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Abstract
Most behaviors are not just actions and reactions, but are the result of self-evaluation and
are the means of self-fulfillment. This means that the same external context (e.g. food) can hold
different meaning to an animal depending on its internal context (e.g. Am I hungry?). The nervous
system creates motivational states such as hunger and thirst to reflect an animal’s physiological
needs and to catalyze the context-to-behavior translations.
I have developed a model to study how mating drive emerges from neuronal circuitry to
impact courtship behaviors in male Drosophila. I show, for the first time, that male flies have a
transiently and cumulatively reduced mating drive after repeated matings. Mating drive is encoded
by dedicated dopaminergic neurons in the fly brain, whose activity is reduced after matings. This
dopaminergic activity gates courtship initiation by influencing P1 neurons, which also integrate
sensory information about females and command the initiation of courtship. Mating drive therefore
converges with sensory information about females at the point of behavioral selection. I next show
that motivation controls the propensity to initiate courtship by desensitizing P1 neurons to the
inhibitory component of sensory stimulation. The same motivational signal also prolongs courtship
by promoting recurrent excitation at the P1 locus, thereby coordinating the initiation and
maintenance of a behavior. Finally, I map out the upstream, sexually dimorphic circuitry that
updates the motivational dopaminergic activity during matings, in order to ensure that the male
reaches satiety after exhausting his reproductive capacity. I found that the inhibitory products (e.g.,
the channel Task7) that are made during high motivation also dampen the recovery of circuit
activity, matching the 3-day recovery of the male’s reproductive capacity. Taken together, this
neuronal architecture instantiates the full cycle of motivational control, where prior behavioral
outcomes tune the current drive state and bias future behavioral choices.
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Chapter 1. Introduction

Innate motivations (e.g., hunger, thirst, mating drive) relay information about an animal’s
physiological needs (e.g., energy, hydration, reproduction) to behavioral circuits in order to parse
through and select from a vast array of behavioral choices. Though motivations are often hidden
under our conscious awareness, disruptions and dysfunctions of their molecular and circuit
components, often caused by psychiatric disorders and substance abuse, can lead to drastic
symptoms ranging from states of amotivation to addictive, compulsive behaviors (Lüscher and
Malenka, 2011; Wise, 2002; Wise and Rompre, 1989). In the latter case, patients with obsessive
compulsive disorder often describe a sense of powerlessness in maintaining their authentic selves
(Bhattacharya and Singh, 2015). For example, an action as trivial as ceasing to wash one’s hands
can be onerous for these patients. Such is the force of motivational systems in turning behavioral
possibilities into behaviors, and this force is hijacked – not created – by such disorders (Lüthi and
Lüscher, 2014). Therefore, to understand and develop treatments for these disorders, we need
to understand the fundamental principles of motivational systems.
Many fundamental motivations are well conserved and therefore can be studied using
different animal models (Halliday, 1983; Toates, 1986). But, the lack of genetic access limits many
of these studies to phenomenological observations and psychological postulations, yielding little
evidence on which neurons carry out the proposed computations and how they do so. Yet, this
research still set up the ethological and neuroanatomical basis for modern studies, such as those
in the currently best understood motivational systems: hunger and thirst (Andermann and Lowell,
2017; Sternson and Eiselt, 2017; Zimmerman et al., 2017). Hunger drive is controlled by a group
of neurons expressing agouti-related peptide in the arcuate nucleus of the hypothalamus
(AgRParc), whose activity tracks energy deficits and drives feeding behaviors (Aponte et al., 2011;
Krashes et al., 2011; Liu et al., 2012; but see below for caveats). Thirst circuitry is centered around
the neurons that are marked by nitric oxide synthase in the subfornical organ (NOS sfo) (Oka et al.,
2015; Zimmerman et al., 2016). The discovery of these two neuronal populations has significantly
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advanced our understanding of motivational circuits over the last decade. However, research in
both areas is still in the early stages of revealing the deep secrets of motivation, and these efforts
are hindered by a lack of understanding of relevant behavioral circuits.
My thesis work focuses on mating drive of male Drosophila melanogaster, which controls
the fly’s courtship behavior. Upon identifying a female fly, a male performs a series of intricate
courtship steps to woo the female: tapping the female, orienting himself to her, following her,
singing her a courtship song with one of his wings, etc., all without learning (Dickson, 2008; Hall,
1994). Much to the surprise of the field, I showed that fly courtship is a motivated behavior: the
male fly gradually loses interest to court after ~4 repeated matings and regains the motivation
after 3 days of abstinence (Chapter 2). Contrary to mammalian feeding or drinking circuitry, the
courtship circuitry in the fly is well documented, with key neuronal components apparently all
expressing sexually dimorphic genes fruitless (fru) and doublesex (dsx) (Anderson and Perona,
2014; Dickson, 2008; Manoli et al., 2013; Yamamoto and Koganezawa, 2013; Yang and Shah,
2014). This allowed me to zoom in and focus my studies on a small group (~3%) of an already
small brain and identify 4 groups of mating-drive neurons, all marked by fru and/or dsx expression
(Chapters 2 and 4). Using these tools and mating drive as a model, I will address three sets of
fundamental questions about motivation.
First, where is motivation in the brain and how does it impact behavioral circuits? In
mammals, the answer to the first question is found in drive-encoding neurons such as the AgRParc
and NOSsfo neurons (Andermann and Lowell, 2017; Sternson and Eiselt, 2017; Zimmerman et al.,
2017). Stimulating AgRParc or NOSsfo neurons induces vigorous feeding or drinking, respectively,
in the fully fed and hydrated animals (Aponte et al., 2011; Krashes et al., 2011; Oka et al., 2015),
but there is little knowledge about which neurons or which part(s) of the corresponding behavioral
circuits are impacted by them. For example, AgRParc neurons send parallel, non-collateral
projections in the brain, and most of the projections can apparently induce feeding behaviors in a
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redundant manner (Betley et al., 2013). NOSsfo neurons can also exert their influence via multiple
circuit output stations (Allen et al., 2017; Leib et al., 2017). In Chapter 2, I show how I identified
two sexually dimorphic, fru-expressing dopaminergic neurons as the principal mating-drive
neurons in the fly. The dopamine neurons’ activity also tracks the mating history of the fly and
plays an important role motivating the animal’s courtship behavior. The compact sexually
dimorphic circuitry in the fly allowed me to show that this motivating signal is received and
integrated by a small set of courtship-commanding neurons called P1 (Kimura et al., 2008). P1
neurons receive highly processed multi-sensory information about the courtship target and project
to motor centers responsible for carrying out the courtship steps (Clowney et al., 2015; Kallman
et al., 2015; Kohatsu and Yamamoto, 2015; Kohatsu et al., 2011; Pan et al., 2012; von Philipsborn
et al., 2011). Because of their circuit location, P1 neurons’ activity signifies the fly’s decision to
court. If P1 neurons are artificially activated, the fly courts anything that resembles a fly, including
a small rubber band. In the circuit motif I describe, motivation is integrated at the sensory-motor
interface of the behavioral circuitry and therefore does not interfere with unrelated sensory
percepts and motor programs. This explains how motivations can be highly behavior-specific.
Second, what does it mean to motivate a behavior? Ethologists have pondered over this
question and produced influential models such as the psychohydraulic model (Lorenz, 1950). In
this model, Lorenz compared motivation to the accumulation of water in a tank. The built-up,
action-specific energy is transformed into behavior through the opening of a valve that is gated
by the combined weights of motivation and salient sensory stimuli. This model can be
implemented as the motivational input (e.g., dopamine) increasing the baseline activity of
behavior-commanding neurons (e.g., P1), which has to pass a certain threshold to trigger
behavior. This model reflects a general observation that the same motivation (e. g., hunger)
regulates behavioral initiation (e.g., when to eat) and maintenance (e.g., how much to eat). The
idea of combined force also reflects the observation that elevated motivation decreases the
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sensory requirement to trigger behavior. For example, when we are starving, we will eat lower
quality foods than we normally would. However, this model also makes the unrealistic prediction
that sufficient motivation (e.g., starvation) can trigger behaviors alone without the proper sensory
condition (e.g., no food), in a phenomenon that Lorenz dubbed vacuum behaviors (e.g.,
spontaneous chewing without food), which is rarely observed (Halliday, 1983). This issue
highlights yet another principle of motivational regulation: motivation regulates the propensity to
engage in behaviors but does not directly trigger them. Such properties place constraints on the
motivational circuitry that the brain has to solve.
In mammals, the lack of clearly defined behavioral circuits prevents a thorough
investigation of how motivation and sensory information are integrated. In contrast, fly courtship
circuitry is mapped in detail. A male fly initiates courtship after using one of his pheromonereceptor-bearing legs on a female’s cuticle to sample her con-specific hydrocarbon profile (Billeter
et al., 2009; Fan et al., 2013; Rendel, 1945; Spieth, 1974; Thistle et al., 2012). The sensory
information is relayed to both directly excite and indirectly inhibit P1 neurons, which usually sums
to a net excitation if the target is an unmated female of the correct species (Clowney et al., 2015;
Kallman et al., 2015; Kohatsu and Yamamoto, 2015; Kohatsu et al., 2011). Once P1 is activated,
even just for a few seconds, the fly is prompted to engage in courtship for minutes after the
stimulation ends (Hoopfer et al., 2015; Inagaki et al., 2014). Given that the dopaminergic matingdrive input is received, apparently exclusively, by P1 neurons, I decided to investigate how
motivation (dopamine) is used to gate sensory information (from tapping) at the P1 locus (Chapter
3). I found that high dopaminergic tone desensitizes P1 to the inhibitory component of sensory
stimulation originated from a tap. Compared to a satiated male, a tap by a highly motivated fly
delivers more net excitation to P1 neurons, resulting in a high chance to initiate courtship. But,
courtship initiation is impossible without sensory stimulation, thereby avoiding the conundrum of
vacuum behaviors. Through the same desensitization mechanism, the dopamine tone also
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consolidates courtship bouts by decreasing the chance for a tap to deliver a courtship-terminating
signal to P1. Finally, the same dopamine signal extends courtship between taps by promoting
recurrent network excitation at the P1 locus, thereby extending ongoing epochs of P1 activity.
These results explain how the same motivating signal simultaneously biases behavioral initiation
and maintenance, all without eliminating the need for proper sensory signals.
Third, what controls the dynamics of motivation, and how does the same motivation
accumulate and decline on very different timescales? The buildup of motivation can occur over
hours and days, timescales that are millions of times longer than that of standard membrane
constants and synaptic transmission (Toates, 1986). What, then, underlies the slow increase in
motivation? This is an important question for not only motivational studies but long-timescale brain
functions in general (e.g., memories of decade-old events). Classic studies pinpoint hormones as
the master regulators and, sometimes, even as the physical representation of motivations. As an
example, hunger-related hormones such as leptin and ghrelin are secreted from peripheral
systems such as the gastrointestinal tract and adipose tissues to inform the brain of the body’s
energetic state (Andermann and Lowell, 2017; Meier and Gressner, 2004). Other examples of
motivational hormones include angiotensins (thirst drive) and sex steroids (mating drive). (Bhasin
et al., 2010; Davis and Tran, 2001; Fitzsimons, 1998). While hormones operate on long
timescales and have considerable impacts on brain motivational neurons, they cannot explain the
other, fast timescale of motivation, which often happens after achieving the corresponding goal
(Andermann and Lowell, 2017). For example, thirst-controlling NOSsfo neurons show high activity
in water-deprived or salty-saline-injected mice, but their activity drops within seconds after the
animal starts to drink water, before any significant hydration or hormonal signaling can take place
(Zimmerman et al., 2016). Similarly, hunger-promoting AgRParc neurons also preemptively
decrease their activity when an animal senses food or cues predicting food (Betley et al., 2015;
Chen et al., 2015; Mandelblat-Cerf et al., 2015), at least 30 minutes before they receive nutritional
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information (Beutler et al., 2017). The ability of the brain to independently process motivation also
extends to the slow buildup phase of drive. It was recently shown that AgRParc circuitry is capable
of accumulating and storing hunger information by itself (Chen et al., 2016; Jikomes et al., 2016).
These results suggest that the brain may make its own model of an animal’s motivational world,
often without consulting physiological states and certainly using mechanisms that we do not yet
understand.
I use the mating-drive system to show how motivational states rise and fall over opposing,
paradoxical timescales. In Chapter 2, I show that, just as for mammalian motivations, fly mating
drive satiates and recovers over different timescales (minutes vs 3 days). Either depleting the
male fly’s reproductive fluids or removing his reproductive system all together does not change
courtship vigor. Male flies that mate repeatedly but do not transfer reproductive fluids act satiated
afterwards, despite their largely retained reproductive capacity. These results suggest that male
flies do not measure their reproductive capacity but may use mating events to decrease mating
drive in the brain. In Chapter 4, I show that mating drive is maintained by activity within a recurrent
excitation loop between two sexually dimorphic neuron populations: dsx-expressing cholinergic
pCd neurons and fru-expressing peptidergic NPF neurons (Lee et al., 2006; Rideout et al., 2010;
Zhou et al., 2014). The transcription factor CREB is activated by electrical activity within both
populations and limits loop activity through the production of leak potassium channels. In highly
motivated males, high activity in the loop is transmitted to dopaminergic neurons, giving rise to
the high dopamine activity seen in Chapter 2. A fourth population, dsx-expressing copulation
reporting neurons (CRNs) suppress NPF neurons’ activity to impose satiety over a relatively fast
timescale. After satiety, diminished loop activity inactivates CREB, but its inhibitory products
endure and prevent the loop neurons from reaccumulating electrical activity over multiple days.
In this way, the accumulation of mating drive depends not on the timescales of neuronal activity
but rather on protein lifetimes, which last days. This work explains how different cellular processes
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are utilized by a motivational system to match the timescales of reproductive events. Given the
circuit similarity between systems (e.g., NPF is a fly homolog of the mammalian hunger peptide
NPY) and widely conserved key genes (e.g., CREB), similar mechanisms and logic may be used
by other motivational circuits to ensure the stability and flexibility of behavioral states.
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Chapter 2. Dopaminergic circuitry underlying mating drive 1,2

1

This chapter has been published in the journal Neuron. See Zhang et al., 2016.
For this chapter, Mike Crickmore, Dragana Rogulja, and I (X.Z.) designed the experiments.
Mike Crickmore and I performed the experiments, with help from Christine Boutros and Lauren
Miner. Annie Rose London helped initiate the ejaculatory bulb scoring system.
2

INTRODUCTION
Most of our behaviors are flexible. Rather than being stereotyped responses to a given
stimulus, our actions are contingent on internal states and external conditions. We eat primarily
when we are hungry and can acquire quality food—not whenever we see food, and not regardless
of quality. Even when hungry, we will not eat quality food if doing so exposes us to danger—
unless we are hungry enough to accept the risk. Given the variety of potential inputs into these
types of decisions, hardwired solutions for all possible situations are impractical, if not impossible.
Instead, the nervous system creates drive states such as hunger to bias choices so that they
reflect internal needs and capacities. These states determine how readily sensory stimuli trigger
goal-directed motor output. In this work, we investigate where and how this regulation occurs in
a novel, reductionist system.
Male mating behavior in Drosophila has been studied for over a hundred years (Sturtevant,
1915), but the last decade has seen a dramatic increase in our knowledge of the underlying neural
circuitry. Much of this progress has followed from gaining genetic access to neurons expressing
the sexually dimorphic transcription factor Fruitless (Ito et al., 1996; Ryner et al., 1996; Stockinger
et al., 2005). Fruitless expression is thought to delineate circuitry extending from the sensory
neurons that detect females to the motor output neurons that execute the various aspects of the
courtship ritual (Cachero et al., 2010; Clowney et al., 2015; Kallman et al., 2015; Manoli et al.,
2005; Ruta et al., 2010; Stockinger et al., 2005; Yu et al., 2010). The ability to target and
manipulate small groups of neurons within the Fruitless circuit has begun providing insight into
how sensory information is translated into motor output in the context of a goal-oriented behavior
(Clowney et al., 2015; Coen et al., 2016; Fan et al., 2013; Kallman et al., 2015; Kimura et al.,
2008; Kohatsu et al., 2011; Pan et al., 2012; von Philipsborn et al., 2011; Ruta et al., 2010; Zhou
et al., 2015). Here we adapt this system to ask where and how sensory-motor transformations
are gated by internal state. We show that male sexual behaviors are transiently and cumulatively
reduced as reproductive fluid stores are depleted by repeated matings. The activity of
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dopaminergic neurons that project to the anterior superior medial protocerebrum (SMPa) reflects
the male’s recent mating history and is used to instruct mating drive. The dopamine signal is
sensed and interpreted by a group of ~40 Fruitless neurons called P1 (Kimura et al., 2008) (also
known as pMP4 (Yu et al., 2010) or as a subset of pC1 (Pan et al., 2012; Zhou et al., 2015)). P1
neurons receive stimulatory input from female-derived sensory information (Clowney et al., 2015;
Kallman et al., 2015; Kohatsu et al., 2011) and project to motor command neurons (Kohatsu et
al., 2011; von Philipsborn et al., 2011). Dopaminergic internal state input therefore gates courtship
initiation through a numerically compact neuronal node that lies at the transition between sensory
input and motor output. The coincidence of sensory and internal state information activates P1,
driving levels of mating behavior that reflect the quality of the female percept and the reproductive
capacity of the male. At P1, then, analog information about two fundamental and necessary
conditions for behavioral selection (appropriate external object and internal state) converges to
determine the propensity for a binary output: whether or not to court. This system may provide
deep insight into the generation of motivational states and their impact on sensory-motor circuitry.

RESULTS
Reproductive satiety in male Drosophila
To look for evidence of reproductive satiety in Drosophila, single males that had been
isolated from females for 3-6 days were placed in food vials containing ~25 virgin females and
examined for mating behaviors (courtship or copulation) every 30 minutes. Initially, males spent
~80% of their time engaged in mating behaviors (courtship and copulation), but the percentage
gradually declined to ~10% over 4 hours (Figures 1A and S1A). During the assay, males mated
an average of 3.3 ± 0.3 times with an average copulation duration of 24.6 ± 0.4 minutes that did
not change with repeated matings. We use the term satiety to reflect the gradually diminishing
propensity to engage in mating behaviors as the assay progresses. To quantify this change, we
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calculate a satiety index: the fraction by which mating behavior is reduced in the last 60 minutes
relative to the first 60 minutes of the assay, which is 0.82 ± 0.02 for wild-type flies (Figures 1A
and 1B, see Methods). Robust reproductive satiety is seen at the level of both courtship (satiety
index 0.96 ± 0.02; Figure 1C) and copulation (satiety index 0.82 ± 0.03; Figure 1D). Unlike other
aspects of male mating behavior, satiety is not affected by the male’s prior social experience with
other males (Dankert et al., 2009; Inagaki et al., 2014; Kim et al., 2012) (Figure S1B).
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Figure 1. Reproductive satiety in male flies. (A) The percent of time that wild type males spend
in mating behaviors (courtship or copulation) decreases over the course of the satiety assay
(mean ± SEM, n=9-17 groups of 6-8 assays. Each assay consists of 1 male with ~25 females).
(B-D), Left axis (red and blue bars): percent of time that wild type males spend in mating behaviors
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Figure 1. (Continued)
(B), courtship (C) and copulation (D), decreases from the first (initial) to the last (end) 60 minutes
of the satiety assay. Right axis (purple bar): fraction of the corresponding behavior reduced from
the first to the last 60 minutes of the satiety assay (satiety index) (mean ± SEM, t-test, n=16
groups of 6-8 assays). (E) Sexually unreceptive females (elav>sex peptide) (Nakayama et al.,
1997) do not induce satiety (mean ± SEM, t-test, n=5 groups of 5-7 assays). (F) After the satiety
assay (blue and red bars), male flies were removed and housed without females for 0 to 4 days.
When reintroduced to ~25 fresh females for 60 minutes, they showed increasing mating drive
over the course of the recovery period (striped bars) (mean ± SEM, one-way ANOVA†, n=5-7
groups of 6-8 assays). (G) Ethograms of male courtship, wing vibration, and copulation before
(n=13, all courted) and after the satiety assay (n=17, 7 courted). (H-I) Satiety decreases and
fragments courtship (mean ± SEM, t-test, n=13-17) (H), but does not change the percent of time
singing within a courtship bout (mean ± SEM, t-test, n=7-13) (I). (J) Distance travelled by wild type
males within a 10-minute time period does not change after the satiety assay (mean ± SEM, ttest, n=14-16). No females are present during the locomotion assay. (K) Number of progeny sired
by wild type males per mating decreases significantly after the satiety assay (mean ± SEM, t-test,
n=8-9). (L-M) Fullness scores of ejaculatory bulbs from wild type males decrease over the course
of the satiety assay (mean ± SEM, n=6-11) (L) and recover gradually afterwards (mean ± SEM,
n=20-28) (M). Representative images of ejaculatory bulb scores are shown on the left, with lumina
highlighted in red. In all figures, scale bars represent 20 µm; in all figures, *p<0.05, **p<0.01,
***p<0.001, n.s. not significant for all statistical tests. Detailed genotypes can be found in Methods.
†In all figures, one-way ANOVA was used with Tukey’s post-test.
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Satiety is not the result of habituation to the presence of females, but requires copulation.
Preventing copulation through the use of low-receptivity females (Nakayama et al., 1997), or
males that have physical defects in external genitalia (Castrillon et al., 1993), resulted in high
levels of courtship that were maintained throughout the satiety assay (Figures 1E and S1D). The
reduction in mating behavior seen at the end of the assay was not altered by placing the satiated
male with fresh virgin females (Figure 1F), but gradually recovered over the course of 3-4 days if
the male was removed from females (Figure 1F). The reduction in mating drive in satiated males
was also seen in standard courtship assays (one male and one female in a 15-minute assay,
used throughout this study when assaying for hyposexuality; see Methods) (Figures 1G and 1H).
When satiated males did court, they spent a comparable proportion of courtship time performing
unilateral wing vibration (“singing”), but their courtship was often transient (Figures 1G and 1I).
Satiety is unlikely to be a consequence of physical exhaustion, because locomotor activity was
not changed by completion of the satiety assay (Figure 1J). We conclude that, similar to
mammals (Beach and Jordan, 1956), male Drosophila exhibit a transient reproductive satiety
induced by mating, a hallmark of sexual motivation.

Mating drive reflects, but is not set by, reproductive capacity
Reproductive satiety parallels the male’s diminishing reproductive capacity after repeated
matings. This reduced potency is evident in males that have recently completed the satiety assay,
as their subsequent copulations result in few, if any, progeny (Figure 1K) (also see Crickmore
and Vosshall, 2013; Lefevre and Jonsson, 1962; Linklater et al., 2007). A physical basis of this
diminishing fertility is found in the male’s ejaculatory bulb, which houses mature sperm and
seminal fluid (Demerec, 1950). The volume of the bulb gradually decreases over the course of
repeated matings, with kinetics redolent of the decline in mating behaviors (Figure 1L). By the
end of the satiety assay, reproductive fluids are largely depleted and the lumen of the bulb has
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shrunken substantially, a presumptive cause of the impaired fertility of males in a state of
reproductive satiety. The fullness of the bulb recovers after the satiety assay, though only to ~75%
after 3 days away from females (Figure 1M).
Since mating drive roughly tracks ejaculatory bulb volume, we asked if information about
the volume of the bulb is used to gate the execution of sexual behaviors. To allow copulation but
prevent depletion of reproductive fluids from the bulb, we performed a modified satiety assay
wherein copulations were artificially terminated 5 minutes after initiation—before reproductive
fluids are transferred (Crickmore and Vosshall, 2013; Gilchrist and Partridge, 2000; Tayler et al.,
2012). As expected, the ejaculatory bulb remains full throughout this modified assay (Figure 2A).
Unexpectedly, though, we find that truncated copulations trigger satiety to the same degree as
normal copulations: the number of matings per male in the assay remained unchanged when
copulations were disrupted at 5 minutes (Figure 2B), despite the cumulative time spent in
copulation being dramatically reduced (Figure 2C). Normal satiety in males with truncated
copulations is also seen in a courtship assay (Figure 2D). We then examined the consequences
of artificially emptying the ejaculatory bulb without allowing the male to copulate. Thermogenetic
activation of corazonin (crz) neurons causes repeated ejaculation, even in the absence of
copulation (Tayler et al., 2012). Ejaculatory bulbs of males in which the warmth-sensitive cation
channel TrpA1 (Hamada et al., 2008) was targeted to crz neurons (crz>TrpA1) were depleted
after incubation at 30 °C for three days, but this treatment had no effect on courtship behavior
(Figure 2E). Moreover, recovery of mating drive after the satiety assay was unimpeded by
artificially maintaining the empty status of the ejaculatory bulb (Figure 2E). The finding that
ejaculatory bulb fullness is entirely dissociable from courtship vigor is consistent with the delayed
recovery kinetics of bulb fullness compared to mating drive (Figure 1M). Together, these results
argue against a direct role of sperm and seminal fluid accumulation or depletion in instructing
mating drive. To ask whether reproductive organs have any role in the acute determination of
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mating drive, we surgically removed the posterior abdomen, which contains the internal and
external reproductive organs. This surgery had no major detrimental effect on courtship in naïve
males, and did not stimulate courtship in satiated males (Figure 2F and Movie S1). These results
show that though mating drive is calibrated to reflect reproductive capacity, the reproductive
organs themselves have no acute influence on the male’s response to the presentation of a virgin
female. Though sensory information from the genitalia may signal the onset of copulation, the
resulting adjustments to and maintenance of mating drive are carried out within the central
nervous system.

