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Abstract

Genetic variation contributes to heterogeneityhie prevalence of complex disorders
such as addiction. The genetic risk for develomngubstance use disorder can vary between
drugs. The estimated heritability rate of cocaiddietion is 72%, higher than any other drug.
Despite recognition of this significant genetic gmnent, little is known about the specific genes
and mechanisms that lead to the development ofir®@adiction.Drosophila is an effective
model organism for identifying the genes that uhel@romplex behaviors, including addiction.
While Drosophila exposed to cocaine display features of intoxicasiilar to those observed
in mammals, there is currently no model of cocaele-administration in flies. Because cocaine
is a natural insecticide, we wondered Of osophila might naively avoid it through bitter
chemosensory detection. To answer this question,p&&rmed cocaine consumption and
preference assays comparing wild-type flies antesiste mutants. Our results demonstrate
that Drosophila detect and avoid cocaine through bitter sensirgjafiory neurons, and that this
process requires gustatory receptor 66a (Gr66ayitiddally, we identify a peripheral
mechanism of avoidance through cocaine detectidh Biosophila legs. Our findings reveal
that preingestive mechanisms of toxin detectiory @lasignificant role inDrosophila cocaine
avoidance and provide evidence that disruptingagost perception of cocaine is essential for

self-administration and, therefore, developing aehlof self-administration iDrosophila.
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I ntroduction

Cocaine is a psychostimulant that elevates dopaamdemood in humans (Volkow et al.,
2009). The reinforcing effects of cocaine intoxicatcontribute to its addictive potential, and
national and international surveys on drug use asiggocaine is used by more than 20 million
individuals globally and estimate that more tham onillion individuals in the United States
struggle with cocaine use disorder (SAMHSA, 2019QDC, 2021). Family studies suggest
that the risk for developing drug addiction haseathbility component of around 50% (Kendler
et al., 2006), with cocaine use disorder havingHighest heritability estimate at around 72%
(Goldman et al., 2005). Despite this informatioewfstudies have been able to identify novel
genes and proteins involved in the developmenboéine addiction. Due to the heterogeneity in
the population and its multigenic basis, a largegle size is required to identify these genes,
which is challenging in human studies (Ducci andd@an, 2012). In contrast, model organisms
such asDrosophila melanogaster provide a way to study the genes that underlie ptexn
behaviors, including addiction, in homogenous papohs with a virtually unlimited sample
size (Narayanan and Rothenfluh, 2016). Moreol2egsophila is a proven translational model
with orthologs for most disease-causing genes imams (Bier, 2005), including addiction
(Lathen et al., 2020).

Like mammalsDrosophila exposed to cocaine display dose-dependent chamgestor
behavior that include increased grooming, loconmtitereotypy, and erratic movements, as
well as akinesia, seizures, and death at highezsd@dcClung and Hirsh, 1998). Cocaine also
reduces sleep irosophila (Lebestky et al.,, 2009), as it does in mammalrigjss and
Greene, 2021). Therefor®rosophila show face-valid responses to cocaine. Studies have

compared the relative consumption of cocaine betviesophila genotypes and measured
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changes in cocaine consumption over time (Higkfikl., 2019; Baker et al., 2021; Kanno et al.,
2021); however, there is currently Dwosophila model for preferential self-administration of
cocaine.

Cocaine has been identified as an insecticide @tetbn et al., 1993), and flies naively
avoid cocaine. ldentifying barriers to cocaine eongtion in Drosophila will support the
development of a fly model of cocaine abuse disordenodel for cocaine use disorder in flies
would enable the identification of genes that uhelerocaine addiction using high-throughput
behavioral experiments that are prohibitive in madsnHere we show thd&drosophila sense
cocaine as an aversive compound and that theyaglis@alive cocaine avoidance in acute assays
of consummatory preference. We find that this aana® is mediated by bitter-sensing gustatory
neurons and demonstrate that flies taste cocaimg Us-protein coupled receptors, thereby

identifying a peripheral mechanism for cocaine cigd@ and avoidance iDrosophila.

Results

Cocaine is Aversive tBrosophila

To determine whethddrosophila would consume cocaine, we starved flies for 6 soinen
measured feeding during a 4-minute assay usingdemBUsucrose solution supplemented with
different concentrations of cocaine (3mM, 10mM, MmBlue dye was added to the food to
track consumption (Figure 1a), and we observed se-dependent decrease in the volume
consumed per fly that ate (Figure 1b). Flies offeseicrose without cocaine consumed the
largest amount of solution, with a median volumarare than 185nL per fly (Figure 1b). In
contrast, the median volume ingested per fly thatdecreased more than 2-fold for flies fed
3mM cocaine, more than 12-fold for flies fed 10mMdcaine, and over 35-fold for flies fed

15mM cocaine (Figure 1b). The results of our blye-fikeding assay suggest that wild-type flies
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have an innate dose-dependent aversion to coaalineh reduces consumption when added to
sucrose at concentrations of 3mM or higher in #uste feeding assay. The concentrations of
cocaine published in other feeding experimentsedrgn 10uM to 10mM (Kanno et al., 2021).
The concentrations used in assays with vaporizee-fase cocaine are much higher, with a
“moderate” dose considered 5-10ul of a solutiora atoncentration of approximately 50mM
(McClung and Hirsh, 1998; Bainton et al., 2005). i/hcomparable to doses of cocaine
administered in other publications, we wonderedtimrethe concentrations of cocaine used in
our experiments were too high to assay consumgifactively. Notably, at doses over 3mM
cocaine, flies in our experiment began to exhibizgres (data not shown), suggesting reduced
sucrose consumption might be partially due to cueaelated incapacitation.

