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Serotonin distinctly controls behavioral
states in restrained and freely moving Drosophila

Swetha B.M. Gowda,1 Ayesha Banu,1 Safa Salim,1 Kadir A. Peker,2 and Farhan Mohammad1,3,*

SUMMARY

When trapped in a physical restraint, animals must select an escape strategy to
increase their chances of survival. After falling into an inescapable trap, they react
with stereotypical behaviors that differ from those displayed in escapable situa-
tions. Such behaviors involve either a wriggling response to unlock the trap or
feigning death to fend off a predator attack. The neural mechanisms that regulate
animal behaviors have been well characterized for escapable situations but not
for inescapable traps. We report that restrained vinegar flies exhibit alternating
flailing and immobility to free themselves from the trap. We used optogenetics
and intersectional genetic approaches to show that, while broader serotonin acti-
vation promotes immobility, serotonergic cells in the ventral nerve cord (VNC)
regulate immobility states majorly via 5-HT7 receptors. Restrained and freely
moving locomotor states are controlled by distinct mechanisms. Taken together,
our study has identified serotonergic switches of the VNC that promote environ-
ment-specific adaptive behaviors.

INTRODUCTION

Successful escape from restraining traps is essential for all animals as failure to escape can lead to death.

Animals can respond to danger in several ways. Trapped or restrained animals exhibit behaviors that mainly

reflect the interplay between two types of motor responses: a state of flailing or wriggling, bursts of high

activity, and periods of behavioral quiescence or arrest.1,2 These behaviors have been described in

vertebrates and invertebrates, including insects.3–7

Factors such as the proximity and intensity of the threat, escape chances, and predator or trap fitness may

determine the decision of the restrained animal to wriggle or arrest movement.1,2,8–11 Wriggling, or active

struggle, signals the animal’s physical fitness, which is a strategy to unlock the trap. Behavioral arrest, or

sustained immobility, is a bold defensive strategy that a restrained prey can use when in peril. While a

wriggling response can trigger a further attack from the predator, a temporary behavioral arrest may

reduce the predator’s aggression and loosen its grip, increasing the prey’s chances of escaping instead

of becoming food.

In humans, behavioral arrest, or tonic immobility, may be linked to episodes of paralysis during traumatic

events.12–14 Emerging evidence suggests a strong correlation between trauma-induced tonic immobility

and post-traumatic stress disorder (PTSD).15,16 Therefore, understanding how animals respond to threats

and how their nervous system reacts to the state of restraint would help determine how serious threats are

processed in animals and how emotional behaviors are encoded by the nervous system, both at the level of

specific neural circuits and distinct subtypes of neurons that regulate them. Given the evolutionary preva-

lence of this behavior, it is critical to study it in an experimental setting and define its general governing

principles.

In low and medium threat-like situations, such as being trapped in an enclosed environment, a freely mov-

ing Drosophila exhibits anxiety-like and fear-like (freezing) behaviors.5,17 To study the behavioral response

of Drosophila in a high-threat situation like an inescapable trap, we developed a robust assay called Strug-

gle Response in Immobilized Fly (STRIF), in which the activity and immobility responses of the restrained

flies were recorded and analyzed. The STRIF assay can reproduce an ethologically relevant situation,

such as an insect caught in a spider web or the nectar of a carnivorous plant. In this paradigm, the restrained

Drosophila makes various escape attempts, mainly alternating states of flailing and immobility. The STRIF
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assay provides a valuable model for understanding the neural mechanisms that control the biphasic

expression of oppositional behavioral states. Owing to its high-throughput nature combined with

automated analysis, we can quickly test many flies.

Neuromodulatory serotonin mediates signals from all areas of the nervous system representing the

animal’s sensory environment and internal states.18 Serotonin contextualizes sensory information by phys-

iological and external states, modulatingmotor outputs by reconfiguring neural properties.19 Furthermore,

serotonin is implicated in restraint-induced tonic immobility.2,20–22 However, the neural pathways and

mechanisms that control the states of flailing and immobility in restrained animals remain unknown. Using

optogenetics and intersectional genetics, in the present study, we demonstrate that optogenetic activa-

tion and inactivation in broader serotonin neurons enhance immobility and flailing states, respectively.

In these restrained flies, the serotonergic neurons in the ventral nerve cord (VNC) regulate these behavioral

states. In addition, we also show that serotonin mediates behavioral responses through 5-HT7 serotonin

receptors in the VNC. Using a regression analysis approach, we show that serotonin has varied effects

on behavioral output in restrained flies compared to freely moving flies. Changes in locomotor parameters

obtained from potential factors, optogenetic interventions, and serotonergic receptors in freely moving

Drosophila, could not explain variance obtained in changes in STRIF parameters in a restrained state, sug-

gesting that independent mechanisms largely govern these two behavioral states. Our results suggest that

the serotonergic system is critical in the flies’ escape struggle behaviors in inescapable trap-like situations.

Moreover, they indicate that multiple serotonin pathways regulate different aspects of escape struggle in a

trap-like situation, helping fruit flies to escape effectively. Taken together, Drosophila fruit flies represent a

suitable model for studying the neural mechanisms underlying defensive behaviors in inescapable

situations.

RESULTS

A restrained fly exhibits a variety of escape struggle behaviors

To reproduce the restrained state in a laboratory setting, we glued flies to their thorax on a glass slide. In

this state, a fly can make body movements using the abdomen, legs, and wings in a bid to escape, which we

named STRIF behavior. To study flies’ STRIF behavior, we assayed six flies simultaneously, video-recorded

their activity, and analyzed them using a python script developed in-house. We recorded the activity of

individual flies for 5 minutes (Video S1). In our experiment, restrained fruit flies made various efforts to

escape: locomotor efforts consisted of alternating periods of flailing (an escape struggle with a burst of

high activity) and immobility (the state of quiescence or inactivity) (Figures 1A and 1B). Restrained flies

also exhibited abdominal thrusts (Figure 1A, Videos S1, S2, S3, S4, S5, S6, S7, S8, and S9), anterior and pos-

terior grooming, abdominal flexion, wing flapping (Videos S1, S2, S3, S4, S5, S6, S7, S8, and S9), and defe-

cation (Figure 1A). Each episode of activity or inactivity captured the movement of the legs, abdomen, and

wings. By analyzing the movements of individual restrained flies, we measured the duration and frequency

of some of these states. The inactivity duration of the flies was the most frequent between 5 and 20 second

Figure 1. Struggle Response in Immobilized Fly (STRIF) Assay

(A) Muybridge images representing various escape-like behaviors of wild-type (w1118) fruit flies in a restrained state.

(B) Representative locomotor traces show the states of activity and inactivity throughout the duration of the assay (300 s).

(C) Probabilistic distribution of activity and inactivity durations with 5s bin, dashed line depicts 5s (n-flies = 54, total 1,824 periods were analyzed for activity

and inactivity time.

(D) Restrained flies show a similar number of activity and inactivity epochs during the assay (300 s), (n = 198, D = �0.01, d = �0.01 [95CI �0.21, 0.2], p = 0.93).

(E) The average duration of activity and inactivity epochs during the assay (300 s). Flies spent significantly more time in activity epochs than inactivity epochs

(n = 200, D = �0.43, d = �0.47 [95CI �0.66, �0.25], p = 0.0001).

