S-mCD8-GFP; ddc-GAL#right light, no recovery populations
(P>0.05). The half-times from the full recovery light populationgznton Srepresented in the ninth column, were not significantly different from those of
the controls and full recovery light populationsldAS-mCD8-GFP; ddc-GAL# > 0.05 for both). This indicates that the no recovery and full recovery bright
light populations from bottCanton SandUAS-mCD8-GFP; ddc-GAL#ield comparable result&yelessstrains were tested in the control and bright light
treatment assays to verify light as the source of the behavioral response. These are represented in the last two columns. Both control aneylafieg light
populations gavé» values that were not significantly different from the contsdlS-mCD8-GFP; ddc-GALgopulations P> 0.05).

different from the controlsK>0.05). The bright light, in-
termediate recovery populations were significantly different

Table 2 from the controls® <0.001) as well as from the bright light,
Bright light and recovery)JAS-mCD8-GFP; ddc-GAL4 no recovery population?(< 0.001)_

Treatment Half-timet{2)? n [total larvae]

Control, rest before water 4.1990.1025 7 [1414] 3.4. Wild type strains and the forager locus

Control, intermediate water 4.1290.0691 7[1391]

Control, water before rest 4.1220.1392 7[1411] 3.4.1. Control assays of Oregon R, Canton S, and the
Bright light with no recovery 12.29:-0.8328 7[1838] forager locus

Bright light with intermediate ~ 7.3454 0.1840" 7 [1354] 9 . ., .

recovery The control treatments “rest before water” and “water be-
Bright light with full recovery ~ 4.313:0.0837 (n.s.) 7 [1697] fore rest” were roughly tested with the wild type strai®en-

Populations of early third-instar larvae of thAS-mCD8-GFP; ddc-GAL4 ton SandOregon Rand thdoragerallelesforR andforS. The
line were tested in the locomotion assay after experiencing the six control results from all the strains, listed Trable 3 yielded a narrow
and bright light treatments. From the raw data, half-tintgg)( or times data range (values between 4.043 and 4.573) which fit nicely

in which 50% of the larval population reached the yeast, were manually into theUAS-mCD8-GFP: ddc-GALdontrols rangeF(ig 4)
determined by interpolation. ! e

Statistical tests were performed using one-way Analyses of Variance ) ) ) )
(ANOVA). The no recovery and intermediate recovery light populations 3.4.2. Bright light, no recovery and bright light, full
were significantly different from the control populations (Tukey compari- recovery assays with Canton S

son,P<0.001), indicated by ***. The full recovery light populations were The bright |ight treatments with no recovery and full re-
not significantly different from the control®¢ 0.05), indicated by n.s.

n represents the sample size, or number of assays run. The total number opovery were each tested fNe_ times with the wild type strain
larvae tested is indicated in brackets []. Canton SThese results are listed Trable 4 The half-times

a Mean S.E. of thety» values. from the bright light with no recover€anton Soopulations
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Table 3 Table 5

Control assays of wild type strains and foeagerlocus Eyelessnutants

Strain Half-time {1/2) (no. of larvae) Treatment Half-timet{»)2 n [Total larvae]
Rest before water Water before rest Control, rest before water 4.3820.0991 (n.S) 5 [1118]

R 2.460 1137 7 197 Control, intermediate water 3.898 1[285]

Oregon -460 [137] -396 [197] Control, water before rest 4.085 1[222]
3'265 [i07] 3213 [ggi] Bright light with no recovery 4.733%0.1259 (n.s.) 5[1136]

Canton S -500 [135] 247 [274] Bright light with intermediate ~ 4.023 1[185]
4.475[162] 4.043[163] recovery

Rover 4.573 [170] 4.570[210] Bright light with full recovery  4.500 1[211]

Sitter 4.412[150] 4.434[117]

Early third-instar larvae fromyelessnutant populations were tested in the
locomotion assay after experiencing the six control and bright light treat-
ments. From the raw data, half-timesg/{), or times in which 50% of the

Populations of early third-instar larvae from wild type stra@regon Rand
Canton Sandforageralleles “rover” and “sitter” were tested in the locomo-

tion assay after experiencing the “rest before yvater and_ wate_r befqre rest” |arval population reached the yeast, were manually determined by interpo-
control treatments. From the raw data, half-timgg), or times in which ation

50% of the larval population reached the yeast, were manually determined by giaistical tests to compare the values of the “rest before water” control
interpolation. The number of larvae tested in each of the assays is indicatedy g the “bright light with no recovery” populations were performed using

in brackets []. ) . one-way Analyses of Variance (ANOVA). The populations did not differ
Thety values from the wild type antbragerpopulations fit into the data g0 iicantly from one anotheP@ 0.05), indicated by n.s. In addition, they
range of Fhé_)AS-mCDQ-GFP; dde-GALebontrol populations e_md asawhole gy ot differ significantly from the control populations of tb&S-mCD8-
did not significantly differ from those of the control populations. GFP; ddc-GAL4ine (P> 0.05)

L . n represents the sample size, or number of assays run. The total number of
were significantly different from those of tHgAS-mCD8- larvae tested is indicated in brackets [].