To expand on these results, we assayed flies arlaancentrations of cocaine using a
fluorometric reading assay of preference (FRAPYY{Re Colén de Portugal et al., 2014). In
contrast to the dye feeding assay, where flieoahg offered a single feeding solution, they are
given a choice of two solutions for 30 minutes e FRAP. Each solution in the FRAP is
marked with a distinct fluorescent dye, and a #hsoent plate reader is used to measure the
relative ingestion of the dyes in whole flies afteeding. These results are used to generate a
preference index, representing the relative consiommf each feeding solution (Figure 2a).
Preference scores in the FRAP range from -1 tantllcating whether flies exhibit avoidance (-)
or preference (+) for a tested compound. To detegnfiow Drosophila respond to lower
concentrations of cocaine, we again starved foe$fhours, then offered them a choice between
340mM sucrose and 340mM sucrose supplemented wifieresht concentrations of cocaine

(0.3mM, 0.6mM, 1.5mM, or 4.5mM). We observed naiersion to cocaine at every
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concentration tested (Figure 2b). Taken togetlmer résults of our consumption and preference

assays show that cocaine is aversive to flies, aveoncentrations as low as 0.3mM.

Cocaine Aversion InvolveBrosophila Gustatory Neurons

Cocaine is a naturally occurring insecticide foundhe leaves of the coca plant and is
known to inhibit feeding behavior in other insedtdathanson et al., 1993). Since most
phytotoxins are alkaloids perceived as bitter (Dkvemd Carlson, 2020), and flies avoid
ingesting bitter substances, we wondered whethegrlthemosensory neurons play a role in
Drosophila cocaine avoidancdrosophila chemosensory neurons are housed in sensilla found
on their sensory organs (Ling et al., 2014). Thesgsilla contain multiple taste neurons, with
each neuron tuned to detect a specific taste mpddreeman and Dahanukar, 2015). The
tuning to detect various tastants is determinedhigycomplement of gustatory receptor (Gr)
subunits expressed in different taste neurons @Metisal., 2011). While 28 bitter-tasting Grs
have been identified, only a subset is expresseadh bitter gustatory neuron (bGRN) (Ling et
al., 2014). Some gustatory receptor subunits am®wh/-tuned and respond to a limited number
of bitter compounds, while others are widely-tursed respond to many bitter compounds. A
small subset of these widely-tuned, bitter-sen§ngroteins, referred to as core bitter receptors,
are expressed almost ubiquitously in bGRNs (Welisa.e2011). One such highly expressed,
core bitter receptor protein commonly used to l&i&RNs is Gr66a (Weiss et al., 2011).

To determine whether bitter perception contribute®rosophila cocaine avoidance, we
abolished bitter taste in flies with the GAL4/UASpeession system (Brand and Perrimon,
1993). We used the Gr66a driver (Dunipace et AD12to promote the expression of an inward

rectifying potassium channel (Kir) (Hodge, 2009attkelectrically silences neurons, therefore
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inhibiting bitter sensing in flies. We starved flidor 6 hours and then used the FRAP to
determine whether bitter perception impacts thalifep preference of flies given a choice
between 340mM sucrose and 340mM sucrose suppledhetitte cocaine (1.5mM or 3mM) or a
known bitter compound, L-canavanine (10mM) (Leeakt 2012). We observed a significant
decrease in avoidance of cocaine and L-canavamn@&ré6a>Kir flies when compared to
controls (UAS-Kir) (Figure 3a). The results of tleigperiment suggest that flies sense cocaine as
a bitter tastant.

In Drosophila, gustatory neurons that mediate avoidant behdvi@msponses express
ionotropic (Ir) clade receptors and G-protein lBereceptors (Koh et al., 2015). Since silencing
the bitter gustatory receptor neurons expressing6&mreduces cocaine avoidance, we asked
whether the actual G-coupled protein receptor Gréé@a involved inDrosophila cocaine
detection. To test this hypothesis, we used twdifigs with transgenes that rescue different
portions of a 3.3kB deletion fragment that includa$6a and the two genes that flank Gr66a
(Moon et al., 2006). One of these lines includésaasgene that rescues the two genes flanking
Gr66a (Gr66a deletion), while the other includésaasgene that rescues all three genes from the
3.3kB fragment, including Gr66a (Gr66a rescue). Waasured preference in another 30-minute
FRAP, but increased the deprivation length to 1&#do ensure that all flies in the assay would
eat. Data from our previous experiments indicatd @#B-hour starved flies offered solutions
containing 340mM sucrose will gorge on the firstugon they contact. We, therefore, lowered
the concentration of sucrose offerings in the FRARL00mMM to increase the probability that
flies would sample each food source. Flies weverga choice of 100mM sucrose and 100mM
sucrose supplemented with different concentratiohsocaine (0.3mM, 1mM) or lobeline

(0.5mM), a bitter phytotoxin detected by Gr66a (Kaétal., 2017). We observed a significant
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reduction in avoidance of cocaine (0.3mM and 1mki &beline (0.5mM) in Gr66a deletion

flies compared to Gr66a rescue flies (Figure 3bgsE results suggest that flies sense cocaine as

an aversive tastant using G-coupled protein recemmplexes that include Gr66a.

Cocaine Aversion Involves Peripheral Detectionhsy lteqgs oDrosophila

Because flies integrate signals from multiple tastgans to decide whether to initiate
feeding behavior, we wondered if cocaine avoidangght occur prior to ingestion. In addition
to the taste hairs found in the mouthparts Dvbsophila, chemosensory neurons are also
distributed along the wings, abdomen, and on tebliarsal segments of the legs. Because taste
hairs on Drosophila legs allow flies to interact with and sample a dosource prior to
consumption with the proboscis, we wondered if @ré&pressing neurons might provide
Drosophila a peripheral mechanism for cocaine detection avmidance. To answer this
guestion, we performed a 2-choice assay of preferarsing the fly liquid-food interaction
counter (FLIC).