Figure 2. Mating drive reflects, but is not acutely instructed by, reproductive status. (A)
Artificially terminating copulations at 5 minutes prevents depletion of ejaculatory bulbs. Black bar
shows data for handling control flies that did not go through the satiety assay but went through
the same procedure used to terminate copulations (same in Figure 2D, see Methods for
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Figure 2. (Continued)
details) (mean ± SEM, one-way ANOVA, n=12-20). (B and C) Artificially terminating copulations
at 5 minutes does not change the number of copulations (B) but decreases total copulation
duration (C) in the satiety assay (mean ± SEM, t-tests, n=18-20). (D) Males whose copulations
were terminated at 5 minutes still show decreased courtship index after the satiety assay (mean
± SEM, one-way ANOVA n=12-20). (E) Ejaculatory bulb fullness is separable from mating drive.
Thermogenetic stimulation of crz neurons (crz>TrpA1) at 30 °C in naive males depletes the
ejaculatory bulb but does not diminish sex drive (red). The same manipulation in satiated males
prevents refilling of the bulb during the recovery from the satiety assay but does not prevent the
recovery of sex drive (green) (mean ± SEM, one-way ANOVA, n=6-14). (F) Abdomen removal
(red arrowhead in inset) has no effect on the courtship indices of wild type males in either the
naive or satiated state (mean ± SEM, one-way ANOVA, n=13-18).

Dopaminergic neurons control mating drive
To identify the genes and neurons that control mating drive in male Drosophila, we
examined over 1,500 genetic manipulations (see Methods) in the satiety assay in search of
animals that maintained high levels of mating behaviors after repeated copulations. The only hit
obtained in this screen resulted from thermogenetic activation of dopaminergic neurons. When
dopaminergic neurons were stimulated at the end of the satiety assay using tyrosine hydroxylaseGal4 (TH>TrpA1; TH is an enzyme required for dopamine synthesis), satiated males showed a
dramatic rebound in mating behaviors (Figure 3A). The rebound is seen in both copulation (58%
decrease in satiety) and courtship (84% decrease in satiety) (Figures S2A and S2B). This finding
parallels previous work showing that dopaminergic neurons of the ventral nerve cord (VNC)
promote the male’s motivation to sustain individual copulation bouts (Crickmore and Vosshall,
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2013). In that study, dopaminergic function was localized to the VNC due to the ability of TshGal80
(which inhibits the activity of Gal4 in most VNC neurons) to block Gal4-mediated phenotypes. In
contrast, Tsh-Gal80 has no effect on the reversal of satiety seen in TH>TrpA1 males (Figures
3A, S2A and S2B). Together, these findings reveal two functionally and anatomically distinct roles
for dopamine in promoting mating drive in flies. The initial drive to mate is set by dopamine
neurons of the brain, and once copulation is initiated, dopaminergic neurons of the VNC determine
the persistence and duration of the mating.
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Figure 3. Dopamine controls mating drive. (A) Thermogenetic stimulation of dopaminergic
neurons (red) at 28.5 °C decreases the satiety index of male flies. This satiety reversal effect is
not blocked by TshGal80 (orange), which suppresses Gal4 activity in the VNC. No satiety reversal
is seen in parental controls (grey and black) (mean ± SEM, two-way ANOVA‡, n=6-13 groups of
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Figure 3. (Continued)
6-8 males). See Figures S2A and S2B for the satiety reversals of copulation (S2A) and courtship
(S2B). (B) Thermogenetic stimulation of neurons labelled by TH-C’ and TH-D’, but not TH-F or
TH-G, reverses satiety. The satiety reversal effects are blocked by FruGal80, which was
constructed by combining Fru-LexA (Mellert et al., 2010) and LexAop-Gal80 transgenes (mean ±
SEM, two-way ANOVA, n=5-13 groups of 6-8 males). (C) Immunostaining of GFP (green) and TH
(magenta) in TH-C’>CD8-GFP and TH-D’>CD8-GFP male brains. (D) Silencing TH-C’ or TH-D’,
but not TH-F or TH-G neurons, with the potassium channel Kir2.1 in adult males decreases
courtship. Males were raised at 23 °C until eclosion, when they were moved to 30 °C for 3 days
to inactivate GAL80ts and allow Kir2.1 expression before testing (mean ± SEM, one-way ANOVA,
n=8-24). (E) FruGal80 blocks GFP expression in one TH-C’ and one TH-D’ cell per hemisphere
in the PAL cluster, but not in any other anterior clusters (mean ± SEM, t-test, n=13-18
hemispheres per genotype) or posterior clusters (see Figure S5). (F) Left: Immunostaining of
GFP (green) and TH (magenta) in the anterior brain of a TH-D’FruFLP>CD8-GFP male. Yellow
rectangle outlines a dopaminergic PAL cluster, which is magnified on the right. Solid white lines
circumscribe the SMPa. Right: same as left but images are magnified for TH-C’FruFLP>CD8-GFP
(top) and TH-D’FruFLP>CD8-GFP (bottom). Arrowheads point to neurons that are positive for both
CD8-GFP and TH. CD8-GFP labelling is seen in 7 out of 23 TH-C’FruFLP>CD8-GFP (all unilateral)
and 4 out of 14 TH-D’FruFLP>CD8-GFP brains (2 unilateral and 2 bilateral). (G) Thermogenetic costimulation of VT02857 (labeling aSP4 and a few other dopaminergic neurons) and NP5945
neurons (red), but not of either population alone (blue or green), decreases the satiety index of
male flies (mean ± SEM, two-way ANOVA, n=5-7 groups of 5-8 males). (H) Silencing VT02857
or NP5945 neurons with the potassium channel Kir2.1 decreases courtship. Males were raised at
23 °C until 1 day after puparium formation, when they were moved to 30 °C and kept isolated
from females until 3 days after eclosion, to inactivate GAL80ts and allow Kir2.1 expression before
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Figure 3. (Continued)
testing (mean ± SEM, one-way ANOVA, n=10-20). (I) Immunostaining of GFP (green) and TH
(magenta) in NP5945 male brains showing co-labeling in ~8 neurons per hemisphere, in four
clusters (arrowheads). Arrows point to SMPa. In all figures, a dashed line circumscribes the
central brain unless otherwise stated. ‡In all figures, interaction terms between genotype and
temperature are tested by two-way ANOVA with a Bonferroni post-test.

To identify which brain dopaminergic neurons underlie mating drive, we thermogenetically
activated four subsets of dopaminergic neurons using Gal4 lines derived from enhancer elements
of the pale locus, which encodes TH (Liu et al., 2012a). Stimulation of either of two subsets of TH
neurons (TH-C’ and TH-D’; Figures 3B and 3C) resulted in partial recovery from satiety. This
reversal of satiety is not a secondary effect of increased locomotion, as stimulating either
population does not significantly impact basal activity (Figure S3A). The activity of neurons within
these populations is necessary for mating drive, as adult-specific silencing of TH-C’ or TH-D’
neurons with the potassium channel Kir2.1 decreased courtship (Figure 3D). Dopamine itself is
likely the mating drive signal, as lowering TH production in TH-C’ or TH-D’ neurons with paleRNAi dramatically reduced courtship (Figure S4).
To ask whether the mating drive dopaminergic neurons lie within the Fruitless circuitry, we
introduced a Gal80 transgene whose expression pattern is indirectly controlled by the cisregulatory elements of fruitless (see Figure 3B legend). Thermogenetic stimulation in these flies
(TH-C’>TrpA1;FruGal80 and TH-D’>TrpA1;FruGal80) fails to reverse satiety (Figure 3B), arguing
that mating drive dopamine neurons are Fruitless positive. In both TH-C’ and TH-D’, FruGal80
blocked Gal4 activity in a single neuron per brain hemisphere, and in both cases this neuron was
located in the PAL dopaminergic cluster (Mao and Davis, 2009) (Figures 3E and S5). In adults,
no TH-C’ or TH-D’ neurons stain with Fruitless antibodies (data not shown), but in both
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populations, a FLP recombinase transgene inserted into the fruitless locus (FruFLP) identifies
single dopaminergic neurons belonging to the PAL dopaminergic cluster (Figure 3F) (Keleman
et al., 2012; Mao and Davis, 2009). This neuron is called aSP4 (Keleman et al., 2012; Yu et al.,
2010) and has been shown to impair courtship behavior when feminized in males (von Philipsborn
et al., 2014). TH-F and TH-G do not label any neurons in the PAL cluster, including aSP4 (Liu et
al., 2012a). aSP4 projects to several dorsal brain regions (von Philipsborn et al., 2014) including
the anterior of the superior medial protocerebrum (SMPa) (Ito et al., 2014) (Figure 3F).
While activation of aSP4 is necessary to reverse satiety in this system, it does not appear
to be sufficient, as thermogenetic activation of VT02857-Gal4, which targets aSP4 (Keleman et
al., 2012), did not increase mating behavior in satiated males (Figure 3G), even when two copies
of the Gal4 were used to increase expression (data not shown). This suggests the existence of
other dopaminergic neurons that work with aSP4 to promote mating drive. We therefore screened
~30 Gal4 lines labeling dopaminergic neurons, looking for lines that could overcome satiety when
activated together with aSP4. We identified NP5945-Gal4 (Kuo et al., 2015), which does not label
aSP4 and did not reverse satiety when stimulated alone, but did increase mating behavior from
satiated males when stimulated together with VT02857 (Figure 3G). Silencing either VT02857 or
NP5945 neurons in adults using Kir2.1 decreased courtship behavior (Figure 3H), suggesting
that the combined activity of these two neuronal populations is necessary to promote the normal
accrual of mating drive. NP5945 labels non-Fruitless dopaminergic neurons in four clusters
(PPL2ab, PPL2c, PPM2, and PPM3) and has projections to the SMPa (Figure 3I). Although we
cannot currently isolate the neurons within NP5945 that promote mating drive together with aSP4,
our results suggest the SMPa as a locus for the dopaminergic control of sexual motivation in
males.
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Dopamine signals mating drive to P1 neurons
As a first step toward identifying the neuronal targets of dopamine signaling relevant to
mating drive, we examined courtship in animals carrying mutations in the four Drosophila
dopamine receptors. When tested at 3 days old, a combination of mutations in three of the
receptors showed normal levels of courtship, whereas a deletion of the fourth, DopR2 (a D1-like
receptor) (Han et al., 1996; Keleman et al., 2012), resulted in dramatically reduced courtship
without affecting locomotor activity (Figures 4A and S3B). These data initially seemed to be in
conflict with a previous study reporting normal levels of courtship in these same DopR2 mutants
in the same genetic background (Keleman et al., 2012). Further examination of these mutants led
us to a likely explanation for this discrepancy: we found that the mating drive of DopR2 animals
gradually increased over 10-15 days (Figure 4B), as did, to a lesser extent, the mating drive of
wild-type males (Figure S1C). This suggests that as mating drive increases with age, additional
dopamine receptors gradually become capable of receiving the mating drive signal. DopR2
functions in neurons (as opposed to non-neuronal cells) to promote the timely accumulation of
mating drive, as knockdown of DopR2 with the pan-neuronal elav-Gal4 driver phenocopied the
deletion mutant (Figure 4C). Matings involving 3-day-old DopR2 mutant males were fully fertile
(data not shown), so the behavioral phenotype is not a secondary consequence of sterility.
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Figure 4. Dopamine signals mating drive through DopR2. (A) Males mutant for DopR2 (damb)
(magenta; DopR2attp), but not males mutant for all other dopaminergic receptors in combination
(green; DopR1attp, DopECRc02142, D2Rf06521) show decreased courtship when compared to the wild
type background strain for the DopR2attp deletion (Keleman et al., 2012) (mean ± SEM, one-way
ANOVA, n=10-26). See Figure S3B for locomotor activity data. (B) Courtship gradually increases
in DopR2attp mutants, reaching near-WT levels by 15 days (mean ± SEM, n=6-25). (C) Panneuronal RNAi knockdown of DopR2 decreases courtship in 3-day-old males, but normal
courtship is seen in these animals by 15 days (mean ± SEM, one-way ANOVA, n=14-29). (D)
RNAi knockdown of DopR2 in Fruitless cells decreases courtship (mean ± SEM, one-way ANOVA,
n=13-23).

The identification of a receptor that receives dopamine input relevant to reproductive state
presents an opportunity to investigate how motivation signals impinge on sensory-to-motor
circuitry to gate the execution of behavior. In this system, the dopamine-receiving neurons are
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Fruitless positive, as RNAi knockdown of DopR2 in Fruitless neurons reduced courtship behavior
in mature males (Figure 4D).
Within the Fruitless circuitry, much attention has focused on a locus composed of ~40
neurons, called P1, that is required for mating behavior (von Philipsborn et al., 2011). Stimulation
of a subset of P1 neurons (labeled by the Gal4 line R71G01, here referred to as P1-B in reference
to the Baker lab where it was first characterized) has been shown to drive courtship behaviors
toward moving, fly-sized inanimate objects (Kohatsu and Yamamoto, 2015; Pan et al., 2012). In
our hands, activation of P1-B neurons drives robust courtship behavior toward even stationary
rubber band pieces—if they are painted black (Figure 5A and Movie S2). This phenotype is
distinct from activation of the entire fruitless circuit, which drives courtship in the absence of a
target (Figure S6A), and from activation of dopamine neurons, which does not cause courtship
of inanimate objects (Figure 5A).
Based on anatomy and the Fruitless wiring diagram, the Dickson lab suggested that the
aSP4 dopamine neuron may connect to P1 neurons (von Philipsborn et al., 2014; Yu et al., 2010).
We found that activation of P1-B neurons drives robust courtship in satiated males (Figure 5B),
as well as in 3-day-old males that lack DopR2 (Figure 5C). Activating P1 neurons therefore
bypasses the requirement for state-dependent dopaminergic input, indicating that they are
functionally downstream of the dopamine mating drive signal.
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Figure 5. Dopamine signals mating drive to P1 neurons. (A) Thermogenetic stimulation of P1
neurons (purple) but not dopaminergic neurons (red) elicits courtship toward a fly-sized piece of
black rubber band (squares). No courtship is seen toward a tan rubber band (triangles) (mean ±
SEM, two-way ANOVA, n=8). (B) Thermogenetic stimulation of P1-B neurons reverses satiety
(mean ± SEM, two-way ANOVA, 5-12 groups of 6-8 males). (C) Thermogenetic stimulation of P1
neurons in 3-day old males carrying the DopR2attp deletion increases courtship (mean ± SEM,
two-way ANOVA, n=13-19). (D) Immunostaining of GFP (green) and TH (magenta) in P1-B>CD8GFP male brains. Arrows point to the P1 neuron cell bodies. (E) Immunostaining of GRASP (GFP
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Figure 5. (Continued)
Reconstitution Across Synaptic Partners) between TH-Gal4 and P1-B-LexA neurons. Arrowheads
point to the SMPa. See Figure S6B for parental controls. (F) Immunostaining of GFP (green) and
TH (magenta) in P1-B>CD8-GFP;FruGal80 males. Arrows point to the approximate area of the
P1 neuron cell bodies. (G) RNAi knockdown of DopR2 in P1-B neurons decreases courtship in 3day-old males, but normal levels of courtship are seen by 15 days (mean ± SEM, n=8-25). (H)
FruGal80 blocks the courtship deficit caused by knocking down DopR2 in P1 neurons (mean ±
SEM, one-way ANOVA, n=13-15). (I) The courtship deficit caused by pan-neuronal RNAi
knockdown of DopR2 is restored if Gal4 activity is blocked in P1-B neurons. P1-B-Gal80 was
constructed by combining P1-B-LexA and LexAop-Gal80 transgenes (mean ± SEM, one-way
ANOVA, n=12-17).

Are P1 neurons the direct targets of dopaminergic signaling? As noted by the Dickson lab
(von Philipsborn et al., 2014; Yu et al., 2010), co-labeling P1-B neurons and dopaminergic
neurons (Figure 5D) shows intermingling of neuronal processes between these two populations.
We detected a strong GRASP (GFP reconstitution across synaptic partners)(Feinberg et al., 2008)
signal between the two populations, indicating potential sites of synaptic connectivity (Figures 5E
and S6B). Much of the GRASP signal was located in the SMPa, a region that is targeted by the
aSP4 dopaminergic neuron (Figure 3F) as well as the NP5945 neurons (Figure 3I). When we
knocked DopR2 down in P1 neurons, we saw a profound reduction of courtship behavior that
recovered with age (Figure 5G), phenocopying the DopR2 mutant. This is strong evidence that
P1 neurons receive the dopaminergic mating drive signal.
The P1-B Gal4 line labels some cells outside of the sexually dimorphic P1 cluster (Pan et
al., 2012). When FruGal80 is introduced, P1-B labeling within the P1 cluster is greatly reduced,

28

but expression outside the cluster is not obviously affected (Figure 5F). Knocking down DopR2
in these remaining neurons had no effect on courtship behavior (Figure 5H), confirming that the
Fruitless-positive P1 neurons receive and interpret the dopamine signal. To ask whether
additional neurons receive the mating drive signal through DopR2, we blocked Gal4 activity in
P1-B neurons (see Figure 5I legend) while knocking down DopR2 in all other neurons. Blocking
pan-neuronal DopR2 knockdown in P1-B neurons restored courtship to normal levels (Figure 5I),
arguing that the dopaminergic mating drive signal is received exclusively by P1.

Dopaminergic activity in the SMPa is a neuronal correlate of mating drive
The presumptive synaptic contacts between dopaminergic and P1 neurons in the SMPa
region led us to monitor the activity of dopamine neurons in this area in males of varying
reproductive states. We drove the calcium sensor GCaMP6s (Chen et al., 2013) in dopaminergic
neurons and found that fluorescence levels in the SMPa tracked the male’s level of satiety. Similar
to mating drive, fluorescence levels declined gradually over the course of the assay to ~20% after
4.5 hours (Figures 6A and 6B). Also similar to mating drive, dopaminergic activity in the SMPa
gradually recovered from the satiety assay over the course of 3 days of isolation from females
(Figure 6B). The aSP4 neuron accounts for much of the dopaminergic activity in the SMPa, as
FruGal80 blocks ~65% of the fluorescence in naïve animals (Figure 6C). Fluorescence did not
noticeably change with mating history in an unrelated region, the optic lobe (Figure 6A), or in a
neighboring neuropil, the medial lobe of the mushroom body (Figure 6B). Nor were SMPa
fluorescence changes observed in the calcium-insensitive fluorescent protein tdTomato (p>0.95)
or with immunostaining of fixed TH>GCaMP6s brains (p>0.92) (Figures S7A and S7B). The
mating-history-dependent GCaMP6s fluorescence change in SMPa was also detected using
VT02857-Gal4, which labels aSP4 and a few other dopaminergic neurons (Figure 6D) (Keleman
et al., 2012; Yu et al., 2010), as well as NP5945-Gal4, which labels neurons in four dopaminergic
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clusters (Figures 6E and 3I) (Kuo et al., 2015). These results show that dopaminergic activity in
the vicinity of the connection to P1 neurons serves as a neuronal correlate of male mating drive.

Figure 6. Dopamine activity at the sensory-motor interface reflects reproductive capacity.
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Figure 6. (Continued)
(A) Representative images of fluorescence reported by GCaMP6s in the optic lobe (top) and the
anterior superior medial protocerebrum (SMPa) (bottom) in 5-10 day old males that were naïve
(left) or had just completed the satiety assay (right). SMPa (dashed outline) fluorescence
decreases with satiety, while optic lobe fluorescence (from the same stack) is not noticeably
changed. (B) Top: average pixel fluorescence reported by TH>GCaMP6s (normalized to
TH>tdTomato fluorescence) in SMPa in 3-8 day old males decreases with time in the satiety
assay and gradually recovers after isolation from females for 3 days. See Figure S7A for
quantification of tdTomato fluorescence. Bottom: no changes were seen in the medial lobe of the
mushroom body, a neighboring region innervated by dopaminergic neurons (mean ± SEM, oneway ANOVA, n=13-16). (C) FruGal80 blocks much of the TH>GCaMP6s fluorescence in the
SMPa but not in the mushroom body (mean ± SEM, t-test, n=8-10). (D-E) Average tdTomatonormalized SMPa pixel fluorescence reported by VT02857>GCaMP6s (5-10 day old) (D), and
NP5945>GCaMP6s (3-8 days old) (E), males decreases after the satiety assay, and recovers
after isolation from females for 3 days (mean ± SEM, one-way ANOVA, n=8-10 for (D) and n=1120 for (E)). (F) Calcium transients (measured using TH>GCaMP6s) in dopaminergic projections
in the SMPa after optogenetic stimulation (TH>CsChrimson) using light pulses between 50 and
1600 ms long (See Methods for details). Different colors correspond to the satiety states of the
flies prior to dissection (mean ± SEM, n=6-9 flies per satiety state for all pulse widths). (G)
CsChrimson-induced GCaMP6s transients peak lower in satiated brains (red) than in naïve ones
(blue), or in brains tested 3 days after the satiety assay (orange) (mean ± SEM, one-way ANOVA,
n=6-9). (H) The decay kinetics of CsChrimson-induced GCaMP6s transients are unchanged by
the satiety state of the animal (mean ± SEM, one-way ANOVA, n=6-9).
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The decreased basal activity of dopaminergic projections in the SMPa suggests that these
neurons may become less excitable following repeated matings. To test this idea directly, we
drove the red-light-sensitive ion channel CsChrimson (Hoopfer et al., 2015; Klapoetke et al., 2014)
together with GCaMP6s in dopaminergic neurons and used two-photon microscopy to image
optogenetically induced calcium transients in the SMPa. At all stimulation lengths, dopaminergic
SMPa fluorescence peaks were lower in satiated brains than in naïve brains, or in brains tested
three days after completion of the satiety assay (Figures 6F and 6G). Fluorescence decay
kinetics did not change with mating history (Figure 6H). Mating therefore decreases the
excitability and/or calcium influx of SMPa-projecting dopaminergic neurons while leaving calcium
buffering properties unchanged. These long-lasting changes suggest a molecular mechanism
acting either on the inputs to dopamine neurons, or within the dopamine neurons themselves.
The resulting dopamine tone in the SMPa serves as a neuronal correlate of mating drive, gating
the activation of P1 neurons in response to sensory stimulation from females.

DISCUSSION
To ensure the appropriateness of goal-directed behavior, information about needs and
capacities must control the propagation of activity from sensory to motor systems. We have
developed male mating behavior in Drosophila as a model to study this regulation at the molecular
and circuit level. This system is attractive because the expression of sexually dimorphic
transcription factors extends from sensory input neurons to motor output neurons, delineating
circuitry that controls many aspects of sexually dimorphic behavior and facilitating the
identification of underlying circuit elements (Cachero et al., 2010; Clowney et al., 2015; Crickmore
and Vosshall, 2013; Kallman et al., 2015; Manoli et al., 2005; Pan et al., 2012; Shirangi et al.,
2006; Stockinger et al., 2005; Vrontou et al., 2006; Yu et al., 2010; Yuan et al., 2014; Zhou et al.,
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2014, 2015). Our finding that regulation by internal state occurs through the influence of dopamine
on P1 has many implications for understanding motivational regulation in this and other systems.
In his Ethics (Spinoza, 1677), Spinoza drew a distinction between perception and
conception: “the word perception seems to imply that the mind is passive in respect to the
object; whereas conception seems to express an activity of the mind." While Spinoza was
referring to the human mind, if we substitute “internal state” for “mind,” the logical framework
seems to hold in the system described here. The perception of a female conspecific likely occurs
independently of internal state, but conception as a potential mating partner is dependent on
recent mating history. The mechanistic basis of this distinction is apparent in the circuitry:
regulation by internal state occurs at the point where processed, multi-modal female sensory
inputs converge onto a locus that is capable of driving courtship behavior (Figure 7). Whether or
not the percept of a female is translated into the concept of a courtship target is determined by
the ability of sensory input to stimulate P1, which is determined by local dopamine tone in the
SMPa, which is set by mating history. In this circuit logic, changes in mating drive require neither
sensory nor motor processing streams to be altered by internal state; the gating occurs at the
point where sensory input can stimulate motor output. Once courtship behavior has been selected,
the interplay between sensory and motor systems continues as the male calibrates his singing
and other actions to the changing position of the female (Coen et al., 2014, 2016).
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Figure 7. Dopaminergic circuitry underlying mating drive.