(F) The average total time in the activity and inactivity state during the assay (300 s), flies spent significantly more time in activity than in inactivity (n = 218, D =

�0.72, d=�0.73 [95CI�0.93,�0.53], p= 0.0001). Each dot on the scatterplots represents the data of one fly. Cohen’s d represents the effect size. The p value

was obtained using a two-sided permutation t-test. The n denotes the number of flies used in each experiment.

(G) The heatmap shows variousDSTRIF andDwalking parameters for various physiological factors. Plotted values represent the Cohen’s d effect size for each

intervention. The values marked with asterisks represent statistically significant effect sizes between the control and experimental animals (p < 0.05).

(H) Linear regressionmodel of locomotor activity-inactivity ratios depicted as a predictor of STRIF activity-inactivity ratios—for eight manipulations obtained

from the analysis of STRIF assay (Figures S1A–S1F) and walking parameters in an open field assay (Figures S2A and S2B), and the locomotor activity-inactivity

ratios were not predictive of the STRIF activity-inactivity ratios.

(I) STRIF speed is moderately predictive of STRIF activity-inactivity ratios.

(J) Linear regression model of STRIF activity was also not predictive of locomotor activity.

(K) Linear regression model of locomotor speed indicates the locomotor speed as a predictor of STRIF speed. See also Figures S1 and S2, and Videos S1, S2,

S3, S4, S5, S6, S7, S8, and S9. CIS: chronic immobilization stress.
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(Figure 1C). We used a minimum of 5 second as the threshold for measuring immobility. Specifically, our

metrics were the average time spent in activity (STRIF-activity) and inactivity (STRIF-immobility), the number

and duration of activity and inactivity epochs, and average speed of activity epochs. Although restrained

male wild-type (w1118) flies had an equal number of activity and inactivity epochs (n = 198, D = �0.01,

d = �0.01 [95CI �0.21, 0.2], p = 0.0001) (Figures 1B and 1D), active epochs lasted longer in duration

than inactivity epochs (n = 200, D = �0.43, d = �0.47 [95CI �0.66, �0.25], p = 0.0001) (Figure 1E). Overall,

the flies spent significantly more time in STRIF-activity (n = 218, D =�0.72, d =�0.73 [95CI �0.93,�0.53], p

= 0.0001) (Figure 1F) during the assay time.

Potential factors influencing the STRIF response of a fly in a restrained state

To facilitate an effective escape, the animal’s brain must quickly integrate all the necessary information

from the dynamic environment to minimize reaction time and maximize the chances of escape when

encountering a predator or trap. However, many environmental factors, such as the nature of the threat,

genetic background, past experiences, sex, age, and internal state (e.g., hunger and anxiety), may influ-

ence an animal’s defensive response. Consequently, we studied the potential factors that may affect the

fly’s struggle to escape from a restrained state, including sex (male vs. female), physiological status (fed

vs. starved, age, immobility), and genetic background (Canton-S [CS], w1118, Oregon-R [OR-R], and

Berlin-K).

We tested the level of escape struggle in males and females and found that STRIF-based activity-inactivity

ratios were significantly higher in restrained females than in males (n = 36–37, D = 1.05, d = 0.7 [95CI 0.24,

1.1], p = 0.006) (Figures 1G and S1A). Moreover, female flies had a significantly higher number but shorter

duration of activity epochs, while the average flailing speed of activity epochs and the duration of inactivity

epochs remained the same as in males (Figure 1G). This suggests that escape struggle, quantified using the

STRIF paradigm, induces a relatively general motivation to escape with higher reactivity in females. Phys-

iological conditions, such as age or satiety, can influence the driving force of behavior by modulating the

sensory system processing or acting on neuromodulators like serotonin.23 We found that age did not affect

any parameter of the STRIF response (n = 53, D = 0.04, d = 0.04 [95CI�0.34, 0.43], p = 0.83) (Figures 1G and

S1B). At the same time, 24 h of starvation decreased the STRIF-based activity-inactivity ratios and the

average flailing speed (n = 47–53, D = 0.50, d = �0.58 [95CI �0.92, �0.077], p = 0.003) (Figures 1G and

S1C) but increased the duration of inactivity epochs compared to fed flies (Figure 1G). Taken together,

this data suggests that in the STRIF assay, escape struggle was resistant to age but was affected by satiety.

Immobility and social isolation have previously been shown to affect anxiety and stress-related behaviors in

rodents and flies.5,17 Compared with normal flies, flies that were chronically immobilized for three days (6 h

each day) showed slightly increased STRIF activity-inactivity ratios and shorter inactivity epochs (n = 36–44,

D = 0.72, d = 0.42 [95CI�0.031, 0.79], p = 0.052) (Figures 1G and S1D). We then assayed the STRIF response

of flies socially isolated for seven days and compared their STRIF response to flies in a group with other flies.

Socially isolated flies also showed an enhanced STRIF activity-inactivity ratio (n = 40–41, D = 0.47, d = 0.47

[95CI 0.006, 0.96], p = 0.03) (Figure S1E) and increased duration of activity epochs (Figure 1G); however, the

number of activity epochs was lower (Figure 1G). Overall, our data suggest that in Drosophila, the motiva-

tion to struggle was reinforced by past negative experiences, such as immobility and social isolation.

Next, we studied the influence of the genetic background on escape struggle, which was measured in com-

mon laboratory strains (CS, OR-R, and Berlin-K) using the STRIF paradigm.While all strains showed a higher

level of STRIF-activity over STRIF-immobility (Figure S1F), there were differences in STRIF response levels

between the strains. While CS and Berlin-K fly exhibited strong escape responses,OR-R and w1118 flies ex-

hibited medium-level struggle responses compared to w1118 isogenic flies (n = 34–42, w1118 -OR-R, D =

�0.28, d = �0.31, [95CI �0.68, 0.259], p = 0.17; w1118 -CS, D = 1.0, d = 0.85, [95CI 0.248, 1.33], p =

0.0006; w1118 -Berlin-K, D = 1.11, d = 0.98, [95CI 0.34, 1.47], p = 0.0001) (Figure S1F). These experiments

suggest that although the escape struggle response in Drosophila is evolutionarily conserved, genetic

background nevertheless influences its manifestation.