The FLIC is a feeding assay that records the typmklangth of interactions that occur over
time (Ro et al., 2014) since it allows discrimioatibetween leg events (LE), which represent
tasting, and proboscis events (PE), indicativeafsamption (Figure 4a,b). To verify that the
FLIC is an effective assay for measuring cocairedgoence irDrosophila, we first performed a
feeding assay with wild-type control flies. We st flies for 18 hours, then transferred flies to
the FLIC and offered them a choice between 100mddose and 100mM sucrose supplemented
with cocaine (0.02mM, 0.05mM, or 0.1mM). We seldciewer concentrations of cocaine
because control flies still showed strong aversamn0.3mM cocaine in the FRAP (Figure 3b)

and because the FLIC provides greater resolutian tlur blue dye feeding assay and the FRAP.
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It also allowed us to further characterize the dayicarange ofDrosophila sensitivity to the
effects of cocaine on feeding behavior.

The cumulative duration of proboscis events, priogpaal to the volume ingested (Ro et al.,
2014), recorded during the 30-minute FLIC assay wssd to determine preference. We
observed a dose-dependent decrease in proboséesemee for sucrose with cocaine, with
significant avoidance for sucrose containing 0.05mdd¢aine and 0.1mM cocaine (Figure 4c).
The median proboscis preference index score farosaccontaining 0.02mM cocaine was not
significantly different from 0 (Figure 4c). Thesesults suggest that 0.02mM cocaine might be at
the lower end of the dynamic range @fosophila sensitivity to the bitter taste of cocaine in
acute assays of feeding preference. Overall, thaltseof our time-based proboscis interaction
preference measurements in the FLIC are consigtiémtour consumption-based measurements
in the FRAP, suggesting that flies exhibit naivecaine avoidance, which increases dose-
dependently.

Both the FRAP and the FLIC are useful for assapireference. The FLIC, however, has the
additional ability to measure feeding initiatiorr &ach interaction event with the food, enabling
comparison of food palatability in a 2-well arefraflies, the feeding behavior unfolds in a
characterized sequence of events, with tastingte\sg interactions) preceding feeding events
(proboscis interactions; see Figure 4b). In the;lfi€eding initiation is reflected by the ratio of
proboscis events to total events; i.e., how matgraction events with the food are ‘palatable
enough’ to result in a proboscis/feeding eventdiraginitiation on the well with 2700mM
sucrose + 10mM L-canavanine, a bitter control sarixs#, was much reduced compared to the
other choice well of 200mM sucrose (Figure 4d). $ame was true for 0.1mM and 0.05mM

cocaine, while initiation for 0.02mM cocaine wag significantly different (Figure 4d). The
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decrease in the proportion of proboscis eventsrebddor wells containing 0.05mM and 1mM
cocaine suggests that cocaine is aversive via Aamexan of cocaine detection involving the
legs, thus lowering the frequency of transitiomreg into proboscis events.

To determine whether bitter gustatory receptorstiom legs of Drosophila facilitate
peripheral detection and avoidance of cocaine, aopned another FLIC experiment using
Gr66a Deletion and Gr66a Rescue flies. We starlied for 18 hours, then offered them a
choice between 100mM sucrose and 100mM sucrose ceithine (0.05mM or 0.1mM). We
observed a significant reduction in avoidance otamwe (0.05mM and 0.1mM) and L-
canavanine (10mM) containing sucrose solution fo86a deletion flies compared to Gr66a
rescue flies (Figure 5a). Next, we measured feedmiggtion through the proportion of
proboscis events to determine whether the redudtiorocaine avoidance observed in Gr66a
deletion flies impacted cocaine perception by dgsl Gr66a rescue flies displayed a significant
decrease in the proportion of proboscis events @iswontaining 0.1mM cocaine and 10mM L-
canavanine. In contrast, Gr66a deletion flies dad display a significant difference in the
proportion of proboscis events between wells coirigi sucrose and wells containing sucrose
with 0.1mM cocaine or 10mM L-canavanine. Surprigm@r66a deletion flies given a choice
between 100mM sucrose and 100mM sucrose with 0.05ubéine displayed a significant
increase in the proportion of proboscis events,redeeno significant difference was observed in
Gr66a rescue flies (Figure 5b). Together, thesalteesuggest that cocaine inhibits feeding

initiation in Drosophila by activating bitter gustatory receptors in thgsle

Cocaine Activates Gr66a Expressing Neuron®nowsophila Legs
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Because our data from the FLIC indicated etsophila detect cocaine with their legs, we
tested whether we could detect a response in sensarons through functional imaging using
the genetically encoded calcium indicator GCaMR&wef et al., 2013). To verify that we could
reliably detect fluorescence in the legsDwbsophila, we first used the Gr66a driver to express
enhanced green fluorescent protein (EGFP) in nsuexpressing Gr-66a (Goentoro et al.,
2006). We observed EGFP expression (Figure 6) o lilateral pairs of neurons in the fifth
tarsal segment and two bilateral pairs in the fotetsal segment of foreleg samples from adult
Drosophila males. Next, we used the same Gr66a-Gal4 to thizzealcium indicator GCaMP6s
(Chen et al., 2013). We confirmed expression byginmgthe forelegs of adult Drosophila males,
observing GCaMP6s fluorescence in the same regbribe distal tarsal segments identified
during imaging of flies expressing EGFP (FigureT).functionally verify the response of bitter
sensing gustatory neurons, we imaged the forelégglolt Drosophila males and monitored
GCaMP6s fluorescence during treatment with eithesrase, cocaine, or the bitter control
compound denatonium (Figure 7). As expected, nagdan baseline fluorescence intensity was
observed after sucrose application, while inculpatath denatonium increased GCaMP6s
fluorescence, reflecting an increase in neuronaaton. We also observed a dose-dependent
increase in GCaMP6s signal intensity in legs tekatgh different doses of cocaine. The results
of our experiment provide functional verificationf @eripherical cocaine detection by

Drosophila bitter gustatory neurons.