GFP; ddc-GAL4 control populations (one-way ANOVA, @ Mean S.E. of thety, values.
Tukey comparisori <0.001) but not significantly different
from those of thaJAS-mCD8-GFP; ddc-GAL#Mright light, Canton SandUAS-mCD8-GFP; ddc-GALyield comparable
no recovery populationsP(>0.05). This indicates that the results.
no recovery bright light populations from boftanton Sand
UAS-mCD8-GFP; ddc-GALyield comparable results. 3.5. Eyeless
In addition, the half-times from the full recovery light pop-
ulations of Canton Swere not significantly different from  3.5.1. Using eyeless to test the behavioral response in
those from the controls and full recovery light populations of Drosophila larvae
UAS-mCD8-GFP; ddc-GAL# > 0.05 for both). This indi- Drosophilalarval populations show reduced migration to-
cates that the full recovery bright light populations from both ward food after bright light exposure. To confirm the bright
light as the source of the behavioral responses seen in the

Table 4 _ UAS-mCD8-GFP; ddc-GAL4ine, eyelessmutant strains
Bright light assays of the wild type stratGanton S were also tested. Due to an impaired visual systeynless
Treatment mutants are partially blind. If the reduced migration resulted
Bright light with Bright light with from bright light exposuregyelessnutants should not exhibit
no recovery full recovery as large of an adaptive response to the bright light.
Half-time (t1/2) 12.43[289] 4.500 [221]
(no. of larvae) 3.5.2. Phenotype test of eyeless mutants
g:gg {?% jégg Eig} Inarough preliminary phenotype test to demonstrate their
11.90 [233] 4.121 [264] partial blindness, approximately 100-18@&lestarvae were
10.93 [233] 3.957[232] placed (after washing) on a 100 niril5 mm agar plate on
Mean. S.E. 12,204 0.3691 [1267] 4.225:0.0905 [1222] which a beam of light 15mm in diameter was shong. This
(total larvae) was also done fddAS-mCD8-GFP; ddc-GAlUrvae, which

Populations of early third-instar larvae from the wild type sti@amnton S were used as the control. The number tha.t cros;ed the beam
were tested in the locomotion assay after experiencing bright light treatments Of light, as measured by the number of trails left in the agar,
with no recovery and full recovery. From the raw data, half-tintgs)( or was much lower for the control than for tegelessnutants.
times in which 50% of the larval population reached the yeast, were manually This confirms a reduced visual input in tegelesdarvae.

g:e;irkztlg?? by interpolation. The number of larvae tested is indicated in The phenotype tests were conducted in partial dark.

Statistical tests were performed using one-way Analyses of Variance

(ANOVA). The no recovery light populations were significantly different 3.5.3. Eyeless in the six treatment assays

from theUAS-mCD8-GFP; ddc-GALdontrol populations (Tukey compar- In the light-treated groups, theyelessmutants showed

ison, P<0.001) but not significantly different from tH8AS-mCD8-GFP; greatly reduced behavioral responses compared to those of
ddc-GAL4bright light, no recovery population® & 0.05). The full recov- . . .
ery light populations were not significantly different from the controls and theUAS-mCD8-GFP; ddc-GALkhe. Theresults are listed in
full recovery light populations dAS-mCD8-GFP; ddc-GAL& > 0.05 for Table 5and shown in the last two columnskef). 4. The “rest

both). before water” control and the “bright light with no recovery”
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treatments were each repeated five times, while the other fourments, a well-defined behavioral response was observed — a
treatments were tested once. The control treatments gave halfsignificant increase in thig;» value of the bright light pop-

times (4.382t 0.0991) that were comparable to those from
the control treatments of the wild type strains, the “rover”
and “sitter” alleles of théoragerlocus, and th&JAS-mCD8-
GFP; ddc-GALdline. The bright light, no recovergyeless
populations produced half-times (4.783.1259) that were
somewhat increased, but not significantly different, from

ulations from the non-light populations. Full recovery from
the light was also observed. Bright light as the source of the
behavioral response was also confirmed and demonstrated us-
ing eyelessnutants. One caveat with tlegeles&xperiments

is that theeyelesggene may have other minor functions in
addition to larval vision, although they are not revealed in

the control treatments and significantly less than the bright our experiments with theyelessnutant larvae.

light UAS-mCD8-GFP; ddc-GAL#opulations. The bright
light eyelesgpopulation with intermediate recovery gave a
t1/2 value (4.023) comparable to that of tlegelessnter-
mediate control (3.898). The bright lighyelesgpopulation
with full recovery gave &j,, value (4.500) comparable to
that of the “water before resttyelesscontrol population
(4.085).