Two general questions about dopaminergic control of motivation are made addressable in
this system: (1) how is dopamine tone set and maintained by transient experience? and (2) how
does dopamine tone gate the execution of goal-directed behavior? There likely exist neurons in
the male that detect the onset of copulation and induce decrements in SMPa dopaminergic activity
with each mating. This transient signal is then maintained as diminished dopaminergic activity
that steadily recovers over tens of hours. We have identified the relevant dopaminergic locus and
have genetic access to the neurons. The upstream inputs that convey mating information to the
dopaminergic neurons are likely to be sexually dimorphic—and therefore identifiable and
targetable. A thorough interrogation of the molecular and circuit changes that occur in response
to mating history may lead to broadly useful principles about how transient events cause longlasting changes in motivation and behavior.
Equally promising is the study of how P1 interprets the local dopamine tone. When
dopamine neurons are active, males court females; when P1 neurons are synthetically activated,
males will court even inanimate objects. Clearly, dopamine does not simply activate P1 neurons,
but allows their activation by appropriate sensory input. In mammals, dopamine has a well-
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established role in motivating behaviors (Volkow and Morales, 2015; Wise, 2004), but the targets
of this regulation are distributed across many neurons and brain regions (Volkow and Morales,
2015; Wise, 2002). The compact P1 locus will allow a deep understanding of the cellular
mechanisms that interpret local dopamine tone to determine behavioral responses to external
stimuli.
The unaltered mating drive seen in males lacking reproductive organs demonstrates that
dopaminergic projections in the SMPa are set to reflect reproductive potency without receiving a
direct measurement of reproductive fluid stores. There are other instances in which
representations of the internal and external world are found to be based on inference instead of
direct measurement. For example, the retinal blind spot in humans is filled in using surrounding
visual information (Ramachandran and Gregory, 1991). While experimenters can easily measure
the amount of reproductive fluid stored in the ejaculatory bulb of a dissected male, for the fly itself
it may be more reliable or efficient to infer the predictable changes in reproductive potency that
occur with mating history, similar to the way the circadian system models the predictable rotation
of the earth (Sollberger, 1965). Here the male fly’s nervous system uses the predictable rates of
loss and recovery of reproductive fluid that occur during copulation and abstinence to generate a
neuronal representation of reproductive potency in the SMPa.
There are many additional similarities in studies of humans and other mammals to the
motivational system we describe here. In Awakenings, Oliver Sacks described hypersexuality as
an invariant consequence of administering L-DOPA to his patients (Sacks, 1999), demonstrating
the conservation of dopamine’s role in mating drive across phyla. Classic work in cats showed
that stimulating a specific hypothalamic area elicits aggression, even toward inanimate “dummy”
cats (Brown et al., 1969), similar to the courtship not only toward females, but also toward flysized inanimate objects, when dopamine-receiving neurons are activated. More recently,
optogenetic techniques were used to stimulate an aggression locus within the murine

35

hypothalamus, causing aggression toward other mice, or even toward an inflated rubber glove
(Lin et al., 2011). In humans, anxiety levels exert a strong influence on the categorization of
various objects and situations (Bar-Haim et al., 2007). We suggest that these effects on object
classification result from a general principle of motivational circuitry: when the intensity of a
behavioral state is high, the demand for accurate sensory input is lowered (Lorenz, 1950). In the
concise circuitry we describe here, we find that this trade-off results from the direct influence of
internal state information on the propensity for perceptual input to drive goal-directed behavior.

METHODS
Fly stocks
Flies were maintained on conventional cornmeal-agar-molasses medium under a 12 hour light/12
hour dark cycle at 25 °C and ambient humidity. Unless otherwise stated, males were collected 03 days after eclosion and group-housed away from females for 3-6 days before testing. Virgin
females were generated by heat-shocking a w1118 stock with a hs-hid transgene integrated on the
Y-chromosome (Bloomington stock #24638) in a 37 °C water bath for 90 minutes. Virgins were
group-housed for 3-13 days before use. All behavioral experiments were carried out between ZT
1 and ZT 10 (lights are turned ON at ZT 0 and turned OFF at ZT 12). Detailed genotypes of all
strains are listed in the Methods.

Satiety assays
In general, we used satiety assays when looking for hypersexuality, and standard courtship
assays (below) for hyposexuality. In the satiety assay, individual male flies (3-6 days old unless
otherwise stated) were placed with ~25 virgin females in a food vial at 23 °C and ambient humidity
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for 4.5 hr. Mating behaviors (courtship and copulation) were scored manually every 30 minutes,
in groups of 6-8 vials per genotype. A within-group percentage was generated for each time point.
The first two and last two time points were averaged to generate Initial and End percentages,
respectively. A satiety index was calculated for each group as (%Initial – %End) / %Initial. To
generate separate satiety indices for copulation or courtship (Figures 1C, 1D, S2A, and S2B),
percentages of copulating or courting but non-copulating flies were used, respectively. In singlevs-group rearing experiments (Figure S1B), males were aged either in isolation or groups of ~10
before the assay. In thermogenetic experiments, the temperature was raised after the last time
point, and mating behaviors were scored 20 minutes after the incubator reached the appropriate
temperature. In satiety assays involving artificial copulation termination, each mating pair was
allowed to copulate for 5 minutes before being manually separated by repeatedly aspirating into
and out of a pipette tip. As a handling control, naïve males were aspirated similarly before scoring
in Figures 2A and 2D.

Satiety screen
The screen for genes and neurons that control satiety was initially a candidate screen, looking at
mutations affecting reproductive function, memory, and sensory perception. In a second phase
we screened an RNAi collection targeted to all receptors in the Drosophila genome. In a third
phase we initiated an unbiased RNAi screen. The bulk of this screening was carried out in Leslie
Vosshall’s lab at Rockefeller University. After these screens failed to produce a hit that that
prevented satiety, we screened biogenic amine pathways, discovering the TH>TrpA1 combination
that gave a dramatic satiety reversal phenotype.
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Courtship assays
Courtship assays were carried out and videotaped in cylindrical courtship chambers (10 mm
diameter and 3 mm height) at 23 °C and ambient humidity. Unless otherwise stated, a male fly
(3-6 days old) was paired with a w1118 virgin female fly in each chamber. The courtship index was
manually scored as the fraction of time during which the male fly is engaged in mating behaviors
(courtship and copulation) within 5 minutes once the male fly started courting. In this chapter, we
manually scored courtship assays to keep consistent with the courtship scoring in the satiety
assays, whose 3D environment and large number of animals complicate automated scoring. A
bout of courtship was scored as initiated when the male oriented toward the female, began
tracking her, and unilaterally extended his wing to sing to her. A bout was scored as terminated if
the male did not sing in the subsequent 30 seconds or turned away from the female. If the male
fly did not court within the first 15 minutes of each assay, the courtship index was scored as 0.
Using these criteria, two experimenters (M.A.C. and S.X.Z.) routinely gave near-identical
courtship indices in pilot assays. The same criteria were applied when producing the ethograms
in Figure 1G where percent time singing during courtship was calculated as time_spent_singing
/ total_time_spent_courting X 100%. In thermogenetic experiments, the courtship assays were
performed first at 23 °C and then again at the higher temperature. For experiments involving
tubGal80ts (Figures 3D and 3H), male flies were moved to 30 °C after eclosion (Figure 3D) or 1
day after puparium formation (Figure 3H) and kept there (isolated from females) until just before
the assay, which took place at 23 °C. For experiments involving DopR2 mutants or RNAi
knockdown, only 3-day old males were used to avoid the confounding effects of age. The
DopR2attp animals had previously been introgressed into a wild type Canton-S background
(Keleman et al., 2012), which served as the wild type background control in our behavioral
experiments. To further ensure background consistency, we re-crossed the mutant into the
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Canton-S background 3 more times, with no effect on courtship. We therefore combined the
courtship data from before and after the second introgression.

Courtship assays with abdomen removal
Canton-S male flies were used for this experiment. For each group, experimental (abdomen
removed) and control (intact) flies were collected and aged together. Mature naïve males were
collected 0-3 days after eclosion and group-housed without females for 3 days before the surgery.
Mature satiated males were collected and aged in the same way as the mature naïve males, but
were run through the satiety assay before surgery. For the surgery, flies were anesthetized by
incubating on ice, and the posterior 60-80% of the abdomens was surgically removed with forceps.
After the flies were allowed to recover in food vials for ~20 minutes, the vials were quickly inverted,
and only flies that could climb up the vial within 5 seconds were used for courtship assays.
Courtship assays were conducted as above, with the exception that 2 virgin females were used
per male. Experimental males were dissected post hoc to ensure that all reproductive organs
were removed during the surgery.

Rubber band courtship assays
Rubber band courtship assays were carried out and scored as above, except that they took place
in larger cylindrical courtship chambers (30 mm diameter and 3 mm height). The rubber bands
(OfficeMax # OM97346) were cut into chunks of ~1 mm3. The “tan” rubber bands were not painted;
the “black” rubber bands were colored black by a black felt-tip Sharpie and left to dry for at least
one day before use.
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Fertility assays
Canton-S males (3-6 days old), half of which had just completed the satiety assay, were
individually paired with virgin females at 23 °C and ambient humidity. Immediately after copulation,
the females were individually isolated in food vials at 25 °C. After 10 days, the females were
removed from the vials and the adult progeny were scored 10 days later.

Locomotion assays
Locomotion assays were carried out in the cylindrical chambers (30 mm diameter and 3 mm
height) at 23 °C and ambient humidity. Canton-S males (3-6 days old), half of which had just
completed the satiety assay, were individually gently aspirated into the chambers and allowed to
explore the chambers for 1 minute before their locomotion was recorded with a standard video
camera at 30 fps for 10 minutes. Video segmentation and tracking were carried out using FIJI
(Schindelin et al., 2012) with the MTrack2 plugin.

Ejaculatory bulb volume scoring
Male flies were fixed in phosphate-buffered saline (PBS) solution with 0.3% Triton X-100 (PBST)
and 4% paraformaldehyde at room temperature for 1 hr. Ejaculatory bulbs were dissected out,
washed with PBST (PBS with 0.3% Triton X-100), and mounted on slides using standard
procedures. Bulbs were imaged and scored blind to treatment on a scale from 1 (empty) to 4 (full).
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Thermogenetic bulb depletion
Male crz>TrpA1 flies were collected 0-3 days after eclosion and group-housed without females
for 3 days at 23 °C and ambient humidity. A subset of these males was run through the satiety
assay. Ejaculatory bulbs were then depleted by raising the temperature to 30 °C for 3 days.
Control crz>TrpA1 males were housed at 23 °C during the same time period.

Immunostaining and microscopy
Fly brains were removed in PBS or Schneider’s medium (ThermoFisher, 21720-024) and
immediately fixed in PBS with 0.3% Triton X-100 (PBST) and 4% paraformaldehyde at room
temperature for 20 minutes. After washing with PBST 3 times (20 minutes each), the brains were
incubated with primary antibodies (diluted in PBST) at 4 °C for 48 hours. Following a PBST wash
(3x 20 minutes), the brains were incubated with secondary antibodies (in PBST) at 4 °C for 48
hours. After 3 more PBST washes (20 minutes each), the brains were mounted with VectaShield
(Vector Labs) on glass slides using standard procedures. Confocal sections were acquired using
an Olympus Fluoview 1000 microscope or an Olympus Fluoview 1200 microscope at 3-5 µm
intervals and maximum projections of image stacks were obtained in FIJI (Schindelin et al., 2012).

Calcium imaging of dissected brains
Fly brains were dissected from 3-8 day old males in external saline (Wilson and Laurent, 2005)
and mounted, anterior side down, onto the base of a glass-bottom petri dish (MatTek, P35G-1.520-C) housing 4mL static external saline. To stabilize the samples, optic lobes were adhered to
the coverslip with UV glue (Kemxert, KOA 300) solidified with a 5 mw purple laser pointer
(Oxlasers, OX-B005). To image the anterior superior medial protocerebrum (SMPa), 4-7 confocal
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sections spanning this region were acquired using an Olympus Fluoview 1000 microscope at 3
µm intervals and maximum projections were obtained in FIJI (Schindelin et al., 2012). After one
of us (S.X.Z.) took the images, another of us (D.R.-blind to the treatment) selected regions of
interest (ROIs) of ipsilateral SMPa, mushroom body medial lobe, and background (near the
antennal lobe, where dopamine projections are sparse) using the tdTomato channel (Figures 6B,
6D, and 6E) or the GCaMP6s channel (Figure 6C). ROI sizes were kept roughly the same
between samples. Average pixel fluorescence in each ROI was calculated with a custom-written
program MATLAB (Mathworks). Normalized fluorescence was calculated as (GCaMP6s_SMPa
– GcaMP6s_background) / (tdTomato_SMPa – tdTomato_background). The same formula was
used for the mushroom body medial lobe as well. The program is available upon request.

Two-photon calcium imaging with CsChrimson stimulation
Two-photon laser-scanning microscopy was performed using a custom microscope as previously
described (Carter and Sabatini, 2004). Shortly after eclosion, flies were transferred to vials
containing rehydrated potato flakes (Carolina Biological Supply, 173200) and 100 µL of all-transretinal stock solution (Sigma, R2500; 35 mM in ethanol). All experiments were conducted with
adult male flies within 3-6 days after eclosion. Prior to imaging, fly brains were carefully dissected
under low-light conditions and mounted, posterior side down, onto a coated petri dish (Thermo
Scientific, 150318) containing 3 mL of HL3.1 saline solution (Feng et al., 2004). GCaMP6s was
excited at 920 nm and 11.8 mW at the sample, and light was collected in 128x128 frames at 256
ms per frame. A basal level of retinal-dependent CsChrimson activation was observed at 920 nm
(and at all wavelengths tried between 860 and 940 nm) that typically plateaued within the first 20
frames (~5 s). At Frame #24, a pulse of red light (655 nm) was delivered using a LED (Luxeon
Star LEDs, LXM3-PD01-0350), which was driven by a 720 mW BuckPuck (Luxdrive, 3021-D-E700), and collimated with a lens (Carclo, 13193) ~3 cm away from the sample. No fluorescence
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data were collected during stimulation, in order to protect the photomultiplier tube. For each
experimental series, light pulses of different widths were delivered in increasing, decreasing, or
random order. Fluorescence data were analyzed in MATLAB using a semi-automated program
modified from a published independent component analysis algorithm (Mukamel et al., 2009).
Decay half-life was estimated by fitting the fluorescence decay data with a single-exponential
function. All time constants measured in Figure 6H are longer than that of GCaMP6s itself (<1.2
s in Drosophila) (Chen et al., 2013). The program is available upon request.

Antibodies
Primary antibodies were chicken anti-GFP (CAT# GFP-1010, Aves Labs, 1:1000 dilution), rabbit
anti-GFP (CAT# A-11122, Invitrogen, 1:1000 dilution), mouse anti-tyrosine hydroxylase (TH)
(CAT# 22941, ImmunoStar, 1:1000 dilution), rabbit anti-fruM “male2” (from Daisuke Yamamoto,
1:500 dilution). For GRASP experiments, mouse anti-GFP clone 3E6 (CAT# A11120, Invitrogen,
1:2000 dilution) primary antibody was used instead. Secondary fluorescent antibodies were Alexa
Fluor 488 donkey anti-chicken (CAT# 703-545-155, Jackson ImmunoResearch, 1:400), Alexa
Fluor 488 goat anti-rabbit (CAT# A11008, Invitrogen, 1:400 dilution), Alexa Fluor 488 donkey antimouse (CAT# A21202, Invitrogen, 1:400 dilution) and Cy3 donkey anti-mouse (CAT# 715-166150, Jackson ImmunoResearch, 1:400 dilution).

Statistical tests
All statistical tests were performed using Graphpad Prism 6. In all one-way ANOVA tests,
statistical significance was corrected for multiple comparisons using post-hoc Tukey’s range tests.
All two-way ANOVA tests use post-hoc Bonferroni corrections. In all figures, error bars represent
SEM. In all figures, statistical significance is denoted as *p<0.05, **p<0.01, ***p<0.001, n.s. not
significant.
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Chapter 3. Motivation, perception, and chance converge to make a binary decision3,4

3

This chapter has been published in the journal Neuron. See Zhang et al., 2018.
For this chapter, Mike Crickmore, Dragana Rogulja, Christine Boutros, Lauren Miner and I
(X.Z.) designed the experiments. Christine Boutros, Lauren Miner, and I performed the
experiments, with help from Mike Crickmore and Ben Gorko.
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INTRODUCTION
Motivational states and external conditions strongly influence behavior (Halliday, 1983;
Toates, 1986). But would the same animal, in the same state, presented with the same
circumstance always make the same decision? If not, this variability presumably emerges from
noise and hidden network variables as information propagates through the nervous system
(Faisal et al., 2008; Renart and Machens, 2014). Though often considered a flaw, noise – or
network variability – has been shown to be useful for improving signal detection and implementing
ideal strategies in adversarial situations, and has also been proposed to promote exploration
(Faisal et al., 2008; Ölveczky et al., 2005; Tervo et al., 2014). Here, we show how noise is used
by motivational circuitry to effect probabilistic changes in behavior.
In a growing number of systems, neurons that alter behavioral probabilities have been
localized to small, spatially restricted, and genetically targetable populations. In the best studied
example, stimulating the ~800 AgRP neurons of the arcuate nucleus in the mouse hypothalamus
induces seemingly all aspects of hunger: eating available food, foraging, and performing arbitrary
tasks previously associated with food rewards (Aponte et al., 2011; Betley et al., 2015; Chen et
al., 2016; Krashes et al., 2011; Livneh et al., 2017). Subpopulations of AgRP neurons that target
single brain regions coordinately regulate the latency to eat and the quantity of food consumed
(Betley et al., 2013). A similar connection between the probabilities of initiation and maintenance
of behavior is seen during stimulation of the galanin neurons of the medial preoptic area of the
hypothalamus, which induce the initiation of parental behavior and also extend the duration of
parenting bouts (Wu et al., 2014). In these examples, the sensory inputs (food, offspring) and
motor outputs (feeding, parenting) are the same across behavioral selection and duration,
suggesting shared circuitry—but control over the binary decision to initiate the behavior and the
scalar determination of its duration likely require different regulatory mechanisms.
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We examined the links between behavioral selection, persistence, and chance using
Drosophila courtship, which we recently found to be under motivational control (Zhang et al.,
2016). Upon encountering a potential mate, a male must first choose whether or not to initiate
courtship. Then, at every subsequent moment until the initiation of copulation, he must decide
whether or not to persist in the courtship that has so far been unsuccessful. Males with high
mating drive sustain courtship for minutes; whereas courtship by satiated males, when it occurs,
is frequently abandoned. The male’s motivation to court hinges on the dopaminergic activity of a
few neurons that project to the anterior of a brain region called the superior medial protocerebrum
(SMPa) (Zhang et al., 2016). In naïve males, dopaminergic activity is high, and the presentation
of a virgin female almost always leads to courtship. After a few matings, dopaminergic activity
decreases and these satiated males mostly abstain from courtship. The dopaminergic mating
drive signal is received by a group of ~20 command neurons, called P1, which are stimulated by
sensory information from the female and orchestrate the many behavioral programs that
constitute courtship (Clowney et al., 2015; Kallman et al., 2015; Kohatsu and Yamamoto, 2015;
Kohatsu et al., 2011; Pan et al., 2012; von Philipsborn et al., 2011; Zhang et al., 2016). We find
that the propensity for initiation and termination are both instructed by the same dopaminergic
signal to P1 but result from separate cellular mechanisms. In analogy to combustion: dopamine
increases the odds that the spark will kindle a fire, and that determines how long it burns.

RESULTS
A coin-flip model of courtship initiation
For the first several minutes after being placed in a 1-cm courtship chamber, naïve male
flies tapped virgin females with their pheromone receptor-bearing forelegs once every 30 seconds
(Figure 8A, S8A, and Movies S3-S4) (Thistle et al., 2012). Each tap led to courtship ~44% of the
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time, almost always within 500 ms of the tap (Figure 8B), and regardless of whether it was the
1st, 2nd, 3rd or 4th tap (Figure 8C), or of the interval between taps (Figure 8D). While certain
mutations (Billeter et al., 2009; Manoli and Baker, 2004) and conditions (Agrawal et al., 2014; Fan
et al., 2013) may obviate the requirement for a tap, in our experimental setup (see Methods) we
have yet to observe courtship from a wild-type or control male (2,147 in this chapter) that was not
preceded by a tap (see also Kohatsu et al., 2011; Rendel, 1945; Spieth, 1952, 1974). We present
courtship probabilities as linear natural log plots of (1 – [cumulative probability]) against tap
number (e.g. Figure 8E), where the fitted slope indicates courtship probability and the R2 value
reflects the consistency of tap-to-tap probabilities (see Table S2 for all courtship probabilities with
95% confidence intervals; see Figures S8B-S8D for p-value distributions of R2 values compared
to coin-flip and permutation null-models). We typically find R2 values greater than nearly all
permutated possibilities, indicative of the remarkable consistency in the probability of each tap to
trigger courtship (see Figure S8B for an example; see Figure S8D for all comparisons). These
results show that the probability of courtship initiation can be well-described by a simple coin-flip
model with two variables: the bias of the coin (probability of courtship initiation after a tap) and
how often it is flipped (tapping frequency).
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Figure 8. A coin-flip model describes courtship initiation probability. (A) The tapping
frequency over the first several minutes in a courtship assay is consistent from tap to tap and
does not change with satiety state (see Methods) (one-way ANOVA†, n = 47-57 males). (B)
Courtship is always preceded by a tap (n = 112 initiations). See Movies S3-S5. (C-D) The pertap probability to initiate courtship scales with satiety state but is consistent from tap to tap (C)
and is independent of the inter-tap interval (D) (Mean ± 95% C.I., n = 47-57 males). (E) For each
satiety state, the cumulative courtship initiation probability curve linearizes on a modified logscaled Y-axis suitable for coin-flip models (See Methods). The courtship probabilities are
calculated from the slopes of the linear fits (95% C.I. are in parentheses; bootstrap, n = 47-57
males; see details for bootstrapping in Methods). (F) Motivation sets the probability that a tap will
trigger courtship. In all figures, *p<0.05, **p<0.01, ***p<0.001, n.s. not significant for all statistical
tests. See Table S2 for all estimated courtship probabilities and Table S3 for genotypes and the
numbers of animals for each experiment.
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To assess the effect of sensory input on courtship probability, we presented the male with
a mated female, who is unlikely to allow copulation and is therefore a lower quality stimulus
(Tompkins and Hall, 1981). While the frequency of tapping did not change (Figure S8E), the tapinduced courtship probability dropped to ~7%, again consistent from tap to tap (Figure S8F). The
male therefore decreases courtship towards a less appropriate target by scaling down the tapdriven initiation probability.
To assess the effect of motivational state on the courtship decision, we tested males that
had spent various amounts of time in the satiety assay: a single male paired with ~20 virgin
females and allowed to mate ad libitum (Zhang et al., 2016). After several matings, satiated males
exhibited a tapping frequency that was identical to that of naïve males (Figure 8A), but the
probability that a tap led to courtship gradually declined as satiety increased, sinking to 6.5% after
4.5 hours in the satiety assay (Figures 8C-8D, S8A and Movie S5). Though courtship initiation
probability was profoundly influenced by satiety state, it was again remarkably consistent from
tap to tap within a given treatment (Figures 8C and 8D). These results align well with traditionally
used courtship metrics such as courtship latency and courtship index (Figures S8G and S8H).
Together, they demonstrate that stimulus quality and motivational state combine to produce a
fixed probability of courtship elicited by each tap (Figure 8F).

Dopamine-to-P1 signaling determines tap-induced courtship probability
Dopaminergic activity in the anterior of the Superior Medial Protocerebrum (SMPa) is a
functional neuronal correlate of mating drive (Zhang et al., 2016). This dopamine signal is
received by P1 courtship command neurons that also integrate sensory cues from tapping (Figure
9A) (Clowney et al., 2015; Kallman et al., 2015; Kohatsu and Yamamoto, 2015; Kohatsu et al.,
2011; Zhang et al., 2016). To examine the effect of dopamine tone on the probability that a tap
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will induce courtship, we thermogenetically stimulated either all dopaminergic neurons, or just the
subsets that have been shown to promote mating drive (Zhang et al., 2016). Dopaminergic
stimulation dramatically increased per-tap probability (Figures 9B, 9C, S9A, S10A-S10D and
S11B-S11C; see Figures S10E-S10H for silencing experiments) but did not affect tapping
frequency (Figure S11A), and initiation probabilities were again well described by the coin-flip
model. Note that dopaminergic stimulation increased courtship probability not only in satiated
males, but also in naïve males. We see this effect in all of our manipulations that elevate mating
drive and believe it reflects a general property of motivation: the range under normal conditions
is only a fraction of that which the circuitry is capable of producing, as seen following narcotic use
or under pathological conditions (Wise and Rompre, 1989).
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Figure 9. Dopamine sets courtship probability by desensitizing P1 to inhibition. (A)
Motivational and sensory inputs to P1 neurons. (B-D) Courtship probability is increased by
stimulating dopaminergic neurons (B) that project to the SMPa (C), and is decreased by knocking
down DopR2 in P1-B neurons (D) (bootstrap, B: n = 26-31 males, C: n = 29-35, D: n = 23-33).
Off-y-axis circles indicate 100% courtship initiation. See Figure S9A for no-Gal4 controls for B
and C. (E-F) Stimulating P1-B neurons (E) or conditionally silencing mAL neurons (F) increases
courtship probability (bootstrap, E: n = 27-35 males, F: n = 28-35). Conditional silencing was
achieved by raising flies at 23 °C until eclosion, then shifting half of them to 30 °C for 3 days
before testing. See Figures S9B and S9C for no-Gal4 controls.

51

P1 command neurons drive entry into the courtship state when activated (Anderson, 2016;
Kohatsu and Yamamoto, 2015; Pan et al., 2012; von Philipsborn et al., 2011; Yamamoto and
Koganezawa, 2013; Zhang et al., 2016). The motivating dopamine signal is received at P1 by the
DopR2 receptor, and a satiety-like state is induced by knocking down the receptor from P1 (Zhang
et al., 2016). Accordingly, we find a decreased per-tap courtship probability when DopR2 is
knocked-down in P1 neurons (Figure 9D), and that thermogenetic stimulation of P1 dramatically
increases tap-induced initiation probability (Figures 9E and S9B). Note that more intense or
prolonged P1 stimulation can lead to courtship that does not require a tap, but under our
conditions a tap always preceded courtship. These results are consistent with the idea that
dopamine sets courtship probabilities by scaling the likelihood that a tap will drive super-threshold
P1 activation.