Discussion and Conclusions

Our experiments show that cocaine activates ksteasing peripheral gustatory neurons,

enabling peripheral detection and pre-ingestivedarce. Our results explain why developing a
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protocol for preferential cocaine self-adminiswatin flies has proved difficult. IDrosophila,
taste receptors distributed across internal anereat tissues have unique roles in modulating
feeding responses (Dunipace et al., 2001; FreemdrDahanukar, 2015). Grs in the wings are
important for locating food sources (Raad et @16), whereas Grs in the tarsal segments are
important to assess food before ingestion and itfpad acceptance and preference (Meunier et
al., 2003). Bitter Grs on the labellum influenc@doacceptance, preference, and consumption
(Hiroi et al., 2004; Weiss et al., 2011; Harrisakt 2015), and projections from pharyngeal taste
neurons to motor neurons enable Gr-mediated sign&di directly influence feeding bout length
(Basiri and Stuber, 2016). Unique sensory infororatis encoded by activation of tarsal or
labellar Grs, suggesting that tissue-specific gisom of Gr activation can significantly impact
learning and behavior, including drug-taking bebayDevineni et al., 2021)

Drosophila bitter Gr complexes vary in selectivity, and arthei broadly or narrowly
tuned to respond to aversive tastants (Weiss gP@l1). However, although different bitter
tastants can activate distinct receptdespsophila display minimal ability to discriminate
between different bitter compounds (Masek and Scftl0). Furthermore, concentration-
dependent shifts in neuronal and behavioral regsoare similar across most bitter compounds,
suggesting bitterness is perceived on a quanttat@ther than qualitative scale (Hiroi et al.,
2004; Sellier et al., 2011). This lack of discerminmay be useful for developirgrosophila
models of substance abuse, as reducing the séysitivbitterness might also be effective in
reducing avoidance of plant toxins, such as cocaine

We have demonstrated that flies naively avoid augawhich activates bitter-sensing
neurons in the leg. The relationship between tsstsitivity and drug consumption observed in

our experiments is also observed in humans. Fanpba bitter taste perception also modulates
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drug consumption in humans, and polymorphisms ittetbireceptor proteins have been
associated with the risk of developing alcoholigbdgnberg and Foroud, 2006; Hinrichs et al.,
2006). Furthermore, genetic variation in bittertéesensing type-2 receptors (TAS2R) is
associated with differences in average alcohol wopsion (Duffy et al., 2004; Lanier et al.,
2005), total alcohol consumption, and taste semsa#ind liking of other phytochemical-
containing beverages (Hayes et al., 2011). Distaste receptor polymorphisms have also been
associated with binge-like drinking behavior (Waat@l., 2007) and higher daily alcohol intake
(Dotson et al.,, 2012). These studies highlight tektionship between drug use and taste
receptor genes in humans, demonstrating that smglkotide polymorphisms can influence the
risk of substance use and dependence (Hinrichs 086).

While our data indicate that Gr66a is involved octaine detection ibrosophila, the
additional Gr subunits involved in cocaine detecttare still unknown. (Ling et al., 2014).
Functional gustatory receptors found Drosophila taste neurons are trimeric complexes
composed of different combinations of Gr subundtgins (Kim et al., 2017), whose variation
can lead to cell-specific differences in chemi@asstivity (Kwon et al., 2014, Ling et al., 2014).
Twenty-eight bitter-sensing gustatory receptor sitisuare expressed on the legDobsophila,
but only a subset is expressed in each bitter+sgnseéuron (Kwon et al., 2014; Ling et al.,
2014). Future experiments should attempt to charizet the remaining Gr subunits that
facilitate cocaine detection and avoidanc®mosophila.

While characterizing the components of a peripheoghine receptor will help identify
methods for reducing cocaine avoidanc®noesophila, it is still possible that peripheral cocaine
detection by tarsal taste receptors is only onepoorant ofDrosophila reluctance to consume

cocaine. Many bitter compounds are detected byiphellGr complexes, and it is possible that
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other Grs in the labellum or pharynx might stilt && reduce cocaine consumption (Kim et al.,
2017). Specifically, Gr66a deletion significantleduces, but does not eliminate, cocaine
avoidance inDrosophila. Whether residual cocaine avoidance is due tee tastsome other

noxious component of cocaine ingestion remainsetadtermined. Determining how gustatory
receptors in other taste organs contribute to oecdetection and avoidance will help answer
this question. A complete understanding of the ajosgy components involved in cocaine
detection will help elucidate the basis of cocaawwidance inDrosophila and support the

development of a fly model of cocaine use disorder.

M aterials and M ethods

Drosophila Stocks

Behavioral experiments were performed with malesfliraised in 12:12 hour L:D
conditions at 25°C with 70% humidity on standardnooeal/molasses food. Flies used in
behavioral experiments were 3—-6 days of age atttré of the experiments. Mal¢ Berlin flies
were chosen as a genetic wild-type strain for aflliminary experiments of consumption,
preference, and survival. For assays requiring fdegrivation, flies were kept in vials
containing 0.7% water agar for 6 or 18 hours. Tgeng flies expressing the genetically
encoded calcium indicator GCaMP6s in Gr66a-posttgte neurons were generated by crossing
Gr66a-Gal4 flies (W[*]; P{w[+mC]=Gr66a-GAL4.D}2, extracted from RRID:BDSC_28801)
with GCaMP6s flies W[1118]; P{y[+t7.7] w[+mC]=20XUASIVS GCaMP6s}attP40,
RRID:BDSC_42746). Fly lines for taste experimengewbtained from the Bloomington Stock

Center and include[*]; P{w]+mC]=Gr66a[ +18]}2; Df(3L)ex83 RRID:BDSC_35528 rescue of


https://doi.org/10.1101/2022.06.22.497211
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.22.497211; this version posted September 15, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Gre6a, w[*]; P{w[+mC]=CG7066[t7]}2; Df(3L)ex83 RRID:BDSC 28804 non-rescue of

Gr66a, andv *]; Df(3L)ex83 RRID:BDSC_ 25027 the 3.3kb Df of 3 genes, incl Gr66

Chemicals and Reagents

Cocaine-HCl was provided by the National Instittie Drug Abuse under Drug

Enforcement Administration license # RR0499699 (Rotluh).