Fly STRIF motor output is distinct from the locomotor behavior in freely moving conditions

Activity and immobility periods in restrained flies resemble walking and resting periods in freely walking

flies. We used the Drosophila arousal threshold system24 to study whether the behavioral output in

restrained flies was similar to the locomotor output in freely moving flies in response to various
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manipulations (Figures S2A, and S2B). We obtained the ratio of locomotor activity-inactivity and measured

the speed of flies placed in an open field arena for a duration of 5 min. We employed a linear regression

approach to compare animals’ behavioral output in the open field with behavior in the STRIF assay, asking

whether changes in activity-inactivity ratios in freely moving animals could predict the activity-inactivity ra-

tios in restrained animals. Regression analysis of the scores of changes in locomotor activity-inactivity ratios

and changes in STRIF activity-inactivity ratios showed that the scores of freely moving flies were not predic-

tive of STRIF activity-inactivity ratios of restrained flies (Figure 1H, R2adj = 0.22, p = 0.14). We next per-

formed a regression between changes in locomotor speed and STRIF speed. The linear regression model

showed that changes in locomotor speed were largely predictive of STRIF speed (Figure 1I, R2adj = 0.92, p

= 2.2 x 10�16). A linear regression analysis of changes in STRIF activity of restrained flies was also not pre-

dictive of locomotor activity in freely moving flies (Figure 1J, R2adj = 0.29, p = 0.17). Additional regression

analyses of STRIF speed changes and STRIF activity-inactivity ratios indicated that STRIF speed could

explain only half of the changes in STRIF activity-inactivity ratios (Figure 1K, R2adj = 0.58, p = 0.02). These

results suggest that STRIF activity-inactivity ratios are distinct from the locomotor output, while locomotor

speed and STRIF speed are related. Thus, while the speed changes contribute to the changes in STRIF

activity-inactivity ratios, they are not the primary driving force of STRIF behavior. Because the correlation

between freely moving and restrained flies’ activity-inactivity ratios was very small and statistically insignif-

icant, we further studied activity-inactivity ratios as an STRIF behavior.

Broad serotonergic activity evokes a state of immobility in restrained Drosophila

Serotonin influences diverse brain functions, including walking,25 circadian entrainment,26 sleep,27 aggres-

sion,28 and olfactory learning and memory.29 Serotonin also influences various stress-related behaviors in

vertebrates and invertebrates, including emotional responses such as anxiety, fear, and panic.17,30,31 We

hypothesized that the overall influence of serotonergic transmission would affect the state of the fly’s brain

in a negative-valence trap-like situation. We used red-illumination-sensitive channelrhodopsin (Chrimson)

to optogenetically activate32 serotonergic or 5-hydroxytryptaminergic (5-HT) neurons under red light

(127 mW/mm2) (Figures 2A and 2B). Activation of neurotransmission in the majority of tryptophan hydrox-

ylase (Trh)-bearing serotonergic cells labeled with Trh-Gal433 produced a marked decrease in activity

compared to their activity before exposure to red illumination (Figures 2C and 2D). Red illumination

enhanced the state of immobility in Trh-Gal4>Chrimson flies as STRIF activity-inactivity ratio (n = 52, D =

�0.63, d = �0.806, [95.0% CI -1.08, �0.49], p = 0.0001), average speed, and duration of activity epochs

were significantly reduced (Figures 2E, 2G, and S3A) without affecting numbers of activity epochs

(Figures 2G and S3D). The red illumination did not affect the DSTRIF response in the controls (w1118-Trh-

Gal4 and w1118-Chrimson, Figures 2C–2E). Although we saw gender differences in STRIF response in

wild-type flies, optogenetic activation of Trh-Gal4 cells showed no gender differences (data not shown).

For better comparison with the existing body of literature, where experiments have been performed exclu-

sively in males,34 we usedmale flies in our further experiments. We also evaluated the effect of optogenetic

activation of most dopaminergic and octopaminergic/tyraminergic neurons on STRIF behavior. We did not

observe any change in STRIF-activity when octopaminergic (Tdc2) neurons were optogenetically activated

and observed very little change when dopaminergic (R58E02) neurons were activated in the restrained flies

(Figures 2F and 2G). We further analyzed optogenetic activity-mediated changes in walking speed and ac-

tivity-inactivity ratios in freely moving flies for serotonergic, octopaminergic, and dopaminergic neurons.

While optogenetic activity in serotonergic cells consistently reduces speed and activity-inactivity ratios

in STRIF and walking paradigms, activity in the dopaminergic and octopaminergic systems shows distinct

effects in STRIF and walking paradigms in the direction or the magnitude of the change. These results are

consistent with the idea that acute serotonergic activity promotes the state of immobility and further sup-

port the idea that STRIF-response is a distinct response in restrained flies.

Inhibition of the serotonergic system enhances the Drosophila STRIF-activity response

While our optogenetic activation experiments determined that acute serotonin activation was sufficient to

enhance the immobility state, they did not establish that serotonin was necessary for the modulation of

Drosophila’s struggle behavior when in a restrained state. We addressed this question by expressing

GtACR1, an optogenetic inhibitor of neuronal activity,35 in broad serotonergic neurons using two illumina-

tion intensities (Figure 3A). While lower green light illumination (63 mW/mm2) slightly but significantly

enhanced the STRIF-activity state (n = 38, D = 0.47, d = 0.32, [95.0% CI 0.2, 0.43], p = 0.0004), STRIF-activity

state was modest at higher green light illumination (137 mW/mm2, n = 41, D = 0.75, d = 0.55, [95.0% CI 0.35,
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0.78], p = 0.0001) (Figure 3B). Green illumination at both applied intensities on restrained flies did not affect

STRIF-activity in any of the genotypic controls (w1118-Trh-Gal4) (Figures 3B and 3C).

To understand the effect of serotonin chronic depletion on STRIF-activity, we analyzed the behavior of Trh

mutant flies (Trh[attP])—an insertion mutant deficient in serotonin.36 We studied the behavior of Trh[attP]mu-

tants in homozygous flies and compared their behavior with w1118 isogenic flies. Trh[attP]/Trh[attP] flies had

complete serotonin deficiency in the brain and VNC (Figure 3C). The homozygous (Trh[attP]/Trh[attP]) mu-

tants showed increased STRIF-activity (n = 37–46, D = 1.21, d = 0.66, [95.0% CI 0.32, 0.95], p = 0.002) as

compared to wild-type flies (Figure 3D), a behavior similar to that of animals with optogenetically silenced

A

E F G

B C D

Figure 2. Optogenetic activity in the broader serotonin system promotes the state of inactivity in restrained fruit flies

(A) Immunohistochemistry images of serotonin clusters in the brain and VNC stained with a-5-HT (red) and a-GFP (green) in flies expressing mCD8:GFP in

Trh-Gal4-labeled serotonin cells, scale bar: 100 mm, 80 mm.

(B) Schematic depicting the optogenetic STRIF assay used for optogenetic activation of serotonergic neurons in restrained flies using red light illumination

that is kept off for the first 5 min and switched on for the next 5 min. Panels below show fly activity measured in this paradigm.

(C) Raster plots illustrating the occurrence of STRIF activity and inactivity before and after red illumination (represented by black and red bars respectively);

the onset of red illumination is depicted as time = 0 s.

(D) Flies expressing Chrimson in Trh-Gal4 cells showed a strong reduction in activity under red illumination.

(E) Red illumination with Chrimson evoked the state of immobility in Trh-Gal4>Chrimson flies (n = 52, D = �0.63, d = �0.806, [95.0% CI -1.08, �0.49], p =

0.0001) and a nonsignificant effect on genotypic controls (w1118-Trh-Gal4 and w1118-Chrimson).