Dopamine tone adjusts the sensitivity of P1 neurons to inhibition
In addition to the motivating dopamine signal, P1 neurons also integrate sensory inputs:
each tap evokes parallel excitation (via vAB3 and PPN1 neurons) and inhibition (via mAL neurons)
onto P1 (Figure 9A) (Clowney et al., 2015; Kallman et al., 2015; Kohatsu and Yamamoto, 2015;
Kohatsu et al., 2011). While past studies focused on shifting excitation/inhibition in response to
courtship targets of varying quality, we asked whether dopamine might tune these competing
inputs to scale tap-induced P1 activation to motivational state, thereby adjusting the threshold for
courtship initiation. Thermogenetic stimulation of excitatory inputs to P1 (vAB3 or PPN1) did not
increase courtship behavior from satiated males (Figures S9A and S9B), but silencing the
inhibitory mAL neurons, which have been shown to prevent male-male courtship (Kallman et al.,
2015), strongly promoted courtship toward females (Figures 9F and S9C). While the impact of
silencing mAL was robust after 1 hour in the satiety assay, it was weaker following a standard
4.5-hour satiety assay (not shown). Data we present below argue that the incompleteness of this
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effect is due to the existence of other inhibitory neurons not labeled by the mAL-S Gal4 line
(R43D01, named after the Scott lab where it was first characterized; Kallman et al., 2015). These
other inhibitory inputs likely include neurons that mediate the courtship-suppressing effects of
volatile pheromones (Billeter et al., 2009). For consistency throughout the manuscript, we
examine behavior after 1-hour satiety assays except when attempting to acutely revert satiety
post-hoc with thermogenetic stimulation, which we test following completion of 4.5-hour assays.
Note that silencing mAL neurons also increases courtship probability in naïve males (Figures 9F
and S9C), indicating that mAL neurons moderate courtship behavior, even when highly motivated
males contact virgin females.
One possible mechanism for decreasing courtship probability in satiated males would be
to increase the inhibitory output of mAL neurons in response to a tap. However, we considered
this mechanism unlikely due to the position of mAL in courtship circuitry (Figure 9A): the
dopamine mating drive signal is received, apparently exclusively, through the DopR2 receptors
of P1 courtship command neurons (Zhang et al., 2016), which lie downstream of mAL (Clowney
et al., 2015; Kallman et al., 2015). Consistent with this supposition, vAB3-to-mAL transmission
did not change with satiety state (Figures 10A and S12C). We therefore considered the possibility
that dopamine modulates the sensitivity of P1 neurons to GABAergic input from mAL.
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Figure 10. Dopamine desensitizes P1 to inhibition. (A) P2X2 stimulation (Lima and Miesenböck,
2005) of vAB3 axons evokes the same calcium response in mAL neurons from naïve and 4.5hour satiated males (t-test of max ΔF/F0, Mean ± S.E.M., n = 12-13 brains). See Figure S12C for
subsequent KCl stimulation which shows these neurons to be healthy. (B) P2X 2 stimulation of
vAB3 axons evokes a strong calcium response in P1-B neurons only in brains dissected from
naïve (gray) but not 4.5-hour satiated males (red). A strong calcium response is recovered in
satiated brains by pre-applying 100 µM GABAA blocker picrotoxin for 10 minutes before ATP
stimulation (purple) (one-way ANOVA of max ΔF/F0, Mean ± S.E.M., n = 14-15 brains). See
Figure S12D for subsequent KCl stimulation. (C) P2X2 stimulation of mAL neurons hyperpolarizes
P1 neurons, as indicated by an increase in the fluorescence (decrease in -ΔF/F 0) of the ASAP1
voltage sensor. This hyperpolarization is more pronounced in brains dissected from 4.5-hour
satiated males (red) than from naïve males (gray). The increased sensitivity to mAL stimulation
in satiated brains is reverted by pre-applying 100 µM dopamine for 10 minutes before ATP
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Figure 10. (Continued)
stimulation (orange) (one-way ANOVA of min -ΔF/F0, Mean ± S.E.M., n = 8-9 brains). In this and
subsequent voltage-imaging plots, fluorescence changes are plotted on a –ΔF/F0 scale to correct
for the inverse relation between membrane voltage and sensor fluorescence (St-Pierre et al.,
2014). (D) Motivation and P1 stimulation shift the fraction of taps that generate excitation/inhibition
ratios sufficient to trigger courtship.

We found that the net excitation of P1 by vAB3 seen in naïve males was absent from the
brains of satiated males (Figure 10B and S12D), in accordance with the inability of vAB3
stimulation to revert satiety (Figure S12A; see Figure S12B for similar results with PPN1).
Excitation of P1 by vAB3 is restored in satiated males by the GABAA blocker picrotoxin (PTX;
Figure 10B), suggesting that an increase in the sensitivity of P1 to GABA may underlie the
inability of a tap to drive courtship in satiated males. Consistent with this idea, the voltage sensor
ASAP1 (St-Pierre et al., 2014) revealed an increased hyperpolarization of P1 neurons in response
to mAL stimulation in satiated males (Figure 10C). This increased sensitivity to inhibitory input is
not associated with any obvious change in mAL-P1 connectivity (Figure S12E) and is reverted
by application of dopamine (Figure 10C), providing evidence that dopamine desensitizes P1
neurons to GABAergic inhibition from mAL. Desensitization to inhibition evoked by a sensory
stimulus may be a widespread mechanism for motivational control, as it allows drive signals to
promote behavior while retaining the requirement for strong excitatory input (Halliday, 1983;
Zhang et al., 2016).
Together, these results suggest that the local dopamine tone sets a threshold that the
sensory stimulus and chance events must cross to drive courtship (Figure 10D). This is
accomplished by modulating the responsiveness of P1 neurons to inhibition triggered by a tap of
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even a high-quality stimulus. In a satiated male, the full force of inhibition is perceived by P1, so
only the small fraction of taps that, by chance, generate an unusually strong excitation-to-inhibition
ratio will be sufficient to drive courtship. As dopamine tone increases with time away from females,
P1 becomes less and less sensitive to inhibitory input, allowing a larger and larger fraction of
upstream circuit outcomes to produce super-threshold P1 activation.

A specialized GABAA subunit mediates satiety in P1 neurons
If dopamine desensitizes P1 neurons to inhibition, how is the selection against low quality
targets maintained under high drive conditions? It has been shown (Kallman et al., 2015), and we
confirm (Figures 11A and S12F), that the GABAA receptor Rdl is required in P1 neurons to
prevent males from courting other males. This appears to be a sensory (i.e. not motivational)
phenotype because we found no impact of Rdl knockdown on female-directed courtship (Figures
11B and S12G). To identify the GABA receptor that receives the satiety-related inhibitory input
from mAL, we screened RNAi lines targeting other predicted GABA receptors. We identified pHCl,
a chloride channel that has homology with GABAA and GlyR receptors, but does not itself bind
GABA and therefore likely constitutes part of a heteromeric GABAA receptor (Schnizler et al.,
2005). Knocking down pHCl in P1 neurons reduced mAL-induced inhibition at P1 (Figure 11C)
and dramatically increased courtship probability toward virgin females (Figure 11D), without
causing male-directed courtship (Figure 11E). Normal courtship probabilities are restored to
DopR2 mutants by knocking down pHCl in P1 neurons (Figure 11F), supporting the idea that
dopamine promotes mating drive by selectively desensitizing P1 neurons to GABA that is received
by pHCl-containing GABAA receptors. The sensory discrimination and motivational impacts of
mAL activity therefore act through distinct GABA receptors in P1 neurons. This splitting of the
GABAergic mAL signal into drive-specific (via pHCl) and target-specific (via Rdl) inhibitory
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channels prevents courtship of inappropriate targets, even when mating drive is high (Figure
11G).

Figure 11. Dopamine tunes P1’s response to inhibition from female contact. (A-B) RNAi
knockdown of Rdl in P1 neurons increases courtship of male (A) but not female (B) targets (A:
Mean ± S.E.M., one-way ANOVA, n = 13-16 males; B: bootstrap, left: n = 28-30, right: n = 28-33).
See Figures S12F-S12G for similar results using a second, independent Rdl-RNAi line. (C) pHCl
knockdown in P1 neurons decreases the inhibitory effect of mAL in 1-hour satiated males, as
indicated by a smaller deflection from baseline reported by the ASAP2s voltage sensor (t-test of
min -ΔF/F0, n = 8 males each) (Chamberland et al., 2017). (D-E) Knocking down pHCl in P1
neurons increases courtship of female (D) but not male (E) targets (D: bootstrap, left: n = 26-29
males, right: n = 24-30; E: Mean ± S.E.M., one-way ANOVA, n = 11 - 30). (F) pHCl knockdown in
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Figure 11. (Continued)
P1 neurons rescues the low courtship probability phenotype in naïve males lacking the DopR2
receptor (bootstrap, n = 30-42 males). (G) pHCl and Rdl convey motivation-dependent and
sensory-dependent inhibition to P1 neurons, respectively.

A memoryless coin-flip mechanism improves target selection
At the core of the coin-flip model is the idea that male flies make independent decisions
from tap to tap. Alternatively, the male could accumulate evidence for or against courtship after
each tap, until the compiled evidence (both sensory- and drive-related) reaches the threshold for
courtship. Arguing against an evidence-accumulation model is the fact that the per-tap courtship
probability does not depend on inter-tap interval (Figure 8D), meaning that if evidence is retained
after a tap, it does not substantially decay over 60 seconds. Nevertheless, our tapping data could
also be well described by a computational algorithm designed for evidence accumulation (Figure
S13; see Methods) (Drugowitsch et al., 2012). We therefore designed a more stringent test of the
coin-flip model for target selection.
Evidence accumulation is beneficial under many circumstances but could lead to errors if
the world imperceptibly changes—in our case, if the female changes. For example, evidence
collected from a tap of a mated female might reduce the courtship probability generated by a
subsequent tap of a virgin female. Intuitively then, the coin flip model does outperform our
evidence accumulation model for selection of the virgin when a mated female is also present
(Figure 12). To see which model best fits the male’s behavior, we placed a naïve male together
with one mated and one virgin female and found that the fraction of times the male courted the
virgin was consistent with the coin flip model (Figure 12). These results support our conclusion
that the male fly makes independent decisions from tap to tap. Independent sampling can be a
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beneficial strategy when the sensory source is ambiguous; these results show that this strategy
is used by the male’s courtship circuitry to ensure that both the female and his own drive state
are appropriate before initiating courtship.

Figure 12. Accumulation and coin-flip models for courtship target selection. (A) Parameters
for simulating a coin-flipper or an accumulator male fly in the courtship-choice assay. See Figure
S13 for the parameter selection. (B-D) Simulations predict that coin-flippers court virgin females
(B) more often than evidence accumulators. The two models predict similar levels of courtship
towards mated females (C) but coin-flippers court more overall (D). Experimental data (red) are
similar to predictions from the coin-flipper simulation (n = 103 males, all results are shown as
Mean ± 95% C.I.; see Methods for simulation details). (E) Both coin-flipper modeled males and
actual males court virgin females more selectively (i.e. have higher F1 scores) than accumulators
(n = 103 males, all results are shown as Mean ± 95%; C.I.; gray shade shows Mean ± 95% C.I.
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Figure 12. (Continued)
F1 scores of shuffled experimental data; see Methods for simulation details).

A shared mechanism for permitting initiation and preventing termination of courtship
Not all courtship will lead to copulation, so, after initiation, a courting male must constantly
judge whether heretofore unfruitful courtship is worth sustaining. For naïve, highly motivated
males, unsuccessful courtship is usually maintained for several minutes. With increasing satiety,
however, the average courtship bout length progressively decreases (Figure 13A). We noticed
that roughly half of all courtship terminations were immediately preceded by contact with the
female (Figures 13B-13D, S8A, S14A-S14B and Movie S6), much more often than would be
expected by chance (Figure 13D). When we stimulated dopaminergic or P1 neurons in satiated
males, we saw strong reductions in both contact-related (tap-induced) and spontaneous
terminations (Figures 13E, S9D-S9E, S10I-S10L, and S11D-S11G). When the connection
between dopamine and P1 was severed by knocking down the DopR2 receptor in P1 neurons,
naïve males showed levels of tap-induced and spontaneous terminations that were similar to
those seen in satiated males (Figures 13F). None of these manipulations changed the tapping
frequency during courtship (Figures S14C-S14K). The same dopamine-to-P1 signal that instructs
the probability of initiating courtship therefore also dictates the moment-to-moment probability of
termination, coordinating two central facets of motivation: behavioral selection and persistence.

60

Figure 13. Dopamine tone at P1 determines the duration of courtship bouts. (A) Courtship
becomes increasingly fragmented with satiety (Mean ± S.E.M., one-way ANOVA, n = 47-57
males). (B) An example of a tap-induced termination (see Methods for classification criteria; See
Movie S6 for a sample fly). (C) When a tap terminates courtship, it typically does so with short
(<0.5 seconds) latency (n = 56 courtship terminations). (D) Both tap-induced (left) and
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Figure 13. (Continued)
spontaneous terminations (right) (see Movie S7 for a sample fly) become more frequent with
increasing satiety (Mean ± 95% C.I., Fisher’s exact test‡, n = 47-57 males). Dashed lines in D
indicate chance levels of tap-induced termination (see Methods). (E) Thermogenetic stimulation
of dopaminergic neurons decreases both tap-induced and spontaneous termination in 4.5-hour
satiated males (Mean ± 95% C.I., Fisher’s exact test, n = 26-31 males). See Figures S9D for noGal4 controls. (F) RNAi knockdown of the DopR2 receptor in P1-B neurons increases both tapinduced and spontaneous terminations in naïve males (Mean ± 95% C.I., Fisher’s exact test, n =
23-33 males). (G) Conditional silencing of mAL neurons prevents tap-induced, but not
spontaneous, terminations in 1-hour satiated males (Mean ± 95% C.I., Fisher’s exact test, n = 2835 males). See Figures S9F for no-Gal4 controls. (H) Optogenetic stimulation of mAL neurons
terminates ongoing courtship (left), only in the presence of the obligate chromophore retinal (right).
(I) Optogenetically silencing P1-B neurons during courtship mimics tap-induced terminations
(purple). Light alone does not terminate courtship (gray; also see Figure S12H for the no-Gal4
control). (J) Knocking down pHCl in P1-B neurons prevents tap-induced, but not spontaneous,
terminations in 1-hour satiated males (Mean ± 95% C.I., Fisher’s exact test, n = 24-33 males). (K)
Motivation sets the probability of tap-induced termination by altering P1’s sensitivity to mALderived inhibition. ‡In all Figures, Fisher’s exact tests are used with Bonferroni correction to adjust
for multiple comparisons.

Given its role in suppressing courtship initiation, we considered mAL a likely candidate for
carrying a tap-induced termination signal. Consistent with this prediction, silencing mAL neurons
resulted in a near complete loss of tap-induced terminations (Figures 13G and S9F), and brief
optogenetic stimulation of mAL during courtship induced termination (Figure 13H). Brief pulses
of optogenetic inhibition delivered to P1 via the green-light gated chloride channel GtACR1
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(Mohammad et al., 2017) were also sufficient to disrupt ongoing courtship (Figures 13I and S12H).
P1 activity is therefore required to maintain the courtship state and can be inhibited by mAL during
ongoing courtship. The mechanism through which the GABAergic termination signal is transduced
at P1 appears to be the same as is used for suppression of courtship initiation, requiring the pHCl
receptor, but not the Rdl receptor (Figures 13J and S12I-S12J). These results show that
dopamine prevents tap-induced termination in the same way it promotes courtship initiation: by
decreasing the sensitivity of P1 neurons to GABAergic inhibition from mAL (Figure 13K). While
a tap from a highly motivated male delivers strong courtship-inducing excitation to P1 (Clowney
et al., 2015), in satiated males increased sensitivity of P1 to GABA causes the same sensory
stimulus to trigger essentially the opposite result: abandonment of courtship.

Different cholinergic receptors promote the initiation and maintenance of courtship
mAL-induced inhibition of P1 cannot explain the ~50% of terminations that do not occur
within 1 second after a tap (Figure S8A and Movie S7): neither mAL silencing nor pHCl or Rdl
knock-down in P1 neurons decreased the frequency of these spontaneous terminations (Figures
13G, 13J and S12I-S12J). While acute optogenetic stimulation of dopamine neurons immediately
restores a high courtship initiation probability to satiated males, maintenance of courtship requires
a longer stimulation period (Figures 14A-14C). To search for the mechanisms that determine the
rates of spontaneous termination downstream of prolonged dopamine signaling, we performed a
screen targeting G proteins that might transduce the DopR2 signal. We found that knocking down
Gαs in P1 neurons using two independent RNAi lines caused frequent spontaneous terminations
without affecting courtship initiation or tap-induced termination (Figures 14D-14E and S15AS15B). These results suggest that dopaminergic control of courtship drive bifurcates downstream
of DopR2: a Gαs-insensitive pathway desensitizes P1 to tap-related suppression, while a G αssensitive pathway sustains courtship in the inter-tap interval.
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Figure 14. Separate excitatory channels at P1 for initiation and maintenance of the
courtship state. (A-C) Acute stimulation of dopaminergic neurons in satiated males immediately
restores courtship-initiation probability (see A for ethogram and B for quantification), but
prolonged stimulation is required for courtship maintenance (see A for ethogram and C for
quantification) (B: Mean ± 95% C.I., bootstrap; C: Mean ± S.E.M., one-way ANOVA; n = 18 males
for each condition). (D-E) RNAi knockdown of Gαs does not affect courtship initiation (D) or tapinduced termination (E), but increases spontaneous termination frequency (E) (D: bootstrap; E:
Mean ± 95% C.I., Fisher’s exact test; n = 25-32). See Figures S15A-S15B for similar results
using a second, independent RNAi line. (F-I) Knocking down nAChRα3 (F-G) or nAChRα6 (H-I)
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Figure 14. (Continued)
in P1 neurons selectively influences tap-dependent (F-G) and tap-independent (H-I) courtship
transitions, respectively (F,H: bootstrap; G,I: Mean ± 95% C.I., Fisher’s exact test; F-G: n = 2834 males, H-I: n = 32-38). See Figures S15C-S15F for similar results using second, independent
RNAi lines. (J) Model: nAChRα3 mediates tap-evoked excitation from vAB3 to P1. nAChRα6
mediates recurrent excitation at the P1 locus, maintaining the courtship state.

To begin to understand how the DopR2-to-Gαs signal in P1 neurons maintains courtship
between taps, we screened through all known and predicted receptors for acetylcholine, the
primary excitatory neurotransmitter in Drosophila. Knockdown of the nicotinic acetylcholine
receptor nAChRα3 (nAChRα3 in mammals) in the P1 neurons of naïve males resulted in
decreased courtship initiation probability (Figures 14F and S15C) and frequent tap-induced
termination (Figures 14G and S15D), but the spontaneous termination rate remained unaffected
(Figures 14G and S15D). In contrast, knockdown of nAChRα6 (nAChRα7 in mammals) in P1
neurons did not alter tap-induced initiation or termination probabilities, but caused a substantial
increase in spontaneous termination rate (Figures 14H-14I and S15E-S15F). Here again,
neurotransmitter receptor diversity allows dopamine to tune specific properties of command
neurons. In this instance, the two receptors control behavioral dynamics on vastly different
timescales (~500 ms vs. minutes), reflecting the rapid decision to initiate behavior in response to
excitation via nAChRα3, and the long-term maintenance of P1 activity, presumably a
consequence of recurrent stimulation of P1 that is received through nAChRα6 (Figure 14J).
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Dopamine promotes sustained P1 calcium activity
The above results strongly predict a dopamine-promoted, Gαs- and acetylcholinedependent, long-term activation of P1 neurons following tap-induced stimulation. Previous studies
have also predicted persistent P1 activation, but did not observe it using a 30-second stimulation
protocol (Hoopfer et al., 2015; Inagaki et al., 2014). We delivered 800 ms light pulses to P1
neurons expressing both CsChrimson (Klapoetke et al., 2014) and GCaMP6s (Chen et al., 2013)
in naïve males that had been isolated from females for 10 days. A single pulse led to a calcium
transient that decayed to near baseline over 10-20 seconds (Figure 15A). When a second light
pulse was delivered 1 min later, the calcium signal remained higher above the original baseline
for longer (Figure 15A and Movie S8). The increase from baseline grew with each additional
pulse, while the peak amplitude steadily decreased. Neither the sustained calcium activity, nor
the decreasing amplitude were seen in P1 neurons of satiated males (Figure 15B), but both were
recovered by bath application of dopamine (Figure 15C), though not if the inter-stimulus interval
was expanded to 4 minutes (Figure 15D). The persistent P1 calcium activity was not rescued in
satiated animals by blocking GABA transmission with picrotoxin, (Figure 15E), suggesting that
dopamine-gated excitatory inputs sustain P1 activity. The nAChR blocker MECA, in contrast, did
prevent sustained P1 calcium levels, though not the decrease in peak amplitude (Figure 15F).
Though we cannot formally connect these ex vivo effects to the persistent P1 activity required to
maintain courtship, the dependence on internal state and specific signaling pathways argue for a
shared underlying mechanism: once P1 has been activated, dopamine permits cholinergic
excitation onto P1, probably via nAChRα6, to sustain P1 activity. Since dopamine alone does not
excite P1 (Figures S11H and S11I), this cholinergic input requires an initial P1 activation, and is
therefore recurrent. The level of sustained P1 activity seems to be the product of pre-existing
activity and the strength of stimulatory input, which accords well with the more sustained courtship
seen from highly motivated males presented with high-quality targets. Through this scalable
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recurrent excitation, we suggest that dopamine sustains P1 excitation, and the courtship state,
for the length of time warranted by the male’s reproductive status (Figure 15G).

Figure 15. Dopamine sustains cholinergic P1 network activity for several minutes. (A)
Spaced 800-ms optogenetic stimulation (once per minute) of P1 neurons reveals graded and
persistent calcium transients in brains dissected from 10-day old males (Mean ± S.E.M., n = 5
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Figure 15. (Continued)
brains). See Movie S8 for a sample trial. (B-C) The persistent P1 calcium transients are not seen
in brains dissected from satiated 10-day old males (B), but can be rescued by pre-applying 100
µM dopamine (C) (Mean ± S.E.M., B: n = 4 brains, C: n= 5). (D) Pre-applying 100 µM dopamine
does not induce persistent P1 calcium transients if the inter-pulse interval is increased to 4 min
(Mean ± S.E.M., n = 6 brains). (E) The persistent calcium transients cannot be restored in satiated
brains by blocking GABAA transmission with 100 µM picrotoxin (Mean ± S.E.M., n = 5 brains). (F)
The persistent calcium signal is blocked by pre-applying 1 µM nAChR antagonist MECA (Mean ±
S.E.M., n = 6 brains). (G) Schematic representation of the adjustments dopamine makes to P1
neurons to regulate courtship initiation and termination.