Blue Dye Feeding Assay

Male flies, 3-6 days old, were collected under Gb2sthesia and allowed to recover for 24
hours in vials with standard cornmeal food. Aftecavery, flies were wet starved for 6, 12, or 18
hours in 0.7% water agar vials. Following starvatifies were transferred to feeding vials with
strips of filter paper (7 x 1.75cm) coated in 35@ekding solution. All feeding solutions
contained 0.3% (v/v) blue food dye (FD&C Blue Dye.rl) and sucrose, or sucrose with
cocaine, lobeline, or L-canavanine. After a 4-minatsay of feeding, flies were transferred to
empty vials and frozen at -80°C. Flies that ateeweentified under a stereomicroscope based on
the presence of blue dye and transferred to Eppehdmes in groups of five. 50ul of water was
added to each tube, and flies were homogenized witsmall battery-powered pestle.
Homogenates were spun down for 1 minute at 14,000xth the lid hinge oriented outward,
then for 4 minutes at 14,000rpm with the lid hirayeented outward. Centrifugation results in a
pellet of tissue, leaving a supernatant of bluedds@ution under a thin lipid layer. A NanoDrop
spectrophotometer was used to measure absorbarfié samples of the dyed supernatant, with
special care being taken to avoid the transferhef topmost lipid layer. Absorbance was

measured at 630nm and 700nonquantify consumption. Feeding volume for each Vilgs
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calculated using the formula nL eaten = (OD 630nt1*OD 700 nm) *CF, where CF is a

conversion factor specific to the 3% Blue#1 stoalkitson.

Fluorometric Reading Assay of Preference

Naive cocaine preference was tested in a 30-minctvaice fluorometric plate-reading
assay described previously (Peru y Col6n de Pdrtegal., 2014), with some modifications.
Male flies were collected in groups of 35 under C&2sthesia and allowed to recover for 24
hours in vials with standard cornmeal food. Aftecavery, flies were transferred to starvation
vials containing 0.7% water agar and food deprivoed or 18 hours. Before the experiment, we
prepared 60-well plates offering a choice betweem @quivalent sucrose solutions (340mM or
100mM), where one solution was supplemented wittaic®, lobeline, or L-canavanine. The
feeding solutions in each plate were labeled wisirttt fluorescent dyes (0.005% rhodamine B
and 0.003% fluorescein) to determine relative corngion. To control for color bias, we ran two
plates for each pair of feeding solutions, where sblutions in each plate were reciprocally
dyed. 100ul of 0.005% rhodamine B sucrose soludiodh 100 ul of 0.003% fluorescein sucrose
solution were mixed to obtain a standard 50/50shetion, which was distributed in 20 wells of
a 60-well plate (10 ul per well). For all othertels, 100ul of 0.005% rhodamine B liquid sucrose
solution and 100 ul of 0.003% fluorescein liquidtmse solution were added across 20 wells in
a staggered, offset pattern, including wells C1-@t8 E1-E10. Special care was taken to avoid
filling wells underneath the hole in the lid thrdugyhich flies are loaded into the plate.

Following starvation, flies were gently transferted60-well plates using a mouth pipette
or a modified 10ml starvation pipette. After loaglithe flies, the holes in the lid of each plate

were covered with tape, the plates were turneddepgown, and the flies were allowed to feed
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for 30 minutes. After the assay, the plates waaadfierred to the -80°C freezer to flash freeze
flies. We then performed whole-fly analysis withflids from each plate in a Fluoroskan Ascent
plate reader. We used a 384-well Greiner platgeauding three flies in each well with 60uL of
water (8 wells per plate). Next, we loaded the gdaihto the Fluoroskan and measured the
relative emission intensity of each dye by scanmiitly filter pairs at 485/527 and 542/591,
which correspond to fluorescein and rhodamine Bpeetively. These data were used to

generate a ratiometric index of consumption remtasg a relative preference for each solution.

Fly Liquid Interaction Counter Assay

Fly Liquid Food Interaction Counter (FLIC) assaysrevperformed as previously described
(Ro et al., 2014) with some modifications. Maleedli 3-6 days old, were collected with CO2
anesthesia at least 24 hours before each experifilezg were food-deprived for 18 hours in
vials with 0.7% agar to prevent dehydration. Af&rvation, we used a mouth pipette to transfer
ten flies to each arena in the FLIC for a 30-miragsay of preference. During this period, flies
in each area had free access to two feeding veglks containing a 100mM sucrose solution and
one containing 100mM sucrose solution supplemewnidd either cocaine (0.02, 0.05, 0.1mM)
or L-Canavanine (10mM). The number and durationegf events (LE) and proboscis events
(PE) for each well in th®rosophila feeding monitor were recorded using the FLIC mmnit
software. PE and LE were defined as having a pegdalsamplitude greater than or less than
100AU, respectively. Raw data from each experimeste processed using custom-built
software to analyze proboscis preference, eveenamce, and percent of proboscis events.

As proboscis interactions are indicative of feediengents, the cumulative length of

proboscis events at each feeding well providesnaiiract measure of feeding activity. The
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proboscis preference index represents the relatiteraction time between two wells and
provides an indirect measure of feeding prefereReceboscis preference was calculated as the
difference in interaction time between two wellgided by the total interaction time. Results of
this analysis give a value betwéer 11l and -1, with +1 representing absolute preference, -1
representing total avoidance, and a value of Ocatatig no preference. Event preference was
calculated using the same formula but is basedercount of events rather than the length of
events. The proportion of proboscis events to tetahts was used to determine acceptance for

each well.