The “rest before water” control and the “bright light with
no recovery” populations with theyelessnutants were not
significantly different from one another (one-way ANOVA,
P>0.05) or from the control and full recovery populations
of the UAS-mCD8-GFP; ddc-GALH#ne (P> 0.05) but were
significantly different from the bright light, no recovery and
bright light, intermediate recovery populations of tHAS-
mCD8-GFP; ddc-GAL4ine (P<0.001).

3.5.4. Lightis the source of behavioral response

All treatments of theeyelessnutant produced results that
emulated those of the control treatments forlt#es-mCD8-
GFP; ddc-GAL4line, the wild type strains, and the “rover”
and “sitter” alleles of thdorager locus. Exposure to light

Control treatments with the experimental strains, the wild
type straindOregon Rand Canton Sthe “rover” and “sit-
ter” alleles of theforager locus, and thesyelessmutants
all gave comparable results. The data from the strains col-
lectively fit into a tight range and were very reproducible,
demonstrating the assay’s steadiness and giving a stable base-
line without alterations in behavior. lBanton Shright light
treatments with no recovery gave comparable behavioral re-
sponses to those observed with the experimental sthair
mCD8-GFP; ddc-GAL4Bright light with full recovery in
Canton Salso gave fully recovered responses that were com-
parable to those observed with the experimental strain. Thus,
the assay was not background specific. There was no ge-
netic contribution to the results, which did not differ among
different strains and genotypes undergoing the same assay
treatments.

4.3. Meaning of larval behavioral plasticity

Drosophilalarvae in the foraging stage prefer dark areas
and are repulsed by light. When a control population of lar-

did not give a significant behavioral response. Therefore, thevae is left to crawl towards yeast, the majority of the larvae
behavioral response of non-visually impaired larvae is due (approximately 80%) reach the yeast within the first 10 min,
to a light responsivity and not due to high temperature and while the resttrickle in during the remaining time. This leaves

other potential effects of the treatment.

4. Discussion

4.1. Summary of experiment

a severely left-skewed distribution in a plot of larvae scored
versus time Fig. 3A). When a population of larvae is left

to crawl towards yeast after exposure to bright light, there is
an increase in the number of larvae that reach the yeast later
in the assay time period; thus, there is more noise in the tail
of the distribution Fig. 3B). This leads to the significant in-
crease in they» value, which corresponds to the behavioral

In our experiments, we developed a locomotion assay for response exhibited in our experiments. It is not at all clear
Drosophilalarvae that can be used to assess behavioral ef-what causes the behavioral change in response to light. The
fects and various alterations in the nervous and sensory sysfact that larvae rapidly adapt to this noxious condition may

tems duringDrosophiladevelopment. Using an agar plate

indicate that the response is a form of allostasis, or adaptation

with a yeast paste hole dug out in the center, large quantitiesto stress.

of larvae were tested in a behavioral assay after undergoing

different control and bright light treatments. The treatments 4.4. A behavioral model for stress?

were compared using the half-times, or times at which half
the total number of larvae reached the yeast, of the popula-

tions.

4.2. Simple, stable, and robust

Our assay may be a behavioral model for stress. It quan-
tifies the adaptive behavioral responses to bright light in
Drosophilalarvae and is a measure of behavioral plastic-
ity. Given the robustness of our assay and its simplicity, it
could be used in a genetic screen for mutants in behavioral

Our treatments and locomotion assay test the behavioralplasticity with respect to their abilities to adapt to bright

response and recovery from bright lightmnosophilalarvae.

light. While a well-defined behavioral response is observed

The assay is simple and proved to be robust. In our experi-in the assay, we do not know what it is or what changes
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are taking place in the larvae to cause the response. Is itCobb M. What and how do maggots smell? Biol Rev 1999;74:425-59.

a loss of appetite or motor function due to stress? In addi-
tion, because our experiments involve populations of larvae,
it is not clear whether all larvae respond in the same man-

ner. Are the larvae stressed at the molecular level despite not

showing a behavioral response to the light? Conversely, are
the few larvae from control populations that reach the yeast

later in the assay undergoing stress, or are there always a

select few that will always be slow? Further investigations
using this assay may answer these questions and give ad
ditional insights into behavioral plasticity and adaptation to
stress.
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