DISCUSSION
Four hundred years ago, Francis Bacon (d. 1626) wrote: “What chance is in the universe,
so will is in man” (Bacon, 1653; quoted in Durant, 1926). From an outside perspective, motivation
can be described as the propensity to engage in a goal-directed behavior under a given set of
circumstances. The courtship satiety paradigm allows for repeated trials with a high degree of
control over the main variables in decision making: target quality and motivational state.
Stabilizing these inputs does not lead to invariant yes-or-no outcomes, but instead reveals a fixed
probability (Figure 1), likely reflecting the summation of chance neuronal events that initiate with
a tap, accrue with signal splitting and propagation, and resolve at P1 excitation. Though sensory
input relevant to other behaviors may be more continuous than the brief pulse evoked by a tap, it
is often when our attention transiently fixates on an object—perceived or imagined—that we
decide to act on it.
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What exactly do we mean by chance neuronal events or chance circuit outcomes? John
Arbuthnot, in the preface to his translation of Huygens’ Of the Laws of Chance in 1692, wrote: “It
is impossible for a Die, with such determin’d force and direction, not to fall on such determin’d
side, only I don’t know the force and direction which makes it fall on such determin’d side, and
therefore I call it Chance, which is nothing but the want of art” (quoted in Diaconis and Skyrms,
2017). Like the tumbling of a die, there are countless factors that influence the propagation of
activity through neural circuits. While these noisy and hidden network variables present problems
for sensory and motor systems, we suggest that decision making circuits may function in a range
where chance neuronal events can influence outcomes. By desensitizing a key decision center
to inhibition (Figures 9 and 10), motivation essentially weights the die, promoting entry into the
behavioral state on a higher fraction of trials. Reliance on chance prevents behavioral inflexibility,
allowing a wider range of experiences and the potential for adaptation to new circumstances. The
influence of chance on decisions that also integrate perception and motivation makes behavior
logical but unpredictable—and therefore interesting.
Once behavior has begun, dopamine-gated recurrent activity reduces (but does not
eliminate) the influence of chance, protecting against capricious shifts in behavior before the goal
is achieved (Figures 13-15). These findings may apply quite broadly, as mammalian feeding,
parental, and sleep behaviors are both initiated and sustained by the activity of small subsets of
neurons (Betley et al., 2013; Hoopfer et al., 2015; Inagaki et al., 2014; Weber et al., 2015; Wu et
al., 2014); and because persistent activity is seen in the mammalian brain (Egorov et al., 2002;
Plotkin et al., 2011; Stagkourakis et al., 2018). Dopamine is obligatory in motivating most
mammalian behaviors (Palmiter, 2011; Zhou and Palmiter, 1995), so it will be interesting to see if
the mechanisms of desensitization to sensory-evoked inhibition and potentiation of recurrent
activity function widely in behavior-specific command neurons to tune the propensities for
behavioral selection and persistence. The applicability of these results to mammalian systems
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may even extend beyond motivation, as dopamine has recently been shown to precede and
permit the flow of activity through striatal action-selection circuits (Howe and Dombeck, 2016; da
Silva et al., 2018).
Many features of this circuitry remain to be explored in detail. How, for example, does P1
use different GABA receptor complexes to prevent courtship for different reasons (Figure 11)? It
may be that different sensory experiences lead to the stimulation of different subsets of mAL
neurons. This inhibitory input would then merge with inhibition from volatile pheromones at P1
(Clowney et al., 2015). These categorized inputs might then synapse on separate populations or
regions of P1 neurons that express either pHCl or Rdl, which respectively receive motivationdependent and -independent inhibition. This circuit logic would explain why achieving the
necessary threshold of activity is rare if either sensory or drive conditions are violated. But what
exactly is this threshold? Since courtship is most often initiated within 500 ms of a tap (Figure 8),
the immediate amplitude of activity at P1 likely drives initiation. But how is this amplitude read out?
Is there a specific population of neurons that must be sufficiently activated for the system to “catch”
and become self-sustaining? While thermogenetic stimulation of P1 neurons dramatically
increases courtship probability, it is not immediately sufficient for courtship without a tap (Figure
9). Does that mean that some, or even all, of the thresholding neurons are located outside of P1,
or at least are not captured by the P1-B Gal4 line? We know that P1 activity is constantly required
during courtship and our data suggest that recurrent excitation sustains the courtship state
(Figures 13-15). This persistent activity requires a different cholinergic receptor than does initial
activation, as well as a specific G-protein and prolonged dopaminergic signaling (Figures 14 and
S15). Does this again imply neuronal diversity within P1, or are the initiating and sustaining
properties shared by all P1 neurons? Also unclear is whether the recurrent loop that sustains P1
activity is confined to P1, or involves other, yet-to-be discovered neurons. Important mysteries
remain downstream of P1 as well, most conspicuously: how does the activity of these ~20 neurons
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per hemisphere orchestrate the many complex and flexible motor actions that constitute the
courtship ritual? In the 10 years since the discovery of P1 (Kimura et al., 2008) a handful of labs
have made this circuitry among the best understood in behavioral neuroscience. Given its
simplicity, tractability, the extensive knowledge available in this system, we predict continued and
accelerated insights into how behavior is motivated, selected, organized, sustained, and
abandoned.

METHODS
Fly Stocks
Fly husbandry was performed as previously described (Zhang et al., 2016). Flies were
maintained on conventional cornmeal-agar medium under a 12-hour light/12-hour dark cycle at
25 °C and ambient humidity. Due to the focus of this study, all tested flies were adult males.
Unless otherwise stated, males were collected on the day of eclosion and group-housed away
from females for 3-4 days before testing. Virgin females were generated by heat-shocking a w1118
stock with a hs-hid transgene integrated on the Y-chromosome (Bloomington stock #24638) in a
37 °C water bath for 60 minutes. All behavioral experiments were carried out between ZT 1 and
ZT 10 (lights are turned ON at ZT 0 and turned OFF at ZT 12). Detailed genotypes of all strains
used in the chapter are listed in Table S3.

Courtship assays
Courtship assays were carried out in the same setting as previously described (Boutros
et al., 2017; Zhang et al., 2016). A male fly (3-4 days old) and a w1118 virgin female fly were
videotaped in cylindrical courtship chambers (10 mm diameter and 3 mm height) at 23 °C and
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ambient humidity. We noticed that taps occur more frequently in smaller chambers, so it is
possible that these chambers might lead to an increased reliance on tapping (and under-reliance
on other sensory modalities) than would be seen in more naturalistic circumstances. For malemale courtship assays, w1118 males were used as courtship targets instead.

Courtship assays with neuronal activation or silencing
Assays were generally performed as described above. For thermogenetic experiments
using TrpA1, half of the males were assayed at 23 °C, while the other half were pre-incubated at
a higher temperature (28.5 °C or 30 °C) for 5 minutes before being introduced to females and
assayed at the same temperature (28.5 °C or 30 °C). For conditional silencing experiments
involving TubGal80ts, male flies were moved to 30 °C after eclosion and kept there (isolated from
females) until just before the assay, which took place at 23 °C. For optogenetic experiments using
CsChrimson, Chrimson-M19, and GtACR1, newly eclosed male flies were transferred to
aluminum-foil-wrapped vials containing rehydrated potato flakes and 100 µL of all-trans-retinal
stock solution (50 mM in ethanol) for 3 days. In the case of GtACR1 experiments, which also use
TubGal80ts, male flies were kept at 30 °C for 3 days before experiments.
In CsChrimson experiments (Figure 13H), males were assayed under ambient light
conditions until a brief 1-second pulse of 655-nm red light (~100 µW/mm2) was delivered during
courtship. In GtACR experiments (Figure 13I), males were assayed under ambient light
conditions until a brief 1-second or 5-second pulse of 530-nm green light (~5 µW/mm2) was
delivered during courtship. In Chrimson-M19 experiments (Figure 14A), pre-satiated males were
assayed under ambient light (Figure 14A left), under 655-nm red light (~100 µW/mm2) (Figure
14A middle), or pre-stimulated under the same light for 5 minutes before paired with females
(light is still on) (Figure 14A right).
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Satiating male flies for behavioral and calcium-imaging experiments
To satiate them before a courtship assay, males were individually paired with 15-20 virgin
w1118 females in food vials at 23 °C for 1 hour (in experiments using Kir2.1 or RNAi) or, by default,
for 4.5 hours (in experiments using TrpA1) before aspirating the male into a standard courtship
assay. The same procedure was used for calcium imaging experiments. For CsChrimsonexpressing males, the satiety assays were carried out in vials floored with retinal-containing food.
These vials were mostly wrapped with aluminum foil except for a ~2 mm gap on the top to provide
some light to assist courtship. Male flies in this condition were able to be satiated (our
observations).

Two-female choice assays
In Figure 12, the courtship assays involved a male fly with two females, one virgin and
the other mated. To differentiate between the two females when scoring the assays, we used
females of different eye colors, but the correspondence between eye colors and mating states
were randomized for each trial and blinded to the experimenter. In each trial, the male fly was
allowed to tap the females up to 10 times, and the courtship choice was scored when the male
displays any courtship step (see below) towards either female.

Wide-field calcium and voltage imaging with P2X2 stimulation
An upright Leica DM5500 B scope was used for calcium imaging experiments involving
P2X2 stimulation. Brains of 3-day old male flies expressing GCaMP6s and P2X 2 were dissected
out and mounted, posterior side down, onto the center of a coated petri dish containing 3 mL of
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HL3.1 saline solution (Feng et al., 2004). This preparation preserves P1 and mAL neurons, but
severs the afferent projections of vAB3 neurons. GCaMP6s fluorescence of the lateralprotocerebrum projection of P1 or mAL neurons were identified with baseline GCAMP6s
fluorescence and imaged for 150 frames at a rate of 1 frame/second. At Frame #40, 20 µL 150
mM ATP solution (pH pre-adjusted) was carefully pipetted along the inside edge of the petri dish
to reach a final concentration of 1 mM. For 4-5 experiments of each condition, the imaging
sessions were extended to 250 frames, and 20 µL 3M KCl solution (pH pre-adjusted) was added
at Frame #140 to test if the neurons were alive. These data are shown in Figure S5C-S5D.
ASAP experiments follow the same protocol. Since mAL-S-LexA (R43D01) was not
available when we performed the experiments, we used mAL-R-LexA (R25E04, named after the
Ruta lab where it was first characterized), to drive P2X 2.

Two-photon calcium imaging with CsChrimson stimulation
Two-photon laser-scanning microscopy was performed using a custom microscope as
previously described (Carter and Sabatini, 2004). Most of the procedures are the same as in
(Zhang et al., 2016). Newly eclosed flies were transferred to coated vials containing rehydrated
potato flakes and 100 µL of 50 mM all-trans-retinal. Brains of 10-day old male flies expressing
CsChrimson and GCaMP6s in P1-B neurons were dissected under low-light conditions and
mounted, posterior side down, onto a coated petri dish as in the P2X 2 stimulation experiments.
The lateral protocerebrum projection of P1 neurons was identified with baseline GCaMP6s
fluorescence excited at 820 nm (the isosbestic point of GCaMP). Note that this region likely
contains projections from multiple P1 neurons. GCaMP6s was excited at 910 nm and 11.8 mW
at the sample, and light was collected in 128x128 frames at 256 ms per frame. The laser power
was kept consistent and minimal to avoid any 2-photon activation of CsChrimson. At Frame #24,
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a 800-ms long pulse of red light (655 nm) was delivered using an LED (see Zhang et al., 2016 for
descriptions), during which no fluorescence data were collected to protect the photomultiplier tube.

Assaying neuronal connectivity with GRASP
GRASP experiments labeling connections between mAL and P1-B neurons were
performed as described before (Zhang et al., 2016). Briefly, fly brains were dissected in
Schneider’s medium and immediately fixed in 4% paraformaldehyde dissolved in PBS with 0.3%
Triton X-100 (PBST) for 20 minutes. After 3x 20-minute washes with PBST, the brains were
incubated with the primary antibody against GFP (1:2000 diluted in PBST) at 4 °C for 48 hours.
After another round of 3x 20-minute washes with PBST, the brains were incubated with the
secondary antibody (1:400 diluted in PBST) at 4 °C for 48 hours. Then, after a final round of 3x
20-minute washes, the brains were mounted on a glass slide using standard procedures.
Confocal sections were acquired using an Olympus Fluoview 1000 microscope at 3-µm intervals.

Pharmacology
Dopamine was prepared in a 100 mM stock solution in ddH2O. Picrotoxin (PTX) was
prepared as a 5 mM stock solution in 150 mM NaCl. Mecamylamine (MECA) was prepared in a
1 mM stock solution in ddH2O. For all experiments, dopamine (100 µM), picrotoxin (100 µM), or
MECA (1 µM) were applied 10 minutes before ATP or optogenetic stimulation.

Analysis of courtship and tapping behaviors
After one of us (L.E.M. or C.L.B.) took the videos, a different experimenter (S.X.Z.) scored
courtship initiations and terminations, blind to genotypes and experimental conditions. The
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courtship index was manually scored as the fraction of time during which the male fly is engaged
in mating behaviors (courtship and copulation) within 5 minutes after courtship initiation. For
analysis of courtship initiation, we scored tapping as a male foreleg touching any part of the female
body. A bout of courtship was scored as initiated when the male oriented toward the female,
began tracking her, and unilaterally extended his wing to sing to her. In Figure 13A, the average
bout lengths were calculated using only bouts that did not lead to copulation. A bout was scored
as terminated if the male stopped tracking or turned away from the female. Once courtship is
terminated, it is almost never reinitiated within 10 seconds. Whenever possible, terminations were
also verified by the male not resuming courtship without tapping when the female passed in front
of him again. A termination is classified as tap-induced if it occurred within 1 second following the
male foreleg contacting the female body (also referred to as a tap). Otherwise, it is classified as
spontaneous. If the male fly did not court within the first 15 minutes of each assay, the courtship
index was scored as 0. Courtship latency was scored as the delay preceding the first courtship
initiation after the male fly was paired with the female.

Linearizing cumulative courtship initiation curve
Cumulative courtship initiation percentages were linearized according to a coin-flip model
in which the odds of courtship initiation do not change from tap to tap. Therefore, if each tap has
a p probability of initiating courtship, the cumulative probability y of courtship initiation after x taps
is expressed as [1 - probability of not initiating courtship], which is [1 - (1 - p)x]. The equation y =
[1 - (1 - p)x] can be linearized to Ln(1 - y) = Ln(1 - p) * x. For more intuitive visualization, we
inverted the signs on both sides and used the equation -Ln(1 - y) = -Ln(1 - p) * x instead. For each
experiment, we first obtained the cumulative courtship initiation percentages [y1, y2, y3, y4] after
taps [1, 2, 3, 4]. Then, we plotted the linearized y values [-Ln(1 - y1), -Ln(1 - y2), -Ln(1 - y3), -Ln(1
- y4)] against the x values [1, 2, 3, 4], and fitted the graph with a line that is forced through the
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point of origin [0, 0]. Since the slope of the line equates -Ln(1 - p), we can obtain the courtship
probability p from the slope. If all flies initiate courtship after a certain number (Xall) of taps (e.g.,
Figure 9B), data points before Xall were used instead. Finally, for the figures, we used a 0-to-98%
scale (0-to-3.912 after linearization) for the y-axes, marked with 30%, 60%, and 90% ticks (0.357,
0.916, and 2.303 respectively after linearization). See the section below for generating 95%
confidence intervals of courtship probabilities. The MATLAB programs to perform these
calculations are available online.

Generating R2 distributions
To generate R2 distributions, we used either permutation (Figures S8B and S8C) or
simulated coin flips (Figure S8D) to generate courtship initiation data of n flies. As an example of
permutation, we used n = 55 flies in Figure S8B to match the naïve-fly experiment in Figure 8C,
and generated 455,126 unique possibilities: [0, 0, 0, 0], [0, 0, 0, 1], [0, 0, 0, 2], [0, 0, 0, 3] … [55,
55, 55, 55]. To simulate coin flips for an experiment (e.g., WT naïve males in Figure 1E), we used
the matching coin number (number of flies, e.g., n = 55) and coin odds (courtship probability, e.g.,
44%) in each iteration to generate 100,000 combinations of data: [21, 37, 46, 49], [26, 36, 45, 53],
etc. We then performed the linearization and linear regression (described above) on all the
possibilities, generating an R2 value for each possibility. In the example shown in Figure S8B,
the R2 values range from -345 to ~1 (only the values between 0 and 1 are shown for clarity) with
365 R2 values equal or above our experimental result of 0.995, giving a p-value <0.001.
In Figures S8C and S8D, we generated a p-value for each R2 value in all 109 linear
regressions of courtship initiations (see Table S2) in this chapter, using R2 distributions from either
permutations (Figure S1C) or simulated coin flips (Figure S8D). We then plotted the cumulative
distribution function of the p-values. A diagonal line is used to show the theoretical p-value
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distribution if our empirical data were generated purely from permutations (Figure S8C) or coin
flips (Figure S8D).

Generating 95% confidence intervals in estimating courtship probabilities
For each linear regression (see Table S2 for a list), 100,000 iterations of bootstrapping
were used to generate the 95% confidence intervals of courtship probabilities. In each iteration,
we constructed a bootstrapped dataset of the same size by randomly resampling, with
replacement, from the experimental data. Then we performed the same linearization and linear
regression as described above to obtain a bootstrapped courtship probability. All bootstrapped
courtship probabilities were ranked, and then the cutoff points for the highest/lowest 2.5% were
marked as the 95% confidence interval (Table S2). The MATLAB program to perform these
calculations is available online.

Hypothesis testing for courtship probabilities
Bootstrapping was used to calculate the p-values between pairs of courtship probabilities
(e.g., Dataset X and Dataset Y), with the underlying null hypothesis that these two datasets were
generated with the same unknown courtship probability. Before bootstrapping, we pooled the
datasets X and Y together to generate a new dataset P, whose size is the sum of that of X (N X)
and Y (NY). In each iteration, we first randomly resampled, with replacement, two bootstrapped
datasets BX and BY from the pooled dataset. Then, using the same linearization and linear
regression procedures above, we calculated the bootstrapped courtship probabilities from these
two new datasets (CPBX and CPBY). Last, we calculated the absolute difference between these
two courtship probabilities (|CPBX - CPBY|) and repeated this process for 100,000 iterations. The
p-value was calculated as the fraction of all iterations in which the differences in bootstrapped
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courtship probabilities (|CPBX - CPBY|) were at least as large as the difference in experimentally
determined courtship probabilities (|CPX - CPY|). In cases of multiple comparison (e.g., Figure
8E), we used Bonferroni corrections to adjust the p-values accordingly. The MATLAB program to
perform these calculations is available online.

Evidence-accumulation simulation for courtship initiation
We used an evidence accumulation model that samples from Gaussian-distributed
evidence pools. This distribution is set to have a standard deviation of 1 as well as a mean value
that depends on male’s satiety state and target quality (e.g., mean = 0.8 for courtship by naïve
males towards virgin females). Then, for each simulated male, each tap randomly samples an
evidence value from the distribution, and the evidence value is accumulated without loss between
taps. Once evidence is accumulated past a threshold value (set to 1) after X taps, the male is
marked as starting courtship after X taps. In Figure S13, we performed 100,000 iterations of
simulations for each mean evidence value ranging from -0.5 to 1.5 and analyzed the courtship
initiation percentages the same way as we did with experimental data (e.g., Figure 8E). The
MATLAB program to perform these calculations is available online.

Simulation and analysis of a two-female choice assay
In Figure 12, we performed 103 trials of choice assays, in which a male chooses from a
virgin female and a mated female. For comparison, we also performed simulations of the same
experiment (100,000 iterations of 103 males each), assuming the male exclusively uses the coinflip model (Coin-flipper) or the evidence accumulation model (Accumulator). In both the
experiment and the simulation, the male fly is allowed to freely tap both females for up to a total
of 10 taps. Since we could not pre-determine the fractions of taps on the virgin and the mated
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females, we performed the simulations for a range of tapping fractions. To simulate Coin-flippers,
we use 45% and 7% per-tap probability for initiating courtship towards virgin and mated females
respectively (based on data in Figure S8F). To simulate Accumulators, we use 0.8 and -0.4 mean
evidence for initiating courtship towards virgin and mated females respectively (based on results
in Figure S13M).
From both experimental data and simulation results, we calculated the percentages of
courtship initiations towards the virgin females (Figure 12B), courtship initiations towards mated
females (Figure 12C), and courtship initiations towards all females (Figure 12D). We use F1 score
to quantify the preference of virgin females over mated ones, using the formula F1 = 2 x Precision
x Recall / (Precision + Recall). Precision is defined as [Courtship initiations towards virgin females]
/ [Total courtship initiations], and Recall is defined as [Courtship initiations towards virgin females]
/ [Total taps on virgin females]. F1 scores range from 1 (perfectly selective to virgin females) to 0
(perfectly selective to mated females). In Figure 12E, we also estimate the Mean ± 95% C.I. F1
score of a male that cannot tell the difference between virgin and mated females (by shuffling
experimental data). The MATLAB programs to perform these calculations are available online.

Generating chance levels of tap-induced termination
In Figure 13D, chance levels of tap-induced termination were calculated using the
equation ([Tap-induced termination count] + [Spontaneous termination count]) / [courtship time] *
[Tapping frequency during courtship] * [1 second window].
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Quantifying imaging data
For wide-field imaging, fluorescence data were analyzed by selecting a region of interest
from a pre-stimulation frame of the lateral protocerebrum. The regions of interest were kept
roughly the same size between experiments. GCamp6s data are presented as ΔF/F0. ASAP1 or
ASAP2s data are presented as -ΔF/F0 to correct the inverse relation between sensor fluorescence
and membrane voltage. Hypothesis testing was done with either a t-test or a one-way ANOVA of
max ΔF/F0 (min -ΔF/F0 in the case of voltage imaging).
For 2-photon imaging experiments, fluorescence data were analyzed in MATLAB using a
semi-automated program modified from a published independent component analysis algorithm
(Mukamel et al., 2009). The program is available online. Data are presented as ΔF/F 0.
For GRASP experiments, after one person (S.X.Z.) took the images, another person
(L.E.M.-blind to satiety states) selected regions of interest (ROIs) and background. ROI sizes
were kept roughly the same between samples. Average pixel fluorescence in each ROI was
calculated with a custom-written program in MATLAB (Mathworks). The program is available
online.

Additional statistical tests
One-way ANOVA (with Tukey post-hoc correction) and Fisher’s exact test were performed
using Prism 7. The 95% confidence intervals (C.I.) of termination frequencies were calculated
using Jeffrey’s prior (Brown et al., 2001) in MATLAB. The 95% C.I. of courtship probabilities and
the statistical significance of the differences between courtship probabilities were calculated with
bootstrapping (see above). Kolmogorov–Smirnov test (Figures S8C and S8D) was calculated in
MATLAB. The programs are available online.
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Data and software availability
All MATLAB programs used in this study are available on line.
1) The MATLAB package to quantify 2-photon calcium imaging data is available at
https://github.com/CrickmoreRoguljaLabs/Ca2plus.
2) The

MATLAB

package

to

quantify

GRASP

signals

is

available

at

https://github.com/CrickmoreRoguljaLabs/Blind-image-analysis.
3) The MATLAB package to linearize courtship initiations (CPline), simulate coin flips
(coinsim_batch), permutate courtship initiations (TapPermute), calculate the 95%
confidence intervals of courtship probabilities (TapCI), and perform hypothesis testing
on

pairs

of

courtship

probabilities

(TapHyp)

is

available

at

https://github.com/CrickmoreRoguljaLabs/tapping-codes.
4) The MATLAB package to simulate evidence accumulation between taps and simulate
the

performance of males in two-female choice

assays

is available at

https://github.com/CrickmoreRoguljaLabs/Tap_EvidenceAccumulation.
5) The MATLAB function to calculate Jeffrey’s 95% confidence interval is available at
https://github.com/CrickmoreRoguljaLabs/Jeffi.
6) The MATLAB function to perform two-sample Kolmogorov-Smirnov tests is available
at https://github.com/CrickmoreRoguljaLabs/KSstat.

82

Chapter 4. Rapid loss and gradual recovery of motivation emerge from CREB-controlled
recurrent circuit dynamics5

5

For this chapter, Mike Crickmore, Dragana Rogulja, and I (X.Z.) designed the experiments. I
performed the experiments, with help from Mike Crickmore, Christine Boutros, Ariadna
Corredera, Michelle Frank, Ethan Glantz, Ben Gorko, and Lauren Miner.

INTRODUCTION
Motivational states are stored, adjusted, and used for decision making within the central
nervous system. For example, in the control of mammalian feeding behavior, peripherallygenerated hormones ghrelin and leptin modulate the firing rate of hunger-promoting hypothalamic
AgRP neurons (Sternson and Eiselt, 2017). But these hormonal signals are immediately
overridden, and a sharp decrease in AgRP neuronal activity is induced, when animals detect food
(Betley et al., 2015; Chen et al., 2015; Mandelblat-Cerf et al., 2015). This anticipatory decline in
hunger-promoting activity may be necessitated by the long-lasting effects of AgRP neuronal
activity: animals continue to show an increase in feeding at least 30 minutes after cessation of
prolonged AgRP neuronal stimulation (Chen et al., 2016). There is also a several-minute delay
between the initiation of AgRP neuronal stimulation and the onset of feeding behavior (Chen et
al., 2016). Similar slow, fast, and anticipatory dynamics are seen in the neuronal control of thirst
(Zimmerman et al., 2017). These findings highlight the diverse timescales of motivational
regulation, many of which are orders of magnitude longer than standard neuronal transmission
and lack molecular- and circuit-level explanations.
We have recently developed courtship behavior in Drosophila as a model for identifying
molecular and circuit principles of motivational regulation (Zhang et al., 2016). After repeated
copulations, the male’s propensity to court declines dramatically, then gradually recovers over 34 days. These behavioral dynamics are driven by changes in motivating dopaminergic activity
within the anterior of the superior medial protocerebrum (SMPa), which tunes P1 courtship
command neurons to set the probabilities of courtship initiation and maintenance (Zhang et al.,
2016, 2018). The SMPa dopamine signal also matches the male’s reproductive potency, which is
exhausted after 3-4 matings and takes days to fully recover. However, reproductive capacity is
not directly measured to calibrate motivation, since surgical removal of the internal and external
reproductive organs does not alter courtship drive (Zhang et al., 2016). Instead, these findings
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suggest the existence of neuronal circuitry that estimates reproductive potency by detecting
matings, dampens SMPa dopaminergic activity, and matches the recovery rate of the dopamine
signal to the anticipated replenishment of reproductive fluids. Here we identify these circuit
elements.
We find that the motivating dopamine tone is a readout of electrical activity held in a
recurrent excitation loop between two neuronal populations: Fruitless-expressing NPF neurons
and Doublesex-expressing pCd neurons (Zhou et al., 2014). NPF is the Drosophila homolog of
Neuropeptide Y, a key hunger-inducing component of AgRP neuronal output (Lee et al., 2006).
Also similar to AgRP neurons, the activity of NPF and pCd neurons (i) correlates with mating drive,
(ii) is required for high mating drive, and (iii) increases mating drive when experimentally raised—
with effects persisting long after the stimulation ends. NPF signals directly to SMPa-projecting
dopaminergic neurons to translate the activity status of the recurrent loop into a motivating
dopamine tone.
We also identify the neurons that report goal achievement in this system, which we name
Copulation Reporting Neurons (CRNs). CRN activation during mating decrements the activity held
within the NPF/pCd loop. In the days after copulation, the loop gradually replenishes its activity
and reinvigorates mating drive. This recovery is slowed by the activity-dependent transcription
factor CREB, which is stimulated by electrical activity within the loop during times of high
motivation and elevates the production of a leak potassium channel. When loop activity is abruptly
reduced by mating, the inhibitory environment imposed by CREB persists, preventing electrical
activity from immediately reaccumulating. A similar counteracting role for CREB has been
described in the mammalian nucleus accumbens (Carlezon et al., 2005; Dong et al., 2006). In the
system described here, molecular CREB activity and electrical CRN activity together instruct
motivation by sculpting the activity held within a recurrent neuronal loop. The word “sculpt” seems
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especially appropriate in the sense that the impacts of CREB and the CRNs endure long after
their actions have concluded.
Within the courtship circuitry of the fly, then, we identify several molecular and circuit-level
mechanisms redolent of those extracted from decades of work on disparate mammalian
motivation, reward, and decision-making paradigms. Here these principles coalesce to provide a
detailed understanding of motivational control over a single behavior—to the extent that many
emergent features can be captured by a computational model. Of all these features perhaps the
most thought-provoking is this: the same recurrent activity that increases motivation for goal
seeking, by driving the transcription of inhibitory channels, simultaneously prepares the circuitry
for satiety after goal achievement.