Calcium Imaging Gustatory Neuron ResponsdSriosophila Legs

Calcium imaging taste responseDnosophila legs was performed as previously described
(Miyamoto et al., 2013) with some modificationsieBlwere anesthetized with @@nd forceps
were used to remove the legs by cutting betweerfeimeir and tibia. Double-sided tape was
used to fix the tibia to a slide, and another piectape was used to secure the leg, leaving the
distal 4th and 5th tarsal segments exposed ovegldss. The exposed tarsal segments were
covered with water, and the slide was transferoethé microscope for imaging. The legs were
imaged for 30-60 seconds to establish baselinedboence, then treated with either sucrose
(100mM), denatonium (20uM), or cocaine (0.1mM, 1mMBliquots of each treatment
compound were mixed at concentrations of 10x or, 20kl 100ul or 200ul were added to each
prep during treatment. Imaging was performed withOdympus CKX53 inverted culture scope
using a 40x objective and an X-Cite 120q fluoreseatiumination light source. The preparation
was excited with a mercury arc lamp using the CK3<8xcitation fluorescence mirror unit with

an excitation filter (BP460-490C), dichroic mirr@itP500), and emission filter (520IF). Image
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acquisition was performed using an Olympus DP72asmope digital camera with DP Manager
software (CellSens). Acquisition settings for reyerative images were optimized to enhance
structural aspects of tarsal segments and supmuéalization of Gr66a-positive neurons. For
calcium imaging, images were acquired at 2fps waithexposure time of 500ms and at the

minimum setting for light sensitivity (ISO 200).

Image Processing and Analysis

Image sequences for each leg (240 frames) wereegged using ImageJ. Images were
cropped to include the fourth and fifth tarsal segts, and XY-drift was corrected with
TurboReg based on an average intensity Z-projecti®@Ils were identified by analyzing
particles in a standard deviation Z-projection gatexl from the registered image after applying
the triangle auto-threshold method. The ROl manages used to add ellipses to regions
adjacent to cells to cells of interest to measaekfround fluorescence. Intensity measurements
for each frame were used to plot changes in intermwier time. Twenty frames (10s) were
analyzed to establish a baselnE/F. Solutions were applied between frames 20-302(1s),
and responses were analyzed across the last 20@4r§100s). The change in fluorescence
intensity (AF) relative to baseline fluorescence intensity W&s used to ploAF/F for each
acquisition series. Untreated cells were imagaddasure photobleaching. Results were fit to an
exponential decay function and applied to corragna intensity across each treatment

condition.

Data Analysis and Statistics
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Statistical analyses were performed using GraphPadm 9. Data from feeding
experiments were not assumed to follow a normatribligion; therefore, preference and
consumption experiments were analyzed using noparametric statistics. The two-tailed
Mann-Whitney U test was used to determine the Sa@mice of pairwise comparisons in the
blue-dye feeding assay of consumption, the FRAM, RIiC. The Wilcoxon signed rank test
with a two-tailed P-value was used in the FRAP &htC to compare the median preference
score of each group to a hypothetical median 0b.z&ox plots in all consumption and
preference experiments represent median valueghtrduartile range, with whiskers depicting

10" and 98" percentiles.
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Figure 1. Cocaine Reduces Drosophila Sucrose Consumption

(@ A schematic of the blue-dye feeding assay of comqion depicting (1) the 4-minute
feeding (2) selection of flies that ate (3) extraction of blue dye> (4) quantification of the
volume ingested per fly that ate based on measunteafielye concentration (4{b) The effect

of cocaine concentration on median volume consugnkll per fly during a 4-minute assay of
feeding after a 6-hour wet starvation period. Theglian consumption per fly that ate is highest
for flies offered 340mM sucrose (185nL, n=16 grogp$ flies). Median consumption per fly
that ate is significantly reduced for sucrose sohg containing cocaine, decreasing to 79nL with
3mM cocaine (***P < 0.0004, n = 8 groups of 5 flies, two-tailed Mamnhitney), 15nL with
10mM cocaine (**P < 0.0001, n = 8 groups of 5 flies, two-tailed Mamhitney), and 5nL with
15mM cocaine (**P < 0.0001, n = 6 groups of 5 flies, two-tailed Manhitney). Here, and in
subsequent figures, boxplots show the interquartlege, and the line inside each boxplot

represents the median. The lower and upper bouhdsaach box mark the 25th and 75th
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percentile, respectively. Whiskers indicate thehlditd 90th percentile. lllustrations created with

BioRender.com.
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Figure 2. Drosophila Avoid Cocaine in a Two-choice Fluorescence Reading Assay of
Preference

() A schematic of preference quantification in onehaf two color countepalanced conditios
of the Fluorescense Reading Assay of PreferencR-Rb) Cocaine is aversive to flies ia
30-minute FRAP. All flies were wet starved for 6un® then alloweda choose betwe
fluorescently labeled color countealanced solutions containing 340mM sucrose or 34
sucrose supplemented with cocaine. Cocaine produdesedependent decrease in prefere,
which significantly deviates from a score of O ([@ference) for sucrose solutioocgntainin)
0.3 (*** P <0.001, n = 46 sets of 3 flies), 0.6 (*P< 0.001, n =47 ), 1.5 (*P <0.001, n:
16), and 4.5mM cocaine (P = 0.031, n = 8; one-sample Wilcoxon signed rardt teith P

values Bonferroni-adjusted for multiple testing).
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Figure 3. Drosophila Avoid Cocaine via G-Protein Coupled Receptors.