(F) Optogenetic activation of dopaminergic (R58E02-Gal4>Chrimson, n = 45, D = 0.70, d = 0.34, [95.0% CI -0.44,�0.18], p = 0.01) or octopaminergic neurons

(Tdc2-Gal4>Chrimson, n = 33, D = 0.16, d = 0.16, [95.0% CI -0.12, 0.48], p = 0.3) in the restrained flies resulted in STRIF-activity like that of control flies. The

results in panels (E) and (F) denote a paired comparison of before (dark) vs. after (red) illumination of the same fly. The circles correspond to dark and red light

illumination. The filled curves of Cohen’s d for paired samples in the lower part of panels (E) and (F) show the distribution of the mean difference. The vertical

line illustrates the error bar- 95CI of the difference in the filled curves. n represents the sample size.

(G) The heatmap shows variousDSTRIF and Dwalking parameters (related to Figures 2E and 2F). Plotted values represent Cohen’s d effect size for each STRIF

and walking paradigms intervention. The values marked with asterisks represent statistically significant effect sizes between the control and experimental

animals (p < 0.05). Statistical analysis: Paired t-test. Two-sided permutation t-test-based p values are displayed as * for p < 0.05, ** for p < 0.01, and *** for

p < 0.001. Keys indicate the genotypes at the top of each panel in (A), (B), (C), and (D), at the bottom in (E) and (F). Optogenetic activation experiments were

conducted using 127 mW/mm2 red light.
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Figure 3. Silencing serotonin neurons increases STRIF-activity

(A) Optogenetic inactivation of serotonergic neurons using GtACR1 and green light illumination (Trh-Gal4>GtACR1) enhanced the activity state in the

restrained flies at both lower green light intensity (63 mW/mm2, n = 38,D= 0.47, d= 0.32, [95.0%CI 0.2, 0.43], p= 0.0004) and full green light intensity (137 mW/

mm2, n = 41, D = 0.75, d = 0.55, [95.0% CI 0.35, 0.78], p = 0.0001). No effect of either intensity of green light illumination was observed in controls (w1118-Trh-

Gal4, w1118-GtACR1). Filled curves of paired samples in the lower part of the panels indicate distribution of the mean differences. The vertical line illustrates

the error bar- 95CI of the difference in the filled curves. n represents the sample size.

(B) Line-plot depicting activity before and after optogenetic inactivation of serotonin neurons using full green light illumination.

(C) Immunohistochemistry images of the Trh[attP] mutant stained with a-5HT (green). 3XP3-RFP is part of a construct swapped with the Trh gene and may

represent 5-HT expression driven by the hsp70 minimal promoter, mainly active in the eyes. Significant reduction in 5-HT staining is observed in mutant

strains compared to control flies. Scale bar: 100 mm, 80 mm.

(D) Homozygous Trh[attP] flies showed higher activity-inactivity ratios compared to w1118 isogenic flies (n = 37–46, D = 1.21, d = 0.66, [95.0% CI 0.32, 0.95], p =

0.002), each dot on the scatterplot represents the STRIF response of one fly, red horizontal line represents mean values of the scatterplot. Two-sided

permutation t-test p values are depicted as *. The bottom panel displays the experiment-control differences as the effect size (Cohen’ s d) with an error bar -

95 CI of the difference in the filled curve.

(E) Heatmap of changes in STRIF and walking parameters in reference to panels A and D. Plotted values represent Cohen’s d effect size for each STRIF and

walking paradigms intervention. The values marked with asterisks represent statistically significant effect sizes between the control and experimental

animals (p < 0.05).

(F) Linear regression model of locomotor speed depicted as a predictor of STRIF speed—for five optogenetic manipulations and genotypic controls,

obtained from the analysis of STRIF assay (Figures 2 and 3), and walking parameters in an open field assay (Figures S3A–S3F) show that the locomotor speed

was not predictive of the STRIF speed. Red represents optogenetic activation experiments, and green as optogenetic inhibition experiments.

(G) Similar to speed, changes in locomotor activity-inactivity ratios were not predictive of changes in STRIF activity-inactivity ratios.

(H) Changes in STRIF speed were a modest predictor of changes in STRIF activity-inactivity ratios.

(I) Changes in locomotor activity-inactivity ratios were a strong predictor of changes in locomotor speed.

Statistical analysis: Paired t-test. Two-sided permutation t-test-based p values are displayed as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.
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5-HT neurons (Figure 3B). These results are consistent with the idea that serotonin is sufficient and neces-

sary for modulating the fly’s STRIF response in a restrained state.

To study the effect of serotonin activity and inactivity on other STRIF variables, we analyzed average flailing

speed and the number of activity epochs in both serotonin-deficient Trh[attP] mutant flies and through op-

togenetic serotonin manipulations. Interestingly, although average speed was significantly reduced in flies

with optogenetically activated serotonin (Figure 3F), there was a slight reduction in speed in flies with in-

activated serotonin at a lower intensity; however, at higher intensity, there was no effect on speed

(Figures 3E and S3B). Homozygous Trh[attP] mutants showed increased average speed compared to

wild-type control flies (Figures 3F and S3C). Similarly, we did not observe a difference in the number of ac-

tivity epochs and duration of activity epochs when the serotonin system was optogenetically activated (Fig-

ure 2F). However, optogenetically silenced flies showed significantly smaller activity epochs than control

flies (Figures 3F and S3F). Interestingly, homozygous Trh[attP] mutants did not significantly differ from con-

trols in the number of activity epochs (Figures 3F and S3F). To further confirm the dissociation between

locomotor and STRIF motor outputs in the optogenetic paradigm, we regressed the speed and activity-

inactivity ratios obtained from locomotor and STRIF behaviors. As shown earlier (Figures 1H–1K), we

observed a weak cross-correlation between locomotor and STRIF activity-inactivity ratios and STRIF speed

(Figures 3F and 3H). However, within the STRIF assay, speed and activity-inactivity ratios were modest

predictors of each other; changes in STRIF activity-inactivity ratios explain 68% of changes in STRIF speed

(Figure 3G). Additional regression analysis of fly walking speed changes (delta speed) indicated that these

could explain almost 82% of walking activity-inactivity ratio variance (3I).

These results suggest that optogenetic STRIF response depends on acute 5-HT, and effects on average

speed and the number of activity epochs vary and may depend on the 5-HT levels.

Serotonin in VNC cells plays a major role in controlling the STRIF response

To evaluate whether serotonergic modulation projecting from the brain or VNC is involved in regulating

the STRIF response, we used an intersectional genetics approach to limit the expression of serotonin

neurons to the brain or VNC by expressing either tsh-Gal80 in VNC (to inhibit Trh-Gal4 expression in

VNC) or Gal80 in the brain using flippase base system (tub > gal80>; tsh-LexA, LexAop-Flp) to inhibit

expression of Trh-Gal4 in the brain (Figures 4A and 4B). We found that activation of serotonergic neurons

intersected in the VNC (TrhX tub > gal80>; tsh-LexA,LexAop-Flp;Chrimson, n = 47, D = �0.83, d = �1.15,

[95.0% CI -1.46, �0.79], p = 0.00001) but not the brain (Trh X tsh-gal80;Chrimson, (n = 45, D = �0.001, d =

�0.001, [95.0% CI -0.33, 0.34], p = 0.99) significantly enhanced the fly’s STRIF-immobility in a restrained

state (Figures 4C and 4D). These results suggest that STRIF-activity and immobility aremediated by clusters

of serotonergic cells expressed in the VNC.