RESULTS
Copulation reporting neurons relay mating information to induce satiety
To identify the neurons that trigger copulation-induced decrements in male mating drive,
we attempted to artificially induce satiety in naïve males through thermogenetic stimulation
(Hamada et al., 2008) of sexually dimorphic neurons, which are labeled by the transcription
factors Fruitless (Fru) and Doublesex (Dsx) (Manoli et al., 2005; Rideout et al., 2010; Stockinger
et al., 2005). Following a 4.5-hour stimulation of the ~500 Doublesex (Dsx) neurons, males
exhibited satiety-like abstinence from mating behavior, with gradual recovery over a naturalistic
2-3 day time course (Figure 16A) (Zhang et al., 2016). To more precisely localize the neurons
responsible for inducing satiety, we stimulated previously characterized subpopulations of Dsx
neurons (Zhou et al., 2014) and found a similar satiety-induction phenotype with R42G02-Gal4
(Figures 16B and 16C), which labels a group of ~50 neurons that have been shown to control
sexual receptivity in females (Zhou et al., 2015). The ability to induce satiety in males was
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prevented by knocking down the acetylcholine transporter VAChT, but was not affected by
introduction of a Teashirt-Gal80 (TshGal80) transgene (Figure 16C and S16A). TshGal80
subtracted about half of the R42G02-labeled neurons, allowing us to provisionally ascribe the
satiety-inducing phenotype to a population of ~25 cholinergic neurons with cell bodies located in
the abdominal ganglion (Figures 16D and S16B-S16D). These neurons project dendrites to the
genitalia (Figures 16E-16G and S16E-S16F) and axons to the top of the brain (Figures 16F-16I
and S16G), a configuration that suggests the reporting of copulation status to mating drive
circuitry. We therefore refer to these neurons as Copulation Reporting Neurons (CRNs). When
the CRNs were silenced or were unable to release acetylcholine, male mating drive was largely
insatiable for the duration of a 4.5-hour satiety assay (20 virgin females housed with 1 male)
(Figures 16J-16K and S16H), consistent with an inability to transmit a record of copulation to the
brain.
Dopaminergic activity in the anterior of the Superior Medial Protocerebrum (SMPa) is a
functional neuronal correlate of mating drive, modulating the response of P1 courtship command
neurons to stimulation by female sensory input (Zhang et al., 2016, 2018). This dopamine signal
is maintained ex vivo, progressively decreases after repeated matings (Figure S16I) (Zhang et
al., 2016), and shows a similar, persisting decrement after stimulation of the CRNs (Figures 16L16M and S16J, see Figure 16H for SMPa location). If the CRNs indeed report copulation to
mating drive circuitry, we would not expect any increase in motivation if they were silenced in
naïve males (which have never mated). Due to the ceiling effect for naïve males in the standard
courtship assay, we looked for hypersexuality in our recently developed tap-induced courtship
assay, which measures the probability of each tap of the female by a male’s foreleg to induce
courtship (Zhang et al., 2018). 3-day-old naïve males have a constant ~44% probability of
initiating courtship after each tap of a female. We found no increase in the courtship probabilities
from naïve males when the CRNs were silenced (Figure S16K). This shows that the CRNs are

87

used only to decrease mating drive, not to set its baseline. CRN silencing did not revert the loss
of mating drive seen from 3-4 day old DopR2 mutant males (Figure S16L), which cannot receive
the dopamine signal (Zhang et al., 2016). These results suggest that CRN activation during
mating decreases the motivating dopamine tone in the SMPa (Figure 16N), thereby lowering the
male’s propensity for subsequent courtship. The CRNs are perhaps the first characterized
neurons whose activation in response to goal achievement causes a long-lasting decrease in
motivation, though similar populations likely operate in other contexts, such as mammalian hunger
(Andermann and Lowell, 2017; Beutler et al., 2017; Sternson and Eiselt, 2017).
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Figure 16. Copulation Reporting Neurons (CRNs) induce a persisting decrement in mating
drive. (A-B) Thermogenetic pre-stimulation of all doublesex (A) or just the copulation reporting
neurons (CRNs, B), labeled by R42G02, induces mating satiety that recovers over ~3 days (mean
± SEM, ***p<0.001 compared to no-stim group†, one-way ANOVA, A: n = 4-5 groups of 5-7 males,
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Figure 16. (Continued)
B: n = 5-6 groups). (C) The artificial, CRN-induced satiety is not blocked by TshGal80, a Gal4
inhibitor expressed in most VNC neurons (mean ± SEM, one-way ANOVA, n = 4-6 groups of 5-7
males). (D-E) CRN cell bodies are located in the abdominal ganglion (D) and project dendrites
(arrows) around the male’s external genitalia‡ (arrowheads) (E). See Figure S16E for the no-Gal4
control for E. See Figure S16F for flies that also carry a TshGal80 transgene. (F-I) The ascending
projections of CRNs (F-G) terminate at the top of the brain (H-I) and are not blocked by TshGal80
(G and I). (J) Conditional silencing CRNs with Kir2.1 and TubGal80ts blocks satiety. Matings of
each fly are represented by dashes within single rows (n = 13-14 males). A vertical line separates
the first and second halves of the assay (see K). (K) Conditional silencing of CRNs increases the
number of matings in the second half of the satiety assay (2-4.5 hours) (mean ± SEM, one-way
ANOVA, n = 12-14 males). This effect is not blocked by TshGal80. (L-M) Thermogenetic prestimulation of CRNs decreases calcium activity (measured with GCaMP6s) in dopaminergic
projections to the SMPa (mean ± SEM, t-test, n = 7-11 male brains). See Figure S16J for
unaltered calcium activity in dopamine projections in an unrelated brain region. (N) A circuit model
for how CRNs relay mating information to induce satiety. †*p<0.05, **p<0.01, ***p<0.001 for all
figures. ‡In all figures, unless otherwise stated, all scale bars represent 20 µm. See Table S4 for
the exact numbers of animals and experimental conditions for each experiment.

pCd and NPF neurons promote sustained increases in mating drive
Though the axons of the CRNs project to the top of the brain, they do not appear near
enough to contact the dopaminergic neurons that produce the mating drive signal (our
observations; Zhang et al., 2016). We therefore considered other candidate neuronal populations
that might be modulated by the CRNs. We again screened the collection of Gal4 lines that
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subdivide the Doublesex neurons (Zhou et al., 2014), this time searching for lines that would
hasten recovery from satiety when stimulated. Twelve hours of thermogenetic stimulation
delivered to the pCd neurons, labeled by the 41A01-Gal4 line (Figure 17A), of satiated males
resulted in a complete and lasting recovery of mating drive (Figure 17B), which in control flies at
23°C is achieved only after ~72 hours away from females (Zhang et al., 2016). Recovery from
satiety was not seen if these neurons were activated for only 20 minutes (same stimulation
intensity), even if the stimulation was maintained during the behavioral testing (Figure 17C). This
indicates that, rather than being a real-time determinant of mating drive, pCd activity promotes
the gradual recovery of mating drive over long timescales. This motivational recharging effect of
prolonged pCd stimulation was associated with a dramatic increase in dopaminergic activity in
the SMPa that persisted after the cessation of stimulation (Figures 17D-17E and S16M). pCd
activity is necessary for maximal mating drive, as inhibiting the pCd neurons of naïve males
caused a decrease in courtship behavior (Figure 17F). However, using the voltage sensor ASAP1
(St-Pierre et al., 2014), we were unable to detect any hyperpolarization of pCd neurons within 120
seconds of chemogenetic CRN stimulation (Figure 17G) (Lima and Miesenböck, 2005). This
result argues against the idea that the CRNs decrease courtship drive by recruiting inhibitory input
to the pCd neurons (Figure 17H). We therefore continued our search for neurons that are
immediately responsive to CRN stimulation.
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Figure 17. Prolonged stimulation of pCd neurons recharges mating drive after satiety. (AB) Prolonged thermogenetic, post-satiety stimulation of pCd neurons (A), which project to the
SMPa (arrowheads), accelerates the recovery of mating drive, an effect that persists for at least
4 hours after the stimulation has concluded (B). Mating behaviors were measured at room
temperature (see Methods) (mean ± SEM, two-way ANOVA, n = 4-8 groups of 5-7 males). (C)
Acute pCd stimulation does not revert satiety (mean ± SEM, two-way ANOVA, 5 groups each).
(D-E) Thermogenetic, post-satiety stimulation of pCd neurons (A) accelerates the recovery of
calcium activity (in dopaminergic projections at the SMPa (t-test, n = 10-11 male brains). Imaging
was performed at room temperature. See Figure S16M for unaffected dopaminergic projections
to an unrelated brain region. (F) Conditional silencing of pCd neurons decreases courtship (mean
± SEM, one-way ANOVA, n = 10-11 males). (G) P2X2 stimulation of the CRNs evokes no
immediate change in the membrane potential of pCd neurons, which is otherwise responsive to
KCl (mean ± SEM, n = 7-8 male brains). (H) A model for opposing CRN and pCd activities
regulating mating drive.

In mammals, Neuropeptide Y (NPY) release from AgRP neurons increases the motivation
to eat (Atasoy et al., 2012; Krashes et al., 2013). Given the phenomenological similarities between
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mammalian hunger and fly mating drive, we examined a role for NPF, the fly homolog of NPY.
Overnight thermogenetic stimulation of NPF neurons (Figure 18A) led to a persisting recovery of
mating drive (Figure 18B), similar to the effects seen with pCd stimulation (Figure 17B). This
drive-promoting effect is mediated by the ~4 Fru+ NPF neurons per hemisphere (Figures 18C18D and S16N). RNAi knockdown of the NPF gene caused a decrease in courtship (Figure 18E),
demonstrating the requirement for NPF itself in the control of mating drive. Recently, NPF receptor
(NPFR) transcripts were detected in dopaminergic neurons in two single cell sequencing datasets
(Table S5, see Methods for reanalysis details) (Croset et al., 2018; Davie et al., 2018). We found
that knocking down NPFR in dopaminergic neurons labeled by TH-Gal4 strongly decreased
mating drive (Figure 18F). Accordingly, acute stimulation of NPF neurons increased
dopaminergic activity in the SMPa and mimicked the satiety-reversal effect seen during
dopaminergic stimulation (Figures 18G-18I) (Zhang et al., 2016). The behavioral effects of NPF
stimulation required the dopamine receptor, DopR2 (Figure 18J), demonstrating that NPF must
work through dopamine to promote mating drive. Unlike the pCd neurons, the NPF neurons were
rapidly hyperpolarized by stimulation of the CRNs (Figure 18K), indicating that copulation
decreases mating drive by activating the CRNs, which decrease NPF activity (possibly through
an intermediary), thereby decreasing dopamine tone in the SMPa (Figure 18L).
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Figure 18. NPF neurons control mating drive on fast and slow time scales. (A-B) Prolonged
thermogenetic, post-satiety stimulation of NPF neurons (A), which project to the SMPa
(arrowheads), accelerates the recovery of mating drive, an effect that persists at least 4 hours
after the stimulation (B). Mating behaviors were measured at room temperature (see Methods)
(mean ± SEM, two-way ANOVA, 5-6 groups of 5-7 males). (C-D) CsChrimson-mediated
(Klapoetke et al., 2014) acute optogenetic activation of Fru+ NPF neurons (C), which also project
to the SMPa (arrowheads), immediately reverts satiety (D) (mean ± SEM, two-way ANOVA, n =
9-14 males). (E-F) Knockdown of NPF (E) or NPFR (F), or knockdown of NPFR only in
dopaminergic neurons (F), decreases courtship (mean ± SEM, one-way ANOVA, E: n = 12-15
males, F: n = 7-16). (G-H) Acute (20 min) thermogenetic stimulation of NPF (G) or dopaminergic
(H) neurons reverts satiety, but this effect does not persist after the stimulation has ceased (mean
± SEM, two-way ANOVA, G: 5-8 groups of 5-7 males, H: n = 5-6 groups). (I) P2X 2 stimulation of
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Figure 18. (Continued)
NPF neurons evokes a strong calcium transient in dopaminergic neurons (n = 8 male heads each).
(J) Thermogenetic stimulation of NPF neurons does not overcome the reduction in courtship
produced by males lacking DopR2 (mean ± SEM, two-way ANOVA, n = 12-15 males). (K) P2X 2
stimulation of the CRNs induces hyperpolarization of the NPF projections at the SMPa (mean ±
SEM, n = 7 male brains each). (L) The CRNs decrease mating drive through inhibition of NPF
neurons.

Recurrent excitation between pCd and NPF neurons accumulates and stores mating drive
What role does the above circuit diagram leave for the pCd neurons? Perhaps their most
striking feature is their enduring impact on dopaminergic activity and behavior lasting many hours
after experimental stimulation has ceased (Figure 17B), effects also seen following stimulation
of the NPF neurons (Figure 18B). This extremely long lasting effect is not seen following
stimulation of the dopaminergic neurons that convey the motivational state to P1 command
neurons (Figure S17A), or of the P1 neurons themselves (Figure S17B). Recurrent network
activity holds information on decision-making and motor-planning timescales (Guo et al., 2017;
Wang, 2008) and has recently been proposed to maintain bouts of mammalian aggression
(Stagkourakis et al., 2018) and Drosophila courtship (Zhang et al., 2018), as well as to sustain a
dopaminergic entrainment signal for short-term memory formation in flies (Zhao et al., 2017).
Though the retention and recovery of mating drive last orders of magnitude longer than these
phenomena, we hypothesized that pCd and NPF neurons might form a recurrent excitatory loop.
Consistent with this idea, the activities of both populations are dramatically reduced in satiated
males (Figures 19A-19B) and acute stimulation of either population increased activity in the other
(Figures 19C-19D). Stimulation of the dopaminergic neurons did not alter the activity of either
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pCd or NPF neurons (Figures S17C-S17D), demonstrating that the pCd/NPF loop is closed to
dopaminergic feedback. Silencing either the pCd or the NPF neurons reduced calcium activity in
the other population (Figures 19E-19F), as well as in the dopaminergic projections to the SMPa
(Figures S17E-S17G). The inhibitory effect on dopaminergic neurons was more pronounced
when NPF neurons were silenced, consistent with the direct influence of NPF on dopamine
neurons (Figures 19G and S17F-S17G). With the exception of this NPF to dopamine connection,
the circuit analyses in this chapter do not provide information about direct connectivity; instead,
from a circuit logic perspective, they show that pCd neurons form a recurrent excitation loop with
the NPF neurons that are inhibited by the CRNs during copulation, and which output the status of
the loop to dopaminergic neurons (Figure 19G). To assess the behavioral role of the recurrent
loop itself (as opposed to its output), we stimulated the NPF neurons while silencing pCd neurons
(Figure 19H). This manipulation acutely reverted satiety (Figure 19I), as expected because NPF
directly promotes dopaminergic activity. However, the enduring post-stimulation effect was
abolished when pCd neurons were silenced (Figure 19J). These results argue that it is the
recurrent circuitry, rather than either pCd or NPF neurons on their own, that holds and adjusts the
motivational activity over hours and days.
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Figure 19. Recurrent excitation between pCd and NPF neurons recovers and sustains
mating drive. (A-B) Satiety decreases calcium activity in the projections of pCd (A) and NPF (B)
neurons to the SMPa (mean ± SEM, t-test, A: n = 6-8 male brains, B: n = 13-15). (C-D) P2X 2
stimulation of either pCd (C) or NPF (D) neurons evokes calcium transients in the other population
(mean ± SEM, C: n = 8 male brains each, D: n = 6-7). (E-F) Chemogenetic silencing of either pCd
(E) or NPF (F) neurons with the histamine-gated chloride channel Ort (Liu and Wilson, 2013)
decreases calcium activity in the other population (mean ± SEM, one-way ANOVA, E: n = 8 male
brains each, F: n = 9 each). Post-histamine bars (+His) are normalized to their respective prehistamine bars (-His). (G) A recurrent loop between pCd and NPF neurons holds, adjusts, and
outputs mating drive information. (H) Experimental designs for I and J. (I) Acute thermogenetic
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Figure 19. (Continued)
stimulation of NPF neurons reverts satiety (red), even when pCd neurons are silenced (orange)
(mean ± SEM, two-way ANOVA, n = 5 groups of 5-7 males each). (J) Silencing pCd neurons
(orange) blocks the recharging effect of prolonged NPF stimulation (red) (mean ± SEM, two-way
ANOVA, n = 5-6 groups of 5-7 males).

CREB activity in recurrent circuitry slows the re-accumulation of mating drive
The long timescales of motivational dynamics could indicate the involvement of
transcriptional mechanisms, as in circadian timing (Hall, 2005; Song and Rogulja, 2017). We
therefore considered activity-dependent transcription factors as candidates for regulating the
accumulation of excitation in the pCd/NPF loop. Prominent among this class is CREB, which is
involved in many long-timescale, emergent brain functions including circadian rhythms and
memory (Carlezon et al., 2005; Lonze and Ginty, 2002; Mayr and Montminy, 2001) and is detected
in both pCd and NPF neurons (Table S5, see Methods for reanalysis details) (Croset et al., 2018;
Davie et al., 2018). We targeted a luciferase reporter of CREB’s transcriptional activity
(Tanenhaus et al., 2012; Yin et al., 1995) to pCd neurons and found a striking correlation between
mating drive and CREB activity in these cells: CREB activity was high in naive males, gradually
declined with time spent in the satiety assay, and slowly recovered over three days (Figure 20A).
CREB activity therefore appears tuned to electrical activity in pCd, as we confirmed by stimulating
pCd and finding increased CREB activation (Figures 20B and S18A). We found a similar
correlation between mating drive and CREB activity in NPF neurons, but not in any other neuronal
population studied in this chapter (Figures 20C and S18B). We used three independent methods
to disrupt the activity of CREB2 (the fly homolog of CREB, Yin et al., 1995) in pCd neurons: (i)
expressing the transcription-suppressing B isoform of CREB2 (CREB2SUP) (Figures 20D and 20E)
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(Yin et al., 1995), (ii) expressing a truncated, dominant negative version of CREB2 (CREB2 DN)
(Figure S18C) (Eresh et al., 1997), and (iii) expressing a CREB2-RNAi construct in pCd neurons
(Figure S18D). All three manipulations slowed the onset of satiety induced by repeated matings.
A similar effect was seen in NPF neurons (Figure 20F and S18C), but not in the non-loop neurons
we examined (CRNs, or dopamine neurons; Figures S18E and S18F). These results suggest
that the transcriptional activity of CREB2 in the loop suppresses mating drive, which is further
supported by the decreased courtship seen when the transcription-promoting isoform A of CREB2
was overexpressed in pCd neurons (Figure 20G).
The above results show that CREB serves a satiety-promoting role in pCd and NPF
neurons—but also that CREB activity is promoted by electrical activity in the recurrent loop.
Paradoxically, then, CREB would seem to promote satiety when the male has high mating drive.
To explain this apparent contradiction, we hypothesized two potential functions for CREB as a
feedback inhibitor: (i) to prevent runaway excitation in the loop and keep mating drive within an
appropriate range; and (ii) to slow the post-mating reaccumulation of activity in the pCd/NPF loop,
thereby slowing the recovery of drive after satiety. Consistent with hypothesis (i), suppressing
CREB activity in the pCd or NPF neurons of naïve males increased their already-high activity
levels (Figure 20H) and, consequently, the mating drive of naïve males (Figures 20I-20J).
Though these males were eventually able to be satiated, their recovery from satiety was much
faster than control males (Figure 20K-20L), consistent with hypothesis (ii). These findings support
the idea that excitation-driven CREB activity restrains peak mating drive and tunes the recovery
from satiety to the long time required for the replenishment of reproductive fluids after repeated
matings (Zhang et al., 2016).
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Figure 20. CREB slows the recovery of loop activity and mating drive. (A) CREB activity in
pCd neurons tracks mating drive (mean ± SEM, one-way ANOVA, only comparisons with the
naïve group, in blue, are indicated, n = 7-11 groups of 3 male brains). CREB activity is measured
with a luciferase-based assay (see Methods) and normalized to the average signal from naïve
males (blue). (B) Thermogenetic stimulation of pCd neurons increases CREB activity in both
naïve and satiated animals (mean ± SEM, one-way ANOVA, n = 7-10 groups of 3 male brains).
Note that 4.5 hours without stimulation does not increase CREB activity (4th group form the left).
See Figure S18A for no-TrpA1 controls. (C) CREB activity in NPF neurons also tracks mating
drive (mean ± SEM, one-way ANOVA, n = 7-9 groups of 3 male brains). (D-E) Expressing the
transcription-suppressing isoform of CREB2 (CREB2SUP) in pCd neurons slows the onset of
satiety (mean ± SEM, one-way ANOVA, D: n = 8-15 males, E: n = 8-15). (F) Expressing CREB2 SUP
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Figure 20. (Continued)
in NPF neurons also slows the onset of satiety (mean ± SEM, one-way ANOVA, n = 6-21 males).
(G) Overexpressing the transcription-promoting A isoform of CREB2 decreases courtship in naïve
males (mean ± SEM, one-way ANOVA, n = 10-16 males). (H) CREB2SUP increases the baseline
calcium activity in both pCd and NPF neurons (mean ± SEM, one-way ANOVA, n = 10-13 males).
(I-J) CREB2SUP expression in either pCd (I) or NPF (J) neurons increases the tap-to-courtship
probabilities (mean ± SEM, bootstrap, see Methods, I: n = 33-48 males, J: n = 42-44). (K-L)
CREB2SUP expression in either pCd (K) or NPF (L) neurons accelerates recovery from satiety
(mean ± SEM, two-way ANOVA, K: n = 4-5 groups of 5-7 males, L: n = 5 groups of 5-7 males
each). (M-N) RNAi knockdown of PP1α96A in pCd neurons decreases CREB activity (M) and
slows the onset of satiety (N) (mean ± SEM, one-way ANOVA, M: 7-9 groups of 3 male brains, N:
12-17 males). (O) Model for a CREB-imposed inhibitory environment in the loop during high
motivation. (P) Knocking down Task7 in pCd neurons slows the onset of satiety (mean ± SEM,
one-way ANOVA, n = 8 males each). (Q) Satiety decreases Task7 transcript levels in pCd
neurons, but not in neighboring Dsx- neurons. A similar decrease in Task7 transcript is also seen
in naive males’ pCd neurons that express CREB2SUP (mean ± SEM, one-way ANOVA, n = 9-20
brains). Representative, single-plane images are shown on the left (scale bar represents 2 µm).
Background fluorescence was measured from the antennal lobe region and subtracted from the
quantification (see Methods).