Asterisks inside the graph's frame indicate the@Rersclassification of two-tailed Mann-Whitney
tests comparing median preference scores betwesnypes. Asterisks beneath the frame of the
graph show results of Wilcoxon signed-rank testmmaring the median preference to the
hypothetical median of a) Silencing bitter taste neurons reduces cocainalamoe in a two-
choice fluorescent reading assay of preferencetr@dnASKir flies (white bars) and bitter taste
impaired Gr66a>Kir flies (grey bars) were wet starved for 6 hourgntlallowed to choose
between solutions containing 340mM sucrose or 340solgfose supplemented with cocaine.
Comparedo UASKir control flies (white bars), bitter taste impairids (grey bars) display a
significant decrease (two-tailed Mann-Whitney testlavoidance for sucrose supplemented with
1.5mM cocaine (****P < 0.0001, n = 44, 44 groups of 3 flies), 3mM caeai**** P < 0.0001, n

= 44, 41), and the bitter compound L-canavaninedh} (***P < 0.0006, n= 61, 59; two-tailed
Mann-Whitney U test)UASKir control display significant avoidance for sucras®utions
supplemented with 1.5mM (***® < 0.0001, n = 44, Wilcoxon signed-rank test) amadlVB
(**** P < 0.0001, n = 41) cocaine, and 10mM of the bittantrol compound L-canavanine (L-

can) (***P < 0.0001, n = 62). In contrast, tler66a>Kir flies displayed reduced bitter
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avoidance, with significant aversion for 3mM coe(f*** P < 0.0001, n = 44), but not 1.5mM
cocaine P = 0.0998, n = 44) or 10mM L-canavanirie£ 0.0870, n = 59).(b) Deletion of the
gustatory receptor subunit 66a gererg6a) reduces cocaine avoidance in a two-choice
fluorescent reading assay of preference. Gr66aueeéohite bars) and Gr66a deletion (grey
bars) were wet starved for 18 hours, then alloveechbose between fluorescently labeled color
counter-balanced solutions containing 100mM sucas@00mM sucrose supplemented with
cocaine. Compared ter66a Rescue flies (white bars)Gr66a Deletion bitter taste mutants (grey
bars) display a significant decrease (two-tailednMaVhitney test) in avoidance for sucrose
supplemented with 0.3mM cocaine (***P < 0.0001, 128, 128 groups of 3 ), 1mM cocaine
(***P < 0.0001, n = 144, 144 groups of 3), and th&er compound lobeline (***P < 0.0001 n
= 48, 48 groups of 3). Median preference score&Gf@6a Rescue flies were significantly less
than a hypothetical median score of 0 (Wilcoxonnsidrank test) for sucrose solutions
supplemented with 0.3mM cocaine (****P < 0.000151.28 groups of 3), 1mM cocaine (****P

< 0.0001, n = 144 groups of 3), and lobelitg*P < 0.0001, n = 48 groups of 3). Preference
scores forGr66a Deletion bitter taste mutants were also significantly léssn 0 (Wilcoxon
signed-rank test) for flies offered 0.3mM cocaife*f < 0.0001, n = 128 groups of 3), 1mM
cocaine (****P < 0.0001, n = 144 groups of 3)., dobeline (***P = 0.0006, n = 48 groups of

3).
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(a) A schematic of the 12 feeding wells from a singlmted circuit board (PCB) used in2

FLIC (1). Each FLIC board is fed by two reservdifsand B), where each reservoir ruthe

length of the board and supplies feeding solutrone lane of six wellsThe PCB covr

partitions the flic board into six arenas, eachtamingone well fed by reservoir A and ong

reservoir BWhen a fly standing on one of the conductive meighal pads touches the feeg

solution, they complete a voltage divider circ@i}. (b) Representative traces of FLIC data 1

a single well showing length and type of feedingrdas recorded over timéeg events (L.B

and proboscis events (P.E.) produce distinct chamgeoltage that adw event discriminatin

based on the intensity of the normalized signaU(A.Values less than 100 represent leg ey,

and values over 100 represent proboscis evRa&sordings from our experiments were us)
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generate readouts of activity in increments of 2€0anresolution that allows identification of
both single and clustered feeding everft3. Flies avoid cocaine in a two-choice assay of
preference in the fly liquid interaction countet[€). After 18 hours of wet starvation, ten flies
were loaded into each arena and allowed to choeseekn a solution of 100mM sucrose or
100mM sucrose supplemented with cocaine in a 3QHmirassay of feeding. A proboscis
preference index was calculated for each arenallmséhe difference in cumulative bout length
for proboscis events at each well divided by thtaltiength of proboscis events. A Wilcoxon
signed-rank test was used to compare the mediaferpnee from each treatment to a
hypothetical median of 0 (no preference). Cocainedygced a dose-dependent decrease in
median preference, which is significantly deviatesn O for sucrose solutions supplemented
with 0.05mM (**P < 0.0002, n = 17 groups of 10)datOmM L-canavanine (****P < 0.0001, n

= 20, groups of 10). In contrast, median preferediocdlies offered 0.02mM cocaine did not
significantly deviate from 0 (P = 0.1089, n = 17pups of 10). Due to the strong aversion
observed at 0.1mM cocaine, we only performed tkigeement once, and, due to the low n, the
proboscis preference was not significant for 0.1eddaine (P = 0.0312, n = 6, groups of 10).
(d) Cocaine inhibits feeding initiation in the FLICinSe all feeding events (P.E.) in the FLIC
are preceded by tasting events (L.E.), the propoxf leg events that turn into proboscis events
reflect food acceptance. We calculate this valuee&zh well, determining the ratio of proboscis
events to total events. A two-tailed Mann-Whitnegttwas performed to compare the median
proboscis event proportion between pairs of webenfeach treatment condition. A significant
decrease in median proboscis event proportion weereed on wells supplemented with
0.05mM cocaine (*P < 0.0241, n = 14, 14 groups @f tivo-tailed Mann-Whitney), 0.1mM

cocaine (**P < 0.0022, n = 6, 6 groups of 10 fliagp-tailed Mann-Whitney), and 10mM L-
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canavanine (***P < 0.0001, n = 6 groups of 5 fliesp-tailed Mann-Whitney). In contrast, we
did not observe a significant difference in prol®sevent proportion between wells when

sucrose was supplemented with 0.02mM cocainetrditisns created with BioRender.com.
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Figure 5. G-Protein Coupled Receptors are Essential for Leg-Mediated Detection and
Avoidance of Cocaine.