STRIF behaviors depend on the serotonin system

We next aimed to determine whether the STRIF response elicited by Trh-Gal4-labeled cells was dependent

on serotonin. We depleted serotonin in Trh cells using RNAi against TRH, the enzyme essential for synthe-

sizing serotonin. In Trh-Gal4>Trh-RNAi flies, immunohistochemistry staining of the serotonin cells showed

that Trh expression (using anti-5-HT) was drastically reduced (Figure 4E); however, flies with reduced

serotonin in the broader Trh cells showed immobility that was reduced by 51% (Figure 4F), corresponding

to a partial rescue in behavior. Our results suggest that serotonin-independent mechanisms could mediate

the Trh-Gal4-induced STRIF response. These results suggest that serotonin plays a major role in STRIF

behaviors.

5-HT7 receptors have a major effect on Drosophila STRIF response

Similar to mammals, 5-HT receptors in Drosophila are G-protein-coupled-receptors (GPCRs)37 and, based

on the mechanism of transduction, can be broadly classified into inhibitory (coupled to GI proteins and in-

hibiting cAMP production), excitatory (coupled to Gs proteins and activating cAMP production), and PLCL-

IP3 mediated excitatory (coupled to Gq proteins and increasing intracellular calcium).38 Drosophila

expresses five 5-HT receptors, with at least one belonging to these three categories. Specifically,

5-HT1A and 5-HT1B receptors belong to the inhibitory receptor system, 5-HT7 receptors are excitatory,

and 5-HT2A and 5-HT2B are from the PLC-IP3 transduction family. In a nutshell, 5-HT1A and 5-HT1B recep-

tors inhibit serotonergic activity, and 5-HT2A, 5-HT2B, and 5-HT7 receptors enhance serotonergic activity.

To compare the expression patterns of different serotonin receptors, we utilized recently published 5-HT
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receptor Gal4 drivers.36 Each receptor, Gal4, drives expression in the brain and the VNC, with some distinct

neuropils (Figure 5A).

To study the effect of serotonin receptors on the fly STRIF response, we utilized two different mutant alleles of

5-HT receptors, which include recently published insertion alleles and deletion mutants.27,36,39–42 We studied

their impact in heterozygous conditions because all 5-HT receptors mutants, except for 5-HT1B mutants, are

lethal in homozygous states. We crossed these 5-HT receptor mutants with w1118 isogenic flies and compared

the behavior of heterozygous F1 progeny with the behavior of w1118 isogenic flies. We observed variable

results in STRIF response between deletion and insertion alleles except that of two 5-HT7 receptors mutant

alleles. Both mutant alleles of 5-HT7 show reduced STRIF activity-inactivity ratios compared to w1118 isogenic

flies (Figures 5B and S4A).We next studied speed changes, activity epoch numbers, and durations in the STRIF

paradigm. Similar to activity-inactivity ratios, STRIF speed was consistently reduced in 5-HT7 mutant alleles

(Figures 5B and S4B). The effects on other STRIF parameters, like activity epoch numbers and durations,

were either inconsistent or had only a small effect across all mutant alleles (Figure 5B).

We next studied 5-HT receptor mutants in the walking paradigm and analyzed the activity-inactivity ratios of

each receptor mutant. Interestingly, we observed very consistent elevated activity-inactivity ratios in both the

heterozygous mutant alleles of 5-HT1B receptors and consistently reduced activity-inactivity ratios in 5-HT2A

A

C D E F

B

Figure 4. Serotonin in VNC neurons regulates activity and immobility states in restrained flies

(A and B) Maximum intensity projections show expression patterns driven by the Trh-Gal4 labeling serotonergic neurons either in the brain (A), Trh-Gal4

intersected with tsh-gal80, or VNC (B), Trh-Gal4 genetically crossed with (tub > gal80>; tsh-LexA, LexAop-Flp; Chrimson), scale bar: 100 mm, 80 mm.

(C) In comparison to optogenetic activation of broad serotonergic neurons (Trh-Gal4>Chrimson, n = 44, D = �0.63, d = �0.84, [95.0% CI -1.1, �0.5], p =

0.00001), and genotypic control (tsh-gal80;Chrimson > w1118), optogenetic activation of serotonergic neurons in the brain abolished the STRIF response

(Trh X tsh-gal80;Chrimson, n = 45, D = �0.001, d = �0.001, [95.0% CI -0.33, 0.34], p = 0.99).

(D) Optogenetic activation of serotonergic neurons in the VNC (TrhX tub > gal80>; tsh-LexA, LexAop-Flp; Chrimson, n = 47, D =�0.83, d =�1.15, [95.0% CI

-1.46, �0.79], p = 0.00001) showed enhanced STRIF-immobility compared to the effect of broader serotonin system activation (Trh -Chrimson, n = 35, D =

�0.32, d = �0.5, [95.0% CI -0.59, �0.21], p = 0.001) and genotypic control (tub > gal80>; tsh-LexA, LexAop-Flp; Chrimson > w1118). Filled curves of paired

samples in the lower part of the panels indicate distribution of the mean differences. The vertical line illustrates the error bar- 95CI of the difference in the

filled curves. n represents the sample size.

(E) VNC (left panel) from Trh-Gal4>Chrimson adult flies with serotonergic clusters stainedwith anti-5-HT. VNC (right panel) from Trh-Gal4>Chrimson adult flies co-

expressing Trh-RNAi1 counterstained with anti-5-HT, scale bar: 80 mm. White arrows indicate GFP co-localization with 5-HT immunostaining in controls.

(F) Expression of Trh-RNAi1 in Trh-Gal4 cells reduced Chrimson-induced STRIF-immobility (Trh > Chrimson, n = 39, D = �0.54 days = �0.72, [95.0% CI -1.0,

�0.41], p = 0.0001), (Trh > Trh-RNAi1; Chrimson, n = 40, D = �0.27, d = �0.35, [95.0% CI -0.59, 0.07], p = 0.13).
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receptormutants compared tow1118 isogenic flies Figures 5B and S4C); the effects on other 5-HT receptors were

variable (Figures 5B andS4C).We nextmeasured speed in thewalkingparadigm; out of all themutant receptors,

only 5-HT2B receptormutant alleles showa reducedwalking speed (Figures 5B andS4D). Theeffects obtained in

thewalking paradigmweredifferent from the effects observed in the STRIF paradigm.Weperformed regression

analysis between the effects obtained by 5-HT receptors alleles on STRIF and walking paradigm, and similar to

our earlier observations, there is indeed a strong correlation between these two parameters (activity-inactivity

ratios and speed) when analyzed within an assay; but these two parameters show no correlation on cross plat-

forms (STRIF vs. walking, Figure 5C), which further corroborates our finding that locomotion-instructing seroto-

nergic pathways are distinct from those STRIF-regulating serotonergic pathways. Overall, our data suggest that

serotonin released in the VNC has a major effect on STRIF-activity via 5-HT7 receptors, distinct from its effect on

walking (Figure 5D).