In mammals, phosphorylation of CREB’s Serine-133 site is a critical determinant of
transcriptional activity (Gonzalez and Montminy, 1989). In the fly brain, this site appears to be
constitutively phosphorylated, and a different set of inhibitory phosphorylation sites have been
suggested to regulate CREB’s transcriptional activity (Horiuchi et al., 2004). To gain corroborating
evidence for CREB’s role in controlling motivational dynamics, we used the pCd neurons to
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screen ~80 RNAi lines targeting 30 candidate kinases and phosphatases that had previously been
implicated in CREB regulation (see Methods). We identified two potential regulators of CREB
activity in the control of male mating drive: the kinase CK2βII and the phosphatase PP1α96A
(Figures S19A and Table S5). RNAi knockdown of CK2βII in pCd neurons increased baseline
CREB activity, decreased mating drive, and slowed recovery from satiety (Figures S19B-S19D),
consistent with its CREB-suppressing effect in biochemical studies (Horiuchi et al., 2004).
Inversely, knocking down PP1α96A with two independent RNAi lines dramatically decreased
CREB activity in naïve males (Figures 20M and S19B), slowed the onset of satiety, and hastened
recovery from satiety (Figures 20N and S19E-S19G). PP1α96A knockdown in NPF neurons also
increased mating drive (Figure S19H), suggesting similar CREB-regulating machinery in both
populations of loop neurons. PP1α96A does not activate CREB through an indirect effect on
neuronal activity, as knocking down PP1α96A increased baseline calcium activity in pCd neurons
(Figure S19I, a predicted consequence (not cause) of reduced CREB activation). This separation
of CREB activity (low) from loop activity (high) in PP1α96A knock-downs suggests that electrical
activity may work through phosphorylation to influence CREB activity in these neurons (Figure
20O). The identification of multiple regulators of CREB activity indicates that CREB dynamics are
finely tuned in loop neurons, suggesting that they can be adjusted to meet temporal needs in
circuits underlying a range of long-lasting brain functions.
To identify downstream effectors of CREB activity within the loop, we looked at inhibitory
ion channels that contain putative CREB binding sites (cAMP Response Elements, or CREs) in
their surrounding cis-regulatory DNA (see Methods). We considered inhibitory channels to be
promising candidates for two reasons: i) they could supply the inhibitory influence of CREB on
loop activity; and ii) potassium channel half-lives have been measured at tens of hours (Crane
and Aguilar-Bryan, 2004; Okada et al., 2013), matching the time course of recovery from satiety.
From nine CRE-containing candidates, we found a strong phenotype using an RNAi targeted
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against the potassium leak channel subunit Task7. Drosophila Task7 functions in heteromeric
two-pore potassium channels (Döring et al., 2006), and its transcripts are detected in loop neurons
(Table S5). As expected of a CREB effector, knocking down Task7 in pCd neurons slowed the
onset of satiety (Figures 20O and 20P). Also as expected, using single-molecule fluorescent in
situ hybridization (smFISH) (Long et al., 2017), we found that Task7 mRNA levels were decreased
in the pCd neurons of satiated males (Figure 20Q). A similar reduction in Task7 expression was
also seen in naïve males expressing the suppressive isoform of CREB2 in pCd neurons (Figure
20Q). These results support Task7 as a key effector through which CREB’s activity, during
periods of high motivation, sets an inhibitory tone that sustains satiety after goal achievement.

Modeling the rapid sating and gradual recovery of mating drive
To ask whether the circuit and molecular mechanisms we have identified can explain the
dynamics of mating drive, we generated a simple, linear computational model (Figures 21A and
21B; see Methods). In the model, NPF and pCd excite one another, but also receive other
excitatory inputs. Two experimental observations support the inclusion of these additional inputs:
i) silencing either pCd or NPF neurons reduces the other’s activity only by roughly 50% (Figures
19C and 19D); and ii) activation of the CRNs rapidly hyperpolarizes NPF neurons (Figure 18J),
but the resulting impact on pCd neurons is not seen for at least a couple of minutes (Figure 17F).
CREB’s transcriptional activity in pCd and NPF neurons is driven by neuronal activity; but, since
CREB’s targets (e.g., Task7) must be transcribed, translated, processed, and transported, the
inhibitory impact of CREB activation is delayed relative to increases in loop activity (Figure 21A
and 21B). Since the products of CREB-driven transcription likely endure after loop activity falls,
we also introduced a delay in their removal after mating. The resulting model equilibrates at a
steady state (high mating drive) in which both pCd and NPF neurons have stable electrical, CREB
transcriptional, and CREB effector activities (Figure S20). Copulation disrupts this equilibrium by
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triggering an immediate decrement in NPF activity, which, in turn, causes a slower decline in pCd
activity (Figure 21C). The transiently higher pCd activity (relative to NPF) does not restore full
loop activity due to the inhibitory environment caused by lingering CREB effectors (Figure 21D).
Eventually, the decreased activity status of the loop permits CREB’s inhibitory effectors to be
removed and the gradually more permissive environment allows loop activity to increase over
hours to days (Figure 21D). Sustained artificial stimulation of loop neurons overcomes the
lingering CREB effectors (Figure 21E), in accord with the recharging experiments in Figures 17B
and 18B. These modeling results show that the principles of CREB-controlled recurrent circuit
dynamics can explain many of our behavioral and physiological findings.

Figure 21. Modeling the circuit and molecular dynamics of mating drive. (A-B)
Representation (A) and implementation (B) of the model (see Methods). (C) Left: A single mating
immediately decreases electrical and CREB activity in NPF neurons, with a consequent and
delayed reduction in pCd activity. CREB effectors are modeled as remaining high for several
hours after CREB activity decreases. Right: 6 sequential matings dramatically reduce activity in
the loop. (D) After repeated matings (blue bars), both pCd and NPF neurons show decreased
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Figure 21. (Continued)
electrical and CREB activity, which then recovers over 3 days. The decrease in CREB
effectoractivity is delayed relative to transcriptional activity, and little recovery occurs while CREB
effectors remain. (E) Stimulating pCd neurons (green line) after satiety (blue bars) accelerates
the recovery from satiety.

Copulation counting by recurrent circuitry
Undisturbed copulations last ~23 minutes in the lab, but naturalistic heat or wind threats
can cause them to be truncated after ~5 minutes (Crickmore and Vosshall, 2013). We previously
found that disrupting copulations after 5 minutes results in the same degree of satiety as fulllength matings, suggesting that it is the number more than the duration of matings that determines
the extent of satiety (Zhang et al., 2016). To more closely examine the relationship between CRN
activity and satiety, we optogenetically silenced CRNs during the first 5 minutes of each mating,
or during all but the first 5 minutes of mating (Figure 22A) using GtACR1 (Mohammad et al.,
2017). Neither of these protocols produced the insatiable phenotype seen when the CRNs are
silenced throughout (but not between) matings (Figures 22A). These results suggest that the
CRNs are active throughout mating, and that their impact on loop circuitry is largely independent
of the duration of their activity.
We examined our computational model for insight into how this copulation counting
phenomenon might arise. We compared the effects of delivering six pulses of 5 min CRN
activation that were either spaced out over 2 hours (approximating repeated copulations),or
compressed into a single 30 min stimulus (Figure 22B). Though the same total CRN stimulation
was delivered in both cases, the enduring effect on loop activity was much stronger when the
pulses were spaced (Figure 22B). This is because the decline in pCd activity is delayed relative
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to NPF (Figures 17F and 18I) and continues declining during the inter-copulation interval (Figure
22B). To test this prediction experimentally, we optogenetically stimulated the CRNs of naïve
males with either six 5-min light pulses, spaced by 20 minutes, or with one 30 min pulse (Figure
22C). As predicted by the model, the spaced stimulation had a much stronger satiating effect
when assessed in the tap-induced courtship assay (Figure 22D). This effect is also seen with
pulses of thermogenetic stimulation (Figure 22E), arguing against a tool-specific explanation for
this phenomenon. Since the inhibitory effect of CRN activation on NPF neurons is rapid (Figure
18I) our model predicts a similar satiety-promoting effect of spaced NPF inhibition. This prediction
was also validated experimentally using pulses of GtACR1 activation to inhibit NPF neurons
(Figures 22F-22H), suggesting that the weaker inhibition by a single 30 min pulse of CRN
stimulation is not due to CRN-specific explanations such as saturation of CRN activity or depletion
of neurotransmitters, but rather a consequence of the NPF/pCd loop. These results provide an
example of motivational circuitry using variable sensory input to record and respond to a discrete
event, with standardized effects on future behavior. While other motivations may be more
sensitive to the specific quality or quantity of goal achievement, these types of molecular and
circuit dynamics may buffer against over-reliance on details, resulting in the categorization of
events as either achieving a goal or not. As with other findings documented here, this establishes
a reductionist and tractable system for understanding similar phenomena across behaviors and
species.
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Figure 22. Recurrent loop dynamics make goal achievement robust to duration. (A) The
CRNs must be silenced throughout the entirety of copulation to prevent satiety (mean ± SEM,
one-way ANOVA, n = 8-11 males). (B) Spaced CRN stimulations more effectively induce satiety
than does a single pulse of equivalent duration. (C) Stimulation strategy for D-E. Flies experience
either no stimulation, a single 30-min block of CRN stimulation, or 6 bouts of 5-min CRN
stimulations. (D-E) Spaced optogenetic (D) or thermogenetic (E) stimulations of CRNs induce
stronger satiety (closed red circles) than collapsed stimulation of the same duration (open red
circles) (bootstrap, D: n = 33-37 males, E: n = 29-44). (F) Silencing strategy for G-H. Flies
experience either no silencing, a single 30-min block of NPF silencing, or 6 bouts of 5-min NPF
silencing. (G) Spaced optogenetic silencing of NPF neurons induces stronger satiety (closed
green circles) than collapsed silencing of the same duration (open green circles) (bootstrap, n =
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Figure 22. (Continued)
32-35 males). (H) Satiety induced by NPF silencing persists after 4 hours (bootstrap, n = 28-33
males).

DISCUSSION
"…when the gathering desire is sated, then for a while comes a little
respite in their furious passion. Then the same madness returns,
the old frenzy is back upon them…" –Lucretius (99-55 BCE), De
Rerum Natura
Lucretius’ depiction of human mating drive could well describe the motivations underlying
many behaviors in diverse species. One insightful aspect of these lines is the distinction between
satiety and respite: we find that neuronal circuitry reporting goal achievement induces the initial
satiety, while CREB effectors maintain the enduring respite. Both mechanisms reduce electrical
activity held in a recurrent loop, but, as Lucretius may have intuited, their different timescales
reflect separate underlying mechanisms.
The best understood long-timescale brain functions are memory and circadian rhythms,
both of which make use of the activity-dependent transcription factor CREB (Carlezon et al., 2005;
Lonze and Ginty, 2002). We show that CREB is activated by electrical activity within a drivepromoting recurrent loop containing pCd and NPF neurons. CREB is also regulated by neuronal
activity in AgRP neurons (Yang and McKnight, 2015), adding to the long list of similarities with
the NPF neurons studied here. However, in the fly, the numbers of neurons participating in the
motivational circuitry are small (e.g., ~4 sexually dimorphic NPF neurons per hemisphere). We
do not know the evolutionary origins of these numbers. They could be necessitated by the need
to cancel noise in the loop, in order to give unambiguous motivational signal to downstream
circuitry. In the loop, the numbers of participating neurons could also be needed to sum sufficient
synaptic strength to maintain loop activity over time. In the case of the 4 NPF neurons, perhaps
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their diverse morphologies (Figure 18C) would suggest that they sum inputs from different
sources in order to give a graded motivational tone.
In pCd/NPF loop neurons, CREB generates an inhibitory environment, at least in part by
transcribing the leak potassium channel Task7. This negative feedback limits and stabilizes peak
motivation. The involvement of transcriptional mechanisms introduces a delay in the onset of
CREB’s impact, but we believe that the lingering products of CREB activation may be more
important for understanding motivational dynamics. Potassium channels, and their inhibitory
conductances, can endure for days after being transcribed and translated (Crane and AguilarBryan, 2004); Kir2.1, for example, has a half-life of 18-35 hours (Okada et al., 2013). Protein
lifetime and stability are central to both memory and circadian timing. We suggest that the
regulated and diverse turnover rates of effector molecules may be used to generate enduring
effects of tailored duration for a wide range of long lasting behavioral and cognitive processes.
Though we believe we have uncovered much of the core logic behind the maintenance,
sating, and recovery of mating drive in male flies, there are several gaps and limitations in our
understanding. The CRNs hyperpolarize NPF neurons, but do not immediately affect the pCd
neurons, which receive input from NPF neurons. In our computational model, we account for this
discrepancy by positing the existence of additional inputs to loop neurons. Perhaps these neurons
also receive input from the loop and are therefore part of it. Similarly, we do not know if there are
intervening circuit elements between NPF and pCd neurons, or between the CRNs and NPF
neurons. We do not know how the CRNs detect successful matings, nor how the NPF receptor
tunes the output of the dopaminergic neurons. Within the neuronal populations that we treat as
functional units, it is likely that there are subpopulations with specific and unexplored roles. Within
the loop, our understanding of how electrical activity is transduced to stimulate CREB is
incomplete, and there likely exist other CREB effectors that work alongside Task7 to slow and
limit the accumulation of electrical activity. We tuned our model to quantitatively match our
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behavioral findings, and many of the important parameters (e.g. Task7 protein half-life) remain to
be directly measured. In our work on this circuitry to date, we have repeatedly used the powerful
tools available to identify molecular and circuit components that were predicted by our prior
understanding. Many of these findings revealed additional and unexpected features of the system,
leading to new and more sophisticated predictions.
In both memory and circadian timing, external events drive CREB activation; here
internally generated loop dynamics determine CREB’s activity level. This difference relates to a
potentially important insight: the respite after initial satiety is a direct consequence of the animal’s
motivational state before goal achievement. This may be a useful concept for thinking about the
relationship between the motivation and satiety states controlling many behaviors—and may help
explain why we derive satisfaction from achieving long-sought goals.

METHODS
Fly Stocks
Fly husbandry was performed as previously described (Zhang et al., 2016). Flies were
maintained on conventional cornmeal-agar medium under a 12-hr light/12-hr dark cycle at 25 °C
and ambient humidity. Due to the focus of this study, all tested flies were adult males. Unless
otherwise stated, males were collected on the day of eclosion and group-housed away from
females for 3-4 days before testing. Virgin females were generated using a hs-hid transgene
integrated on the Y-chromosome (Boutros et al., 2017; Dietzl et al., 2007). The following fly strains
were backcrossed to a standard w1118 background (Bloomington 5905): NPF-Gal4, NPF-RNAi,
CREB2-RNAi, VAChT-RNAi, and UAS-Kir2.1. All behavioral experiments were carried out within
the first 10 hours of each light day-phase. Detailed genotypes of all strains are listed in Table S4.
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Generating R42G02-p65AD Flies
The R42G02 fragment (gift from the Rubin Lab) (Zhou et al., 2014) was subcloned into
the pBPp65ADZpUw backbone vector using Gateway cloning system. The resulting construct
was inserted into the attP40 locus in Chromosome II (Rainbow Transgenic Flies). The
transformants were verified with PCR.

Courtship Assays
Courtship assays were used to test if a manipulation decreases mating drive and were
carried out in the same setting as previously described (Boutros et al., 2017; Zhang et al., 2016).
A male fly (3-4 days old) and a w1118 virgin female fly were videotaped in cylindrical courtship
chambers (10 mm diameter and 3 mm height) at 23 °C and ambient humidity.
For thermogenetic experiments using TrpA1, half of the males were assayed at 23 °C,
and the other half at a higher temperature (28.5 °C or 30 °C). For optogenetic experiments using
CsChrimson or GtACR1 (Klapoetke et al., 2014; Mohammad et al., 2017), newly eclosed male
flies were transferred to aluminum-foil-wrapped vials containing rehydrated potato flakes and 100
µL of all-trans-retinal stock solution (50 mM in ethanol) for 3 days before experiments. In these
experiments, half of the males were assayed under ambient light conditions, and the other half
under 655-nm red light (~100 µW/mm2). For conditional silencing experiments involving
TubGal80ts (e.g., Figure 17F), male flies were moved to 30 °C after eclosion and kept there
(isolated from females) until the assay, which took place at 23 °C.
For the thermogenetic and optogenetic experiments in Figures 22C-22H, flies were
treated with red light (655 nm, ~100 µW/mm2), green light (530 nm, ~100 µW/mm2), or heat (32 °C)
until the assay, which took place at 23 °C and under ambient light. These treatments were either
delivered in bulk (30 min) or pulses (5 min with15 min between pulses). The assays took place
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immediately after the treatment, except for the one shown in Figure 22H, which was carried out
4 hours later to demonstrate the persistence of the induced satiety.

Satiety Assay and Reversal
Satiety assays were used to test if a neuronal population (e.g., dopaminergic neurons)
has an acute motivation-promoting effect and were carried out as previously described, with minor
modifications (Zhang et al., 2016). Individual male flies were placed with ~15 virgin females in a
food vial at 23 °C and ambient humidity for 4.5 hours. Mating behaviors (courtship and copulation)
were scored manually at time points: 0.5, 1, 4 and 4.5 hours. 4.5-hour satiety assays were used
to satiate males for courtship and imaging experiments.
To thermogenetically revert satiety, the temperature was raised after the last time point,
and mating behaviors were scored 20 minutes after the incubator reached the appropriate
temperature. In some experiments (e.g., Figure 18G), we took an additional time point 30 min
after lowering the temperature back to 23 °C.
In some experiments, we used a 2-dimensional variant of the satiety assay for flies that
take longer to satiate (e.g., Figure 16J). The main difference is that, instead of standard food
vials, these assays were performed in cylinders (~2.75 cm diameter and ~4 mm height) with floors
made of fly food (but see Boutros et al., 2017 for details). These assays allow video filming and
scoring but are more difficult to carry out in bulk than regular satiety assays. In our experience,
flies mate slightly more often in the smaller space, presumably due to more tapping behaviors
and chances to initiate courtship (Zhang et al., 2018). For conditional silencing experiments
involving TubGal80ts (e.g., Figure 16J), male flies were moved to 30 °C after eclosion and kept
there (isolated from females) until just before the assay, which took place at 23 °C.
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Artificial Satiety Assays
To search for satiety-inducing neurons, we thermogenetically stimulated males expressing
TrpA1 in subsets of sexually dimorphic neurons at 27 °C (Fru-Gal4) or 30 °C (all other Gal4 lines)
for 4.5 hours. Satiety was then measured with an abbreviated satiety assay using only 2 time
points: 0.5 and 1 hour. This satiety assay was carried out at 23 °C.

Recovery Assays
Recovery assays were used to test if a neuronal population (e.g., pCd neurons) controls
the recovery of motivation. Satiated males were isolated from females for 12-13 hours before their
drive recovery was re-assayed with an abbreviated assay that consists of only 2 time points: 0.5
and 1 hour. The recovery took place at either ambient temperature (e.g., Figure 20K) or with
thermogenetic stimulation (e.g., Figure 17B). The second, abbreviated assay was always carried
out with new females at 23 °C, either immediately after the temperature had re-equilibrated (which
usually takes ~15 minutes) or after a 4-hour delay to demonstrate the persistence of drive
recovery. In Figures 16A and 16B, we use recovery to validate the authenticity of the artificially
induced satiety (as opposed to a transient incapacitation). In these experiments, the following
recovery time points were used instead (all with new females): immediately after satiety, 24, 48
and 72 hours later.
To measure of the recovery of hypersexual males (e.g., Figure 20K), which take longer
to satiate, we ensured the initial satiety of these males by extending the satiating step by an
additional 4-6 hours.
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Antibody Staining and Confocal Microscopy
Antibody staining was performed as described before (Zhang et al., 2016). Briefly, fly
brains were dissected in Schneider’s medium and immediately fixed in 4% paraformaldehyde
dissolved in PBS with 0.3% Triton X-100 (PBST) for 20 minutes. After 3x 20-minute washes with
PBST, the brains were incubated with the primary antibodies diluted in PBST (chicken anti-GFP
1:1000 and mouse anti-nc82 1:7) at 4 °C for 48 hours. After another round of 3x 20-minute washes
with PBST, the brains were incubated with the secondary antibody diluted in PBST (donkey antichicken 1:400 and donkey anti-mouse 1:400) at 4 °C for 48 hours. Then, after a final round of 3x
20-minute washes, the brains were mounted on a glass slide using standard procedures.
Confocal sections were acquired using an Olympus Fluoview 1000 microscope at 3-µm intervals.

Baseline Calcium Imaging of Dissected Brains
Fly brains expressing GCaMP6s (Chen et al., 2013) and, whenever possible, tdTomato
were dissected from 3-6-day-old males in HL3.1 solution (Feng et al., 2004) and mounted
anterior-side down onto the base of a glass-bottom Petri dish housing 3 mL HL3.1 saline, as
previously described (Zhang et al., 2016). Confocal sections (4-7 sections at 3-µm intervals) were
taken from the anterior of the superior medial protocerebrum (SMPa). Whenever possible, we
also co-expressed and imaged tdTomato in the same cells, to normalize the GCaMP6s signal.
Whenever possible, we also imaged from unrelated brain regions (the mushroom body) to show
that the changes are specific to the SMPa. For chemogenetic experiments involving ORT, after
the first round of imaging, 20 µL of 7.5 mM histamine was carefully pipetted along the inside edge
of the dish into the saline, to reach a final concentration of 50 µM, and a second round of imaging
was performed 5 minutes after. For controls, the same procedures were applied to male heads
that did not express ORT (although containing the transgene). For thermogenetic experiments
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involving TrpA1, the flies were either stimulated at 30 °C for 4.5 hours (Figures 16L-16M and
S16J), or satiated and then stimulated for 12 hours (Figures 17D-17E and S16M) before
dissection.

Wide-field Activity Imaging with P2X2 Stimulation
An upright Leica DM5500 B scope was used for these calcium imaging experiments. We
used GCaMP6s (Chen et al., 2013) to report trans-synaptic excitation and ASAP1 (St-Pierre et
al., 2014) for inhibition. Brains of 3-to-6 day old males were dissected and mounted posterior-side
down on a coated Petri dish containing 3 mL of HL3.1 solution (Feng et al., 2004), as described
before (Zhang et al., 2016). This preparation preserves dopaminergic, NPF and pCd neurons, but
severs the ascending axons of CRNs. GCaMP6s or ASAP1 fluorescence of dopaminergic, NPF
and pCd projections at SMPa were identified with baseline fluorescence and imaged for 150
frames at 1 frame/second. At Frame #40, 20 µM 150 mM ATP solution (pH pre-adjusted) was
carefully pipetted along the inside edge of the Petri dish to reach a final concentration of 1 mM.
For controls, the same procedures were applied to male heads that did not express P2X 2 (though
they contained the UAS transgene).

Measuring CREB Activity
To measure CREB activity we used a flp-dependent luciferase construct driven by the
cAMP-response element (CRE) promoter (Tanenhaus et al., 2012), with UAS-flp driven in the
neurons under examination. The luciferase assays were performed using a commercial kit
(Promega, E1910). Brains of 3-6-day-old males were dissected in HL3.1 solution and transferred,
in groups of 3, into 50 µL dissociation solution for 5 minutes at -20 °C. Then, a 20 µL supernatant
of the dissociation solution was added to 50 µL substrate solution, and the luciferase activity was
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measured in a photoluminometer (Turner Designs TD-20/20) over a 5-second window. For
experiments involving satiated males, males were satiated as described above before dissection.
For experiments involving TrpA1, males were either thermogenetically stimulated at 30 °C for 4.5
hours, or satiated and then thermogenetically stimulated, before dissection.

Fluorescent in situ hybridization
Brains dissected from overnight-satiated and naïve wild-type Canton-S males were used
for these experiments. Single-molecule fluorescent in situ hybridization (smFISH) was performed
following the published protocol (Long et al., 2017), with the exceptions that we omitted 1) the
overnight incubation in 100% ethanol and 2) the bleaching steps using sodium borohydride.
Fluorescence-tagged Task7 (Quasar 570) and Dsx (Quasar 670) probes were designed and
manufactured using a commercial source (LGC Biosearch Technologies, see Table S6 for probe
sequences). Confocal sections were acquired using an Olympus Fluoview 1000 microscope at 3µm intervals.

Screening for Molecular Inputs and Outputs of CREB
To search for molecular modulators of CREB activity in pCd neurons, we conducted a
targeted screen through genes that have been previously shown to do so in other systems
(Horiuchi et al., 2004; Lonze and Ginty, 2002; Mayr and Montminy, 2001; Mayr et al., 2001; Sweatt,
1997): PKA subunits (PKA-R1, PKA-R2, PKA-C1, PKA-C2, PKA-C3), Ras family (Ras-64B, Ras85D), PKC family (PKC-53E, PKC-98E, aPKC), MAPK family (bsk, rl, p38A, p38B, p38C), RSK
family (S6k, S6kII), Akt (Akt1), CaMKII, Casein Kinase family (CK1α, CKIIα, CKIIβ, CKIIβ2),
Calcineurin family (CanA1, CanB, CanB2), PP1 family (PP1-13C, PP1-87B, PP1α-96A).
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To begin searching for transcriptional targets of CREB that are used to suppress neuronal
activity, we first carried out a genomic search for either palindromic (TGACGTCA) or partial CRE
sites (AGACGTCA, GGACGTCA, CGACGTCA, TAACGTCA, TTACGTCA, TCACGTCA,
TGTCGTCA, TGGCGTCA, TGCCGTCA) that are located within 1 kB upstream of transcription
initiation sites (Flybase data release 6.05) (Mayr and Montminy, 2001). Then we tested all putative
inhibitory channels from this list: Sandman, CG34396, ClC-a, ClC-b, ClC-c, CG5404, CG6938,
Irk2, and Task7. The Matlab code used for the genomic search is available online.

Pharmacology
ATP was prepared in a 150 mM solution in HL3.1. Histamine was prepared as a 7.5 mM
solution in HL3.1.