(a) Greba Deetion flies show decreased cocaine avoidance in the FRICflies were wet
starved for 18 hours, then transferred to FLIC dsdsy mouth-pipetting ten flies into each
arena. Flies were allowed to choose between aicolof 100mM sucrose or 100mM sucrose
supplemented with cocaine in a 30-minute assayeedinhg. Asterisks inside the frame of the
graph indicate the P-value classification for twdetd Mann-Whitney tests comparing median
preference scores between genotypes. Asterisksathetiee graph's frame represent P-value
classification for Wilcoxon signed-rank tests commpg the median proboscis preference index

to a hypothetical median of 0. The median probopogference index score for Gr66a rescue
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flies was significantly less than 0 at -0.69 fd3mM cocaine (**P = 0.0039, n = 9 groups of 10
flies), -0.88 for 0.1mM cocaine (**P = 0.0039, rOgroups of 10 flies), and -0.82 for 10mM L-
canavanine (***P < 0.0001, n = 21 groups of 1@$l). Median proboscis preference scores also
deviated from O for Gr66a Deletion flies with a walof -0.15 for FLIC boards with 0.05mM
cocaine (*P = 0.00391, n = 9 groups of 10 flie®)54 for 0.1mM cocaine (**P = 0.0078, n = 8
groups of 10 flies), and -0.1359 10mM L-canavar(iie= 0.0158, n = 21 groups of 10 flies).
The median proboscis preference index score&if66a Rescue andGr66a Deletion flies were
compared for each treatment condition using thetasled Mann-Whitney test. Compared to
Gr66a Rescue flies (white bars)Gr66a Deletion flies (grey bars) display a significant decrease
in avoidance for sucrose supplemented with 0.05rabaime t**P < 0.0008, n =9, 9 groups of
10), 0.1mM cocaine (*P < 0.0360, n = 8, 9 group&®f, and the bitter compound L-canavanine
(****P < 0.0001 n = 21, 21 groups of 10)b) Gr66a Deletion increases initiation on sucrose
supplemented with cocaine. A two-tailed Mann-Whytriest was performed to compare the
median proboscis event proportion of wells in asginam each treatment. A significant decrease
in median proboscis event proportion was obseroe®if66a Rescue flies on wells with 0.1mM
cocaine (*P < 0.0106, n = 9 groups of 10 flies, -taibled Mann-Whitney) and 10mM L-
canavanine (**P < 0.0052, n = 21 groups of 10 flieso-tailed Mann-Whitney), but no
difference was observed in arenas where cocaineswgdemented at 0.05mM (P = 0.0770, n =
9). In contrast, folGr66a Deletion flies, we did not detect a significant differenoeproboscis
event proportion between wells when sucrose waplemented with 0.1mM cocaine (P =
0.0921, n = 8 groups of 10 flies, two-tailed Mantithiey) or 10mM L-canavanine (P = 0.0001,
n = 21 groups of 10 flies). Moreover, in arenathv@@tO5mM cocaine we observed a significant

increase in proboscis event proportion (®%M®.0056, n = 9 groups of 10 flies).
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Gré6a-Gal4/UAS-EGFP

Gré6a-Gal4/UAS-GCaMPé6s

Figure 6. Gr66a-Gal4 is Expressed in the Distal Tarsal Segments of the Drosophila Foreleg

Representative images of fluorescence signal ftA8-EGFP (top right) andUAS- GCaMP6s
(bottom right) expressed in taste neuron&b6a-Gal4 flies. Expression was observed in r
bilateral pairs of bitter taste neurons, includiag pairs in the fourth tarsal segment ano
pairs in the fifth tarsal segment. All images waoguired using adu@rosophila males.Note,

that we applied a higher gain and exposure fodGaMP6s compared to thEGFP picture
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Figure 7. Cocaineis Detected by Taste Hairson the L egs of Drosophila

(@ Increases in GCaMP6s fluorescence intensity weoerded in the forelegs of ad
Drosophila males treated with 20uM denatonium (red trace grety error bars), 1mM cocee
(red trace with teal error bars), and 0.1mM cocdneel trace with light teal error barg)ylo
increase in signal was recorded in forelegs treaiéid 100mM sucrose (black trace with ¢
error bars). The blue and red calibration bar ® Igft of the Yaxis represents the rang¢

signal intensity observed during acquisition, amel lheat map beneath theaXis corresponds)
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the change in signal intensity over time in induadineurons from each treatment group. Plotted
traces and error bars represent the mean charsignial intensity {\F/F) and the standard error
of the mean (SEM) for neurons in each conditionirduthe period 10 seconds before and 110
seconds after treatmentb) Average peak intensity/{F/F) of neurons in each treatment
condition. Kruskal-Wallis test with Dunnett's pdste analysis was performed to compare the
average peak intensity of sucrose treated congotams (n = 17 neurons) to neurons treated
with 20uM denatonium (***P = <0.0001, n = 18), M cocaine (*P = 0.0201, n = 14), or
1mM cocaine (****P = <0.0001, n = 18). Asterisksrn@ath the graph's frame represent P-value

classification for Wilcoxon signed-rank tests comipg the median peak intensity\(/F) to a
hypothetical peak intensity of 0. The medianF/F for sucrose-treated controls was not
significantly different than 0 (P = 0.7735). In ¢@st, medianAF/F was significantly greater

than zero for neurons treated with 20uM denaton(tirfP = <0.0001), 0.1mM cocaine (***P
= 0.0001), or 1ImM cocaine (***P = <0.0001jc) Max intensity projections of GCaMP6s

fluorescence signal acquired before treatment €4tp) and after treatment (20-120s, bottom).
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