DISCUSSION

Drosophila uses distinct behavioral defensive strategies to combat threats or aversive cues, and these stra-

tegies are examples of fight-flight-freeze responses.5 Using several paradigms, various neuronal

A

B C

D

Figure 5. Serotonin uses 5-HT7 receptors during STRIF behavior

(A) Maximum intensity projection of Gal4-driven expression of serotonin receptors in the VNC expressing mCD8:GFP and

immunostained with neuropil antibodies (anti-dlg, magenta), scale bar: 80 mm.

(B) Heatmap depicting changes in multiple parameters of 5-HT receptor mutants in STRIF and walking behavior. Plotted

values represent Cohen’s d effect size for each STRIF and walking paradigms intervention. The values marked with

asterisks represent statistically significant effect sizes between the control and experimental animals (p < 0.05).

(C) Coefficient of determination (R-squared) for STRIF vs. walking parameters, the values marked with asterisks represent

statistically significant effect size between the control and experimental animals (p < 0.05). Act:inact - activity-inactivity.

(D) Model suggesting 5HT7 receptor-mediated serotonin-induced STRIF-immobility by having inhibitory effects on STRIF

activity.

Statistical analysis: Paired t-test. Two-sided permutation t-test-based p values are displayed as * for p < 0.05, ** for

p < 0.01, and *** for p < 0.001.

ll
OPEN ACCESS

10 iScience 26, 105886, January 20, 2023

iScience
Article



populations and pathways regulating the Drosophila defense responses have been identified.5,43,44 The

state of captivity triggers stereotypical behaviors, to which animals resort for a limited period of time in at-

tempts to escape. While physically fit animals may be capable of escaping from the trap conditions by wrig-

gling, sustained immobility possibly represents a defensive strategy of feigning death, due to which pred-

ators may lose interest in pursuing the attack and loosen their grip, thereby increasing the chances of the

prey to escape. However, how these behaviors are controlled and manifested in an animal is unclear. Here,

we developed a simple paradigm with restrained flies and showed that (1) optogenetic activity and inac-

tivity in a broader serotonin circuit enhance immobility and activity struggle, respectively, (2) serotonin cells

in the VNC mediate immobility, and (3) the immobility states are mediated by 5-HT7 receptors located in

the VNC. Below, we discuss these findings and present a preliminary model that summarizes the role of

serotonin in modulating defensive states in restrained Drosophila.

The STRIF response in restrained Drosophila is a defensive behavioral response

Alternating bursts of activity and immobility in restrained fruit flies may be associated with fleeing and

freezing the animal, respectively,7,13,45 manifested in inescapable trap situations. Immobility is a defensive

state, and it can make an animal less noticeable for detection by predators that react to movements.

Therefore, immobility may represent an instinctive reaction and a protective strategy of prey. Here, we

characterize the STRIF behavior in adult Drosophila flies, similar to that observed in vertebrates.2The

behavioral feature of periods of activity and inactivity seen in the fly’s restrained state also resembles

the behavior of rodents in the tail suspension test46 and forced swim test.47

Multiple environmental and genetic factors influence the STRIF response

Female flies showed a higher STRIF-activity response than males. Our detection of sex differences in the

STRIF assay may be consistent with the sex differences observed in other assays that measure behavioral

outcomes after stress induction.48–50 These results also mirror the sex differences in humans diagnosed

with major depression, generalized anxiety, and panic disorders.51,52 It is known that acute and chronic

stress in rodents enhances and suppresses serotonin, respectively.53 Our finding that acute food depriva-

tion in flies led to greater STRIF-immobility may be linked with enhanced activity of serotonergic neurons.11

Similarly, increased STRIF activity exhibited by sub-chronically immobilized and socially isolated flies may

be associated with a suppressed serotonin system.54 Alternatively, these stressors could have altered the

expression of postsynaptic serotonin receptors.

Serotonergic modulation of the STRIF response

With repeated unsuccessful attempts to escape trap-like situations, behavior changes may manifest in

abnormal repetitive responses caused by motivational frustration. Such responses may also indicate

psychological changes55 that animals express through stereotypical behaviors. The inescapable conditions

of captivity can also induce a progressive approach to immobility (motor inhibition), similar to learned help-

lessness, which may indicate the psychological suffering of the animal. Such a state may represent the an-

imal’s higher-order mental processes, including human psychological states.56 In rodents, inescapable

shock leads to a substantial increase in the release of serotonin from the raphe nuclei to other brain regions

innervated by serotonergic neurons.57 Importantly, activation of serotonergic neurons has also been

reported under other uncontrolled stressors, such as social defeat paradigms.58 Conversely, depletion

of serotonin in the amygdala has been shown to reduce anxiety and fear responses in mice.59 We next

explored how this seemingly simple behavior is regulated at the neuronal level in Drosophila. We utilized

an advanced optogenetic toolkit and targeted serotonergic systems with multiple transgenic lines. We

uncovered the role of serotonergic neurons in the VNC and receptors that promote immobility.

The effect of broader serotonin on the enhancement of immobility is generally consistent with Soubrie’s

theory, which states that the main function of serotonin is to enhance behavioral inhibition.60 Activation

and inactivation of serotonin neurons have previously been shown to reduce and enhance walking activity,

respectively;25 however, in our STRIF paradigm, we observe that both optogenetic activation and inactiva-

tion of serotonergic cells mainly suppress STRIF average speed, while other parameters remain unaffected.

Moreover, when we compared changes in parameters in 5-HT receptors in the walking and STRIF para-

digm, we observed that while distinct receptors (5-HT1B and 5-HT2A) show differential effects on walking

behavior, only 5-HT7 receptors affected STRIF-response. Although, when compared to previous observa-

tions made on the walking speed of some 5-HT receptor mutants,25 the results of our walking speed data

are inconsistent. The inconsistency could be attributed to several differences between these studies, which
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include different receptor mutant alleles, genetic backgrounds (CS vs. w1118), and behavioral paradigms

(startle vs. baseline). Overall, our data also suggest that serotonin mediates STRIF immobility, consistent

with the idea that behavioral inhibition accurately describes serotonin function. We propose that several

distinct neuronal pathways regulate serotonin-mediated higher-order functions in the VNC that are

mediated by 5-HT7 receptors possibly situated on inhibitory neurons.

5-HT7 are excitatory receptors, and deletion of 5-HT7 receptors enhances fly STRIF-immobility, suggesting

activity in certain VNC 5-HT neuronal clusters leads to increased activity, which could bemediated by these

receptors that, when mutated, leads to an increase in immobility state (5-HT7). Alternatively, these recep-

tors might be expressed on inhibitory neurons in the VNC and mediating STRIF-immobility. However more

thorough analysis needs to be done to identify serotonin subclusters controlling activity and immobility in

freely moving and restrained states. Our data suggest multiple serotonergic pathways in the VNC regulate

fly immobility. 5-HT7 receptors have been implicated in various psychological disorders.17,61,62 Interest-

ingly, 5-HT7 antagonists also exert antidepressant-like effects in the forced swim test.63 However, in our

study, we observe that 5-HT7 receptor mutant flies show enhanced STRIF-immobility, which contradicts

what has been reported earlier in mice.63

Limitations of the study

Using Drosophila, a neurogenetic toolkit to actuate activity in serotonergic neurons and a novel escape

paradigm, we have described here that changes in serotonergic neurocircuitry have a dichotomous influ-

ence on overall locomotor activity and escape response. However, there are a few limitations in this

research. First, in themajority of the experiments, we have studied behavioral responses in males; however,

given that sex differences have previously been identified in coping strategies34 and in response to neuro-

active compounds64 in Drosophila, it will be interesting to study how female flies behave to serotonergic

manipulations in the STRIF-based escape paradigm described in this study. Secondly, we have studied

the role of serotonin at broader levels and identified the involvement of VNC in the regulation of STRIF

response. However, the underlying circuitry controlling escape under restrained states could be much

more complex, and smaller and unique subsets of serotonergic VNC neurons may control escape behavior

distinctly in a network and isolation.65 Hence, driving neural actuators only in distinct serotonergic subsets

and analyzing their effects on escape strategies, in combination with advanced techniques, such as calcium

imaging in VNC, could shine light on the identity of individual circuits involved in escape behavior in

restrained states and how they are distinct from cells driving locomotion. Thirdly, as mentioned earlier,

STRIF behavior may be similar to the behavior displayed by rodents in the forced swim and tail suspension

test paradigms. Genetic and neuronal manipulations of the serotonin system suggest that STRIF behavior

could be used as a model for studying conserved mechanisms of depression or conducting screening for

psychoactive drugs for potential antidepressants. Further studies are required to assess whether STRIF

behavior has predictive value in establishing the effects of antidepressant compounds, which has been

observed in other models of stress in Drosophila.66,67 Lastly, sustained activity and immobility may also

have other behavioral and physiological correlations, including perturbed heart rate, respiration, defeca-

tion, and tremors. There are technical constraints measuring these parameters in both free and restrained

flies; hence, we did not measure them. Further investigation will elucidate whether Drosophila exhibits

these physiological changes and may reveal additional core conserved elements of this behavior with tech-

nical advancement. Nevertheless, 5-HT is known to alter heart rate in animals, including Drosophila.
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Experimental models: Organisms/strains

Drosophila melanogaster: Trh Gal4 (III) Bloomington Stock

Center (BDSC)

RRID:BDSC # 38389

Drosophila melanogaster: Tdc2 Gal4 (II) BDSC RRID:BDSC #9313

Drosophila melanogaster: R58E02-Gal4 BDSC RRID:BDSC #41347

Drosophila melanogaster: Ser-T- Gal4 (III) BDSC RRID:VDRC #VT021853

Drosophila melanogaster: 5-HT1A-Gal4 (II) BDSC RRID:BDSC #84588

Drosophila melanogaster: 5-HT1B-Gal4 (II) BDSC RRID:BDSC #86276

Drosophila melanogaster: 5-HT2A-Gal4 BDSC RRID:BDSC #86277

Drosophila melanogaster; 5-HT2B-Gal4 BDSC RRID:BDSC #84445

Drosophila melanogaster: 5-HT7-Gal4(III) BDSC RRID:BDSC #86279

Drosophila melanogaster: UAS-Chrimson (X) BDSC RRID:BDSC #55134

Drosophila melanogaster: UAS-GtACR1 (III) N/A N/A

Drosophila melanogaster: 20X-UAS-hexameric 6X GFP BDSC RRID:BDSC #52262

Drosophila melanogaster: 20X-UAS-mcD8-GFP BDSC RRID:BDSC#32185

Drosophila melanogaster: Tsh-Gal80; MKRS/Tb Gift from Julie Simpson N/A

Drosophila melanogaster: Tsh-Gal80; UAS- Chrimson/Tb This Study N/A

Drosophila melanogaster: Trh-RNAi1 (A + B) RNAi Gift from Julie Simpson N/A

Drosophila melanogaster: Tub < Gal80>;

Tsh- LexA, LexA-OP, Flp; Chrimson/Tb

Gift from Richard S Mann N/A

Drosophila melanogaster: 5-HT1A[attp]. (II) BDSC RRID:BDSC #84704

Drosophila melanogaster: 5-HT1B[attp] (II) BDSC RRID:BDSC #84443

Drosophila melanogaster: 5-HT2A[attp]. (III) BDSC RRID:BDSC #84444

Drosophila melanogaster: 5-HT2B[attp] (III) BDSC RRID:BDSC #84445

Drosophila melanogaster: 5-HT7[attp] (III) BDSC RRID:BDSC #84446

Drosophila melanogaster: 5-HT1A[Delta5kb] (II) BDSC RRID:BDSC #27640

Drosophila melanogaster: 5-HT1B[DeltaIII-V] (II) BDSC RRID:BDSC #55846

Drosophila melanogaster: 5-HT2A[c1644] (III) BDSC RRID:BDSC #4830

Drosophila melanogaster: 5-HT2B[MI05208] (III) BDSC RRID:BDSC #42994

Drosophila melanogaster: 5-HT7[Gal4] (III) BDSC RRID:BDSC #86279

Drosophila melanogaster: w1118 [iso] BDSC RRID:BDSC #5905

Drosophila melanogaster: Canton-S BDSC RRID:BDSC #64349

Drosophila melanogaster: Oregon-R-C BDSC RRID:BDSC #5
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and fulfilled by the lead

contact, Dr. Mohammad Farhan (mohammadfarhan@hbku.edu.qa.)

Materials availability

All the fly lines generated in this study are available upon request from the lead contact without restrictions.

Data and code availability

All raw data and python scripts will be provided on request. Further information on code availability to

request lead contact (mohammadfarhan@hbku.edu.qa)

Microscopy data reported in this data will be provided upon request to lead contact.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila strains and fly medium

All fly strains were kept in incubators at a temperature of 25�C under 12h:12h light-dark cycles and 70%

humidity in Darwin Chambers (IN084-AA-LT-DA-MP). F1 offspring derived from the driver and responder

lines crossed with w1118 isogenic flies (Bloomington Drosophila Stock Center (BDSC), # 5905) were used as

genotypic controls. All fly strains used for the experiments were reared on Nutri-Fly MF food medium

(Genesee Scientific, Cat #66–116). In short, for 1 L of food, 177 g of NutriFly medium powder was dissolved

in 1 L of water and boiled. The food was cooled down to 70–75�C. Right after, food preservatives and

antifungal chemicals, such as 4.9 mL of Propionic acid (Merck-Sigma, Cat #8006052500) and 10 mL of

10% Nipagene (Tegosept, Genesee Scientific, Cat #20–259) prepared in absolute ethanol, were added

to the molten food medium and mixed. The prepared medium was immediately poured into plastic vials

and bottles.

METHOD DETAILS

Fly rearing for behavioral experiments

All flies used for behavioral experiments were grown at either 25�Cor 18�C in an incubator (PHCbi, MIR254).

Genetic crosses used for behavioral experiments were kept in an incubator at 25�C under 12h:12h light-

dark cycles. For optogenetic experiments, male flies of 2–3 days of age were collected by anesthesia on

ice. The flies were then transferred to the All-Trans-Retinal (ATR, Carbosynth, #16-31-4) food medium

(1 mM) for 2–3 days at 25�C in the dark. ATR was dissolved in 95% EtOH. Crosses were grown in dark

wrapped with aluminum foil to avoid any effects by optogenetic activation during their developmental

stages.

STruggle Response in Immobilized Fly (STRIF) assay

The STruggle Response in Immobilized Fly (STRIF) assay was developed in the laboratory to record the

struggle behavior of restrained flies. Male flies of 4–5 days of age were anesthetized on ice for 5–10 s.

The flies were glued onto a glass slide with a transparent odorless glue (Deli StickUp 502 Super Glue

No. 7146) on their thorax and left alone to rest for 10–15 min. The motor activity of these restrained flies

was recorded for 5 min using a camera (Leica IC90E) and LAX3.0 software (Leica) at a speed of 30 frames

per second.

Walking assay

Fly locomotion was assayed using theDrosophila Arousal Threshold (DART) system.24 Briefly, the flies were

transferred to 15 mm arenas, and their activity was recorded for 5 min at a speed of 15 frames per second

using a webcam equipped with a wide-angle lens. MATLAB scripts were used to track the fly location.24 The

activity and inactivity time ratios, as well as the average speed, were calculated for each fly.
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Optogenetics

For optogenetic activation experiments, restrained flies carrying Chrimson68 were illuminated with peak

red light (intensity-RGB-255,0,0) from a PC-controlled LED mini-projector (OPTOMA, ML750). For

optogenetic inactivation experiments, flies carrying GtACR135 were illuminated with peak green light

(Higher intensity, RGB-0.255,0; lower intensity, RGB-0.127,0) from an LED micro-projector. The LED mini-

projector was placed near (�14 cm) to the behavioral setup.

Light intensity measurements

The light intensity of the projector illumination was measured for the red and green wavelengths (l 635 and

532), which were used in the optogenetics experiments. The light power was measured in a dark room by

collecting light photons on the sensor area of 1 cm2. An optical power meter (Thorlabs PM400) connected

to an integrated optical sensor (Thorlabs S120C) was used for the light power measurements. The power

meter was reset to zero before each set of measurements and placed in the same place where fly

recordings were performed.

Video acquisition

Videos of the restrained flies were shot in RGB format at a speed of 30 frames per second from a camera

mounted with a Leica microscope. Image acquisition software (LAX3.0, Leica) was used to record the

activity of restrained flies. Metadata characterizing the genotype of fly according to its location on the

experimental video were recorded for each experiment.

Fly detection and movement tracking

To track the movements of the restrained flies, we utilized a custom-made script written using

OpenCV2.069,70 and Python 3.0. The following libraries from Python 3.0 were used: numpy, scipy, pandas,

scikit-learn matplotlib, seaborn, opencv, scikit-image pillow, and spyder. Briefly, in the captured video, flies

were detected as blobs using Otsu thresholding, followed by morphological operations for cleaning, con-

nected components analysis, and size thresholding71,72 for determining the blob. For each fly, the region of

interest (ROI) was defined as a square around the detected fly blob centroid with a width corresponding to

the maximum width/height of the detected fly. Thus, the entire body of each fly was captured in the ROI.

Motion activity was measured as the absolute difference between consecutive video frames. Any image

interference or noise (salt and pepper) was removed using the median filter and minimum difference fil-

ters73 in OpenCV2.0. For a given ROI, STRIF-speed was calculated as the average of pixel frame differences

between alternating frames. Background activity outside the ROI was also calculated and used for video

flash detection. The background of the entire analyzed image was fixed. Multiple videos were analyzed us-

ing a group analysis function, and metadata information was used to assign the genotype of each fly. In

optogenetic experiments, the light-on (flash-on) time was detected in the videos as the change in RGB

values. The activity of each fly and the flash-on time were exported to a CSV file.

Behavioral metrics and data analysis

When restrained, a fly exhibits several behavioral reactions, including epochs of enhanced activity and inac-

tivity, grooming episodes, flapping of wings, abdominal thrusts, and defecation. We measured collective

behavior of restrained flies using our custom-built python script, we detected various behavioral parame-

ters: the average total time spent in activity and inactivity, the number of activity and inactivity epochs, the

average time spent in an active or inactive epoch, as well as the frequency of activity and inactivity. To clas-

sify behavior into activity and inactivity, we used a 5 second threshold: a fly inactive for five or more seconds

was considered immobile. For non-optogenetic experiments, the ratio of time spent in activity vs. inactivity

was used as the primary matrix for studying the STRIF response. For optogenetic experiments, the time

spent in activity before vs. after optogenetic illumination was compared pairwise for each fly. The total

time spent in activity and inactivity was named STRIF-activity and STRIF-inactivity, respectively.

Immunohistochemistry and confocal microscopy

The fly’s brain and VNC were dissected in isotonic PBS (PBS) and fixed in 4% Paraformaldehyde (PFA) for

20 min at room temperature. Two quick washes were performed with PBST (PBS with 1% Triton X-100) to

completely remove the fixative (PFA), followed by four washes with PBST wash buffer for 1 h at 15 min in-

tervals. The brain and VNC samples were then blocked for 30 min using a blocking solution (PBST with a 1%

BSA) and then incubated with primary antibodies overnight at 4�C on a rotator at 50 rpm. After completion
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of incubation with primary antibodies, the samples were washed with PBST four times at 15 min intervals.

The samples were then incubated with secondary antibodies for 3–4 h at room temperature. Samples were

washed with PBST four times at 15 min intervals. The processed samples were then mounted on a glass

slide using the Vectashield mounting medium (Vector Laboratories). Confocal images were obtained using

a Nikon A1 confocal microscope. Images were analyzed in ImageJ and presented as Maximum Intensity

Projection (MIP).

QUANTIFICATION AND STATISTICAL ANALYSIS

The error bars in all data figures represent 95% confidence intervals (95CI) for the mean difference. All data

points are presented as means unless otherwise specified. For comparisons between two independent

groups, the CIs of primary data and contrasts were calculated using the bias-corrected and accelerated

bootstrapping (BCa) method (bootci function). The bootstrap method of calculating effect size distribution

is robust for non-normal data, especially at large sample sizes. The p values were computed using the per-

mutation t-test. This statistical testing was combined with the calculation of the effect sizes, we calculated

and presented two standardized effect sizes. The standardized effect sizes were measured as Glass delta

(D) and Cohen’s d. Cohen’s d or other standardized effects do not get influenced by the study design and

remain stable across different versions of the samemeasurements74 (for example activity-inactivity ratios in

optogenetic vs non-optogenetic, STRIF vs walking etc.). Hence, using Cohen’s d, we compared the effect

sizes across the manipulations in STRIF and walking assays. Glass delta (D) was calculated by dividing the

mean difference (experiment - controls) by the SD of controls and Cohen’s d was calculated by dividing the

mean difference (experiment - controls) by the pooled SD of controls and experiments.75 Glass delta (D)

and Cohen’s d indicates how different the two groups are from each other. For example, D or d equal to

1 show that the two groups differ by one SD. In accordance with standard practice, the magnitude of

the effect is interpreted as ‘negligible’ (D, d < 0.2), ‘small’ (0.2 < D or d < 0.5), ‘moderate’ (0.5 < D or

d < 0.8), or ‘large’ (D or d > 0.8).76 STRIF sample sizes (typically n = 45) had a power of >0.8 at a = 0.05

and d = 0.6. Linear regression was performed in MATLAB (LinearModel.fit function).
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