Analysis of Courtship Behavior
The courtship index was manually scored as previously described (Boutros et al., 2017;
Zhang et al., 2016). It is defined as the fraction of time during which the male fly is engaged in
mating behaviors (courtship and copulation) over 5 minutes after courtship initiation. A bout of
courtship was scored as initiated when the male oriented toward the female, began tracking her,
and unilaterally extended his wing to sing to her. A bout was scored as terminated if the male
stopped tracking the female or turned away from the female. Once courtship is terminated, it is
almost never reinitiated within 10 seconds. Whenever possible, terminations were verified by the
male not resuming courtship without tapping when the female passed in front of him again.
For experiments that measure tap-induced courtship probabilities, the experimenter who
scored the videos was blind to the genotypes and experimental conditions. Taps are defined as
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a male foreleg touching any part of the female body before. In our assays, courtship is always
initiated by a tap, always within a few seconds, and most often within 500 ms. The details of this
analysis can be found in Zhang et al., 2018. Briefly, we calculated the cumulative courtship
probabilities (y) after each tap (x). We plotted –Ln(1 – y) against x fitted a straight line that is
forced through the point of origin ([0, 0]). The Y-axis ticks are labeled with the same log
transformation. This fitted line represents the expected cumulative courtship-initiation probability
if the tap-to-courtship transitions are modeled as a perfect coin (with varying odds). A steeper line
represents higher courtship probability (i.e., high odds of the coin). From the slope of the line (s),
we can calculate the per-tap courtship probability as 1 – e–s.
We used bootstrapping to perform hypothesis tests on courtship probabilities, with the
underlying null hypothesis that these two datasets were generated with the same unknown
courtship probability. Before bootstrapping, we first pooled two datasets together. Then, we
resample two bootstrapped datasets from the pooled data with the same N as in the experiments.
Then, using the same linearization and linear regression procedures, we calculated new,
bootstrapped courtship probabilities. We calculated their difference and repeated the resampling
and re-calculations 100,000 times. The p-value is then calculated as the fraction of iterations that
generate a difference in courtship probabilities that is at least as large as the experimental one.
We used Bonferroni corrections to adjust the p-values for multiple comparisons. The MATLAB
code to perform these calculations is available online.

Analysis of Satiety and Recovery Assays
For standard 4.5-hr satiety assays, individual males were paired with ~15 virgin females
and mating behaviors (courtship or copulation) were scored at 30 minute intervals, generally over
4.5 hours. A within-group (5-7 males per group) average was generated for each time point. The
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first two (generally 0.5 and 1 hour) and last two (generally 4 and 4.5 hour) time points were
averaged to generate Initial and End percentages, respectively. A satiety index was calculated
for each group as (%Initial – %End) / %Initial. For 2-dimensional satiety assays, we scored every
mating bout throughout the assay. See (Boutros et al., 2017) for details.
For the abbreviated satiety assays, instead of generating satiety indices, we reported the
average percentage of mating behaviors of two time points. This also applies for the artificially
induced satiety (Figures 16A and 16B).
Recovery assays were scored the same way as satiety assays, except that we reported
the average percentage of mating behaviors from 1) the last two time points in the satiating phase
and 2) the first (and only) two time points immediately after recovery. In experiments where we
tested the persistence of recovered drive (e.g., Figure 17B), we also reported the average
percentage of mating behaviors at a time point 4 hours after the conclusion of full 4.5-hr satiety
assays.

Quantifying Imaging Data
For wide-field imaging using P2X2 stimulation, fluorescence data were analyzed by
selecting a region of interest from a pre-stimulation frame of the lateral protocerebrum. The
regions of interest were kept roughly the same size between experiments.
For imaging of baseline calcium level, after one person (S.X.Z.) took the images, another
person (M.F., C.B., L.M., B.G., A.C., or E.G.) selected regions of interest (ROIs) of ipsilateral
SMPa, mushroom body medial lobe, and background (near the antennal lobe, where dopamine
projections are sparse) using the tdTomato channel (e.g., Figures 19A) or the GCaMP6s channel
(e.g., Figure 16L). ROI sizes were kept roughly the same between samples. Average pixel
fluorescence in each ROI was calculated with a custom-written MATLAB script. Whenever
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possible,

normalized

fluorescence

was

calculated

as

(GCaMP6s_SMPa

–

GCaMP6s_background) / (tdTomato_SMPa – tdTomato_background). If normalization was not
possible (i.e., no tdTomato), we reported the raw GCaMP6s fluorescence instead
(GCaMP6s_SMPa – GCaMP6s_background). The same formulas were used for the mushroom
body medial lobe as well. For experiments involving ORT, the same analysis was performed again
on the post-histamine images. The MATLAB code to perform these step is available online.
For smFISH quantification, we used a custom, semi-automated MATLAB script to
segment images and measure fluorescence intensities. After selecting a general ROI that
contained the pCd cell bodies (i.e., superior medial protocerebrum) using the Dsx channel, the
software applies a series of common image-processing steps to both channels to segment out
cells that express Task7 and/or Dsx: 1) Gaussian filtering to smooth noise, 2) using the “imopen”
function to correct for background unevenness, 3) thresholding by intensity to identify puncta, and
4) thresholding by area to remove isolated pixels. Task7-positive puncta were then grouped by
whether they are also co-labeled by Dsx. Finally, the shapes, sizes and locations of the puncta
were used to mask the original, unprocessed images to measure Task7 probe intensities (shown
in Figure 20Q). Given that these Dsx+ puncta have similar cluster size and location as pCd
neurons, we refer to them as pCd in the chapter. Background fluorescence was estimated by
measuring the intensities in an unrelated brain region (i.e., antenna lobe) and subtracted from the
data. The MATLAB code to perform these calculations is available online.

Modeling of Mating Drive Circuitry
In Figure 21, we illustrate the feasibility of our mating-drive model by implementing it using
a set of 6 linear ordinary differential equations describing changes in NPF activity (ΔNPF), pCd
activity (ΔpCd), CREB activity in NPF (ΔCREBNPF), CREB activity in pCd (ΔCREBpCd), CREB
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effectors in NPF (ΔEffectorNPF), and CREB effectors in pCd (ΔEffectorpCd). The bulk of the
equations are written exactly as in Figure 21B, with the addition of Poisson noise terms added to
both NPF and pCd activity (so their activity could build up as in Figure S20). The MATLAB code
for analysis is available online.
Changes in neuronal activity are written as a sum of synaptic input (e.g., +α 2∙NPF) and
inhibition by CREB effectors (e.g., -δ1∙EffectorpCd). For inhibition here and in the rest of the model,
we have also used non-linear terms (e.g., writing inhibition of pCd by CREB Effector as δ1∙pCd∙EffectorpCd instead of -δ1∙EffectorpCd), with similar results. We settled on this version only
because of its simplicity.
Changes in CREB activity are written as exactly tracking the corresponding neuronal
activity (e.g., ΔCREBpCd = β1∙dpCd). This fits our observations of their relationship (Figures 19A19B, 20A and 20C). This relation however may not hold true on a faster time scale (milliseconds),
which our model does not use. We have also modeled changes in CREB activity as a function of
neuronal activity (e.g., ΔCREBpCd = β1∙pCd – ζ1∙CREBpCd) with similar outcomes.
Changes in CREB effectors are written as a linear sum of CREB activity (e.g., +γ 1∙CREBpCd)
and Effector turnover (-ε1∙EffectorpCd). However, since CREB is a transcriptional factor, it is
unlikely to have an instantaneous impact on its effectors (e.g., TASK7), so we built in a delay
between CREB activity and changes in Effector levels. For the purpose of illustration, we
arbitrarily chose 16 hours as the delay (i.e., CREB level now determines ΔEffector 16 hours later).
The exact length of the delay does not affect the conclusions of the model.
The satiating effect of matings is implemented by adding a negative constant to the ΔNPF
when the fly mates. Stimulation of pCd neurons is implemented by adding a positive constant to
the ΔpCd term during the stimulation window (Figure 21E). We have also used other methods
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for both satiation (e.g., -η2∙NPF) and stimulation (e.g., setting pCd activity at a fixed level during
the stimulation window), again with similar results.
Finally, since activity changes in one population (e.g., NPF) do not instantaneously affect
the activity of the other population (e.g., pCd) (Figures 17G and 18K), we suspect these neurons
have mechanisms to sustain, at least to some extent, their current activity level. This could be
because both pCd and NPF neurons receive other inputs outside the recurrent loop (suggested
in Figures 21A and 21B), have persistent activity, form recurrent sub-loops within each
population, etc. We implemented the sustaining effect by simply adding a proportional loss term
to both ΔpCd (-μ∙pCd) and ΔNPF (-μ∙NPF). This could be interpreted as either 1) persistent
activity in both populations that decays exponentially over time, or 2) both neurons forming
recurrent pCd-loops or NPF-loops, with or without additional populations. We have also
implemented this sustaining effect by other means, such as using a third population that receive
excitation from both NPF and pCd neurons and also feedback on both, with similar results.

Reanalysis of single-cell sequencing data
In Table S5, we show reanalysis results of two published single-cell sequencing datasets
in order to confirm the expression of certain genes in our neuronal populations (e.g., NPFR in
dopamine neurons) (Croset et al., 2018; Davie et al., 2018). The Croset et al. dataset is accessed
as their Figure 1 source data 1 (https://doi.org/10.7554/eLife.34550.007). The Davie et al dataset
is accessed via the NIH Gene Expression Omnibus (GSE107451). We used the 57k-neuron
dataset. We performed our analyses on the raw, as opposed to normalized, expression data.
Neurons are defined as cells that express both elav and nSyb. Dopaminergic neurons are defined
as cells that are positive for elav, nSyb, and ple. NPF neurons are defined as cells that are positive
for elav, nSyb, and NPF. Since there are no known exclusive markers for pCd neurons, we instead
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identified putative pCd neurons that are elav-, nSyb-, dsx-positive but fru-negative. This method
has the caveat that it excludes 1-2 fru-positive pCd neurons and includes pC2, as well as some
pC1 (but not P1) neurons. Using these criteria, we generally found similar results from the two
datasets. The MATLAB analysis code is available online.

Additional Statistical Tests
One-way ANOVA, two-way ANOVA and student’s t-test were performed using Prism 7.
All One-way ANOVA tests use post-hoc Tukey corrections. All Two-way ANOVA tests use posthoc Bonferroni corrections.

Data and software availability
MATLAB scripts and functions used to 1) quantify calcium transients, 2) analyze tapinduced courtship initiation, 3) analyze in situ hybridization data, 4) model motivational dynamics,
and 5) reanalyze 2 published Drosophila single-cell sequencing datasets can be found available
online at https://github.com/CrickmoreRoguljaLabs.
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Chapter 5. Conclusions

Conclusions
Courtship in male Drosophila is calibrated by mating drive to the animal’s reproductive
capacity. Mating drive reflects – but is not instructed by – an animal’s reproductive capacity. The
apparent dissociation between goal achievement (e.g., a transfer of reproductive fluids) and the
neural representation of that goal achievement (e.g., a decrease in mating drive) is also seen in
the hunger-promoting AgRP neurons in the arcuate nucleus (Betley et al., 2015; Chen et al., 2015;
Mandelblat-Cerf et al., 2015) and in the behavior-reinforcing dopaminergic neurons of the ventral
tegmental area (Cohen et al., 2012; Schultz et al., 1997). This disassociation is perhaps a
hallmark of motivational neurons.
Mating drive is controlled by SMPa-projecting dopaminergic neurons, whose activity
gradually diminishes over repeated matings and recovers over three days after an animal reaches
satiety. These dopaminergic neurons transmit motivational signals to the courtship-commanding
P1 neurons via the receptor DopR2. Given the decisive and specific role of P1 in courtship, I
believe this circuit logic, where a motivation gates the transition from sensory signals to behavioral
choices, ensures the motivation’s behavioral specificity. Behavior-commanding neurons have
also been found in mammals, such as the aggression neurons in the ventral-medial hypothalamus
(Lin et al., 2011), hunting neurons in the amygdala and hypothalamus (Park et al., 2018), and
escape neurons in the periaqueductal gray (Evans et al., 2018). Since aggression, hunting, and
escape likely share common sensory pathways (e.g., visual and olfactory object identification)
and motor programs (e.g., running), these behaviors’ command neurons should be ideal targets
of their respective motivations.
To initiate courtship, a male fly taps on a female with one of his pheromone-receptorbearing forelegs (Kohatsu et al., 2011; Spieth, 1974; Thistle et al., 2012). We found that each tap
triggers courtship with a fixed probability. This memoryless coin-flip model may be necessitated
by the sensory limitations (e.g., poor vision, Hecht and Wald, 1934) that prevent a male from
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reliably identifying and tracking a tapping target. The coin-flip model may also apply in mammals
behaviors that are triggered by transient sensory inputs such as the looming-escape behavior
(Evans et al., 2018).
The odds of courtship initiation, though stable from tap to tap, scale with a male’s mating
drive. The dopamine-to-P1 motivational signal increases courtship probability by desensitizing P1
to the inhibitory component of the sensory stimulation that originates with a tap. This circuit logic
allows dopamine to adjust courtship propensity without triggering the behavior autonomously
when there are no targets. The inhibitory signals derived from tapping males and females are
mediated by different GABAergic receptors at P1, so that selection against inappropriate targets
is also maintained even under high drive conditions. Given the prevalence of feedforward
inhibition in mammalian sensory (Porter et al., 2001), subcortical (Bissière et al., 2003), cognitive
(Finch et al., 1988), and motor regions (Alexander et al., 1986), I believe similar mechanisms may
be a general tool to afford plasticity to behavioral circuits.
I found that the same dopamine-to-P1 signal also sustains an ongoing courtship bout
through two mechanisms. First, the same desensitization mechanism prevents a tap from
terminating ongoing courtship. This finding highlights a unique advantage of modulating
feedforward inhibition: that it can switch the overall sign (excitatory vs inhibitory) of the same
inputs to a neuron (e.g., tapping to P1). Following the same logic, neurotransmitter co-release,
usually in excitatory-inhibitory pairs (e.g., glutamate and GABA, dopamine and GABA) (Granger
et al., 2017), may be a mechanism to increase the dynamic range of a single, plastic synapse.
Sign-switching of the same tapping-to-P1 circuit has recently been shown in two closely related
species of Drosophila (Seeholzer et al., 2018), suggesting that it may be a shared mode of circuit
modulation by motivation and through evolution.
The second way that the dopamine-to-P1 signal prolongs courtship bouts is by promoting
persistent activity in P1 neurons, potentially via increasing nAChRα6-mediated recurrent
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excitation. This is the first time persistent activity has been directly observed in P1 neurons,
although it has been suggested by prior behavioral results (Hoopfer et al., 2015; Inagaki et al.,
2014). The multipronged circuit modulation by the same dopamine-to-P1 signaling ensures that,
regardless of the animal’s motivational state, different aspects of a behavior are coordinated
towards a unified goal.
Upstream of dopamine, mating drive is held and adjusted in a recurrent loop between
cholinergic pCd and peptidergic NPF neurons. The loop activity is signaled to dopamine neurons
via the peptidergic receptor NPFR. The transcription factor CREB is activated by electrical activity
within pCd and NPF neurons, possibly through activity-dependent phosphorylation and/or
dephosphorylation by CKIIβ2 and PP1α96A, respectively. High CREB activity induces the
transcription of inhibitory products such as the potassium channel subunit Task7 to suppress loop
activity. This intracellular negative feedback loop, where high neuronal activity triggers CREBdependent transcription of Task7, stabilizes maximum loop activity (and therefore mating drive).
It highlights perhaps one important rule of motivation: that it normally operates at only a fraction
of the circuit’s capacity (e.g., without CREB). Pharmacological agents that alter the activity range
can have a profound and prolonged impact on the corresponding behavior(s) (e.g., addiction; see
Lüscher and Malenka, 2011).
During matings, copulation reporting neurons reduce loop activity to impose satiety. I
found that loop activity is more susceptible to episodic than prolonged silencing, either directly via
GtACR1 or indirectly via stimulation of copulation reporting neurons. This surprising result
provides an explanation for our prior observations that male flies apparently count the number of
matings to determine satiety. Since a male transfers reproductive fluids once per mating, it is
advantageous to evolve a satiety circuit that counts matings and buffers against variabilities in
mating durations (Crickmore and Vosshall, 2013). The ability of recurrent circuitry to segment out
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individual events from continuous information may also be useful in other systems, such as
cognitive sensory processing (Deller et al., 1993).
After matings, diminished loop activity inactivates CREB, but its inhibitory products (e.g.,
Task7) endure and slow the reaccumulation of loop activity over multiple days. In this way, the
decrease of mating drive depends on the fast timescales of neuronal firing and transmission,
whereas the recovery depends on the much slower timescales of protein turnover (e.g., Okada et
al., 2013). The opposing timescales of the circuit components therefore explain the common
asymmetrical timescales of motivational rise and fall (e.g., see Zimmerman et al., 2017). The
observation that the satiety-sustaining CREB effectors are made during high motivation (high
CREB) may also explain why goal achievement in the absence of motivation (e.g., snacking when
not hungry) often fails to result in meaningful satiety (Marmonier et al., 2002).
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Supplemental figures

Figure S1 (related to Figure 1). Additional information on Drosophila satiety. (A) An
ethogram of wild-type males’ mating bouts during satiety assay. Each row shows the copulation
activity (dashes) of a single fly housed with ~25 females. This panel uses the same data set as
the wild-type data in Figures 2B and 2C. (B) Two studies have shown increased courtship from
males that were raised in isolated conditions, either when presented with a decapitated female
(Dankert et al., 2009) or when P1 neurons were optogenetically stimulated in the absence of a
courtship target (Inagaki et al., 2014). In the satiety assay, we do not find an effect of social
isolation on mating behaviors (mean ± SEM, n=5-7 groups of 5-6 assays). (C) Males aged for 10
days before the satiety assay show elevated mating behaviors in the satiety assay compared to
3-day old males (mean ± SEM, n=6-7 groups of 5-6 assays). (D) ken males, which cannot
copulate due to defects in external genitalia, do not satiate (n.s. not significant, t-test; mean ±
SEM, n=5 groups of 3-6 assays). Detailed genotypes of all strains are listed in Table S1.
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Figure S2 (related to Figure 3). Thermogenetic stimulation of dopaminergic neurons
increases both copulation and courtship in satiated males. (A and B) Satiety indices for both
copulation (A) and courtship (B) decrease when dopaminergic neurons are stimulated (red).
These effects are not blocked by TshGal80 (orange), which suppresses Gal4 activity in the VNC.
No satiety reversal is seen in parental controls (grey and black) (**p<0.01, ***p<0.001 indicates a
significant interaction term in a two-way ANOVA testing the effects of temperature and genotype;
mean ± SEM, n=6-13 groups of 6-8 males). Satiety indices for copulation and courtship were
calculated from data shown in Figure 2A. Detailed genotypes of all strains are listed in Table S1.

Figure S3 (related to Figures 3 and 4). Locomotor activity of flies with altered dopaminergic
signaling. (A) Thermogenetic stimulation of neither TH-C’ nor TH-D’ neurons increases
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Figure S3. (Continued)
locomotor activity compared to control genotypes (***p<0.001 indicates a significant interaction
term in a two-way ANOVA, testing the effects of temperature and genotype; mean ± SEM, n=917). See Experimental Procedures for descriptions of the 10-minute locomotion assays. (B)
DopR2 (damb) mutation (magenta; DopR2attp) does not decrease locomotor activity when
compared to the wild type background strain (n.s. not significant, t-test; mean ± SEM, n=8-9).
Detailed genotypes of all strains are listed in Table S1.

Figure S4 (related to Figure 3). Dopamine promotes mating drive. RNAi knockdown of
Tyrosine Hydroxylase (encoded by pale) in neurons labelled by TH-C’ or TH-D’, but not TH-F or
TH-G, decreases courtship (***p<0.001, one-way ANOVA with Tukey post-test, mean ± SEM,
n=8-22). Detailed genotypes of all strains are listed Table S1.
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Figure S5 (related to Figure 3). FruGal80 does not block non-PAL dopaminergic cluster
cells labelled by TH-C’ or TH-D’. Cells were counted blind to genotype (see Experimental
Procedures) from the brain images used in Figure 3E (n.s. not significant, t-test; mean ± SEM,
n=13-18 hemispheres per genotype). Detailed genotypes of all strains are listed in Table S1

Figure S6 (related to Figure 5). Stimulating P1-B neurons does not induce courtship in the
absence of a target. (A) Thermogenetic stimulation of all Fruitless neurons (pink) drives courtship
behaviors in the absence of a target. When only P1-B neurons are activated, no courtship
behaviors are seen in the absence of a target (purple) (***p<0.001 indicates a significant
interaction term in a two-way ANOVA, testing the effects of temperature and genotype; mean ±
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Figure S6. (Continued)
SEM, n=8-15). (B) Controls for GRASP experiments shown in Figure 5E. Dashed lines
circumscribe the central brain. Scale bars represent 20 µm. Detailed genotypes of all strains are
listed in Table S1.

Figure S7 (related to Figure 6). Satiety state does not change the strength of TH-Gal4. (A)
No change is seen in the TH>tdTomato fluorescence in SMPa across different satiety states
(n.s. not significant, one-way ANOVA; mean ± SEM, n=13-16). This panel uses the same data
set as in Figure 6B. (B) No change is seen in the fluorescence reported by immunostaining of
fixed TH>GCaMP6s in SMPa (n.s. not significant, one-way ANOVA; mean ± SEM, n=8). The
samples were fixed the same way as in other experiments, and a chicken anti-GFP antibody
was used (see Experimental Procedures for details about the antibody). Detailed genotypes of
all strains are listed in Table S1.
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Figure S8 (related to Figure 8). A coin-flip model describes courtship initiation probability.
(A) Ethograms of taps and courtship behaviors by wild-type flies in varying states of satiety. Data
were generated by randomly sampling flies from the same videos used for Figure 8. (B) The R2
value of the linear fit for the naïve group in Figure 8E is greater than 99.9% of all permutated
possibilities using the same number of flies (see STAR Methods). (C) Cumulative distribution of
the chances (i.e., p values) of getting R2 values at least as high as the experimental ones (from
all 109 experiments, see Table S2 for a list) when compared to all permutated possibilities of
each experiment. The p value distribution is statistically different from the diagonal line (i.e., the
distribution of p values when the sim-
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Figure S8. (Continued)
ulated dataset is compared to itself) (***p<0.001, Kolmogorov–Smirnov test). See STAR Methods
for details. (D) Same as (C) but compared with simulated coin-flips instead (not significant,
Kolmogorov–Smirnov test). (E) The timing of the 1st, 2nd and 3rd pre-courtship taps by a male fly
is unaffected by the mating status of the female (Mean ± S.E.M., not significant, one-way ANOVA,
n = 48-51 males). (F) Tapping mated females results in a low probability of courtship initiation
(***p<0.001, bootstrap, n = 48-51 males). (G-H) Courtship latencies (G) and indices (H) of wildtype males with in varying states of satiety (n = 48-51 males). These two panels use the same
data set as in Figure 8. See Table S3 for genotypes and the numbers of animals for each
experiment.
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Figure S9 (related to Figures 9 and 13). Temperature alone has no effect on courtship
initiation and termination. (A-C) Changes in temperature alone do not affect courtship
probabilities in no-Gal4 control groups (bootstrap, A: 31-39 males, B: 30-38, C: 30-31). (D-F)
Changes in temperature alone do not affect tap-induced or spontaneous terminations in no-Gal4
control groups (Mean ± 95% C.I., n.s. not significant, Fisher’s exact test, D: 31-39 males, E: 3038, F: 30-31).

137

Figure S10 (related to Figures 9 and 13). Effects of stimulating or silencing dopaminergic
subsets on courtship initiation and maintenance. (A-D) Thermogenetic stimulation of TH-C’
(A) and TH-D’ (B), but not TH-F1 (C) or TH-G1 (D), neurons increases courtship probability in
both naïve and satiated males (***p<0.001, n.s. not significant, bootstrap, A: n = 27-30 males, B:
n = 32-35, C: n = 29-42, D: n = 27-31). (E-H) Conditionally silencing TH-C’ (E) and TH-D’ (F), but
not TH-F1 (G) or TH-G1 (H), neurons in adults decreases courtship probability (***p<0.001, n.s.
not significant, bootstrap, E: n = 20-27 males, F: n = 29-37, G: n = 27-32, H: n = 30-31). All flies
in this figure were raised at 23 °C until eclosion, when half of them were transferred to 30 °C for
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Figure S10. (Continued)
3 days before experiments. (I-L) Thermogenetic stimulation of TH-C’ (I) and TH-D’ (J), but not
TH-F1 (K) or TH-G1 (L), neurons decreases tap-induced and spontaneous terminations in
satiated males (Mean ± 95% C.I., ***p<0.001, n.s. not significant, Fisher’s exact test, I: n = 27-30
males, J: n = 32-35, K: n = 29-42, L: n = 27-31).

Figure S11 (related to Figures 9, 13 and 15). Control of courtship initiation and maintenance
by dopamine-to-P1 signaling. (A) The timing of the 1st, 2nd and 3rd pre-courtship tap by either
naïve or satiated male flies is unaffected by thermogenetic stimulation of dopaminergic neurons
(Mean ± S.E.M., n.s. not significant, one-way ANOVA, n = 26-31 males). This figure uses the
same dataset as in Figures 9B and S9A. (B-C) Thermogenetic stimulation of VT02857 (B) or
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Figure S11. (Continued)
NP5945 (C) neurons does not change courtship probability in either naïve or satiated males (n.s.
not significant, bootstrap, B: n = 22-28 males, C: n = 27-34). (D-E) Thermogenetic stimulation of
P1 (D) or VT02857+NP5945 neurons (E) decreases both tap-induced and spontaneous
termination in 4.5-hour satiated males (Mean ± 95% C.I., Fisher’s exact test, D: n = 27-31 males,
E: n = 29). See Figures S9D-S9E for no-Gal4 controls. (F-G) Thermogenetic stimulation of either
VT02857 (F) or NP5945 neurons (G) alone does not alter tap-induced or spontaneous termination
in satiated males (Mean ± 95% C.I., n.s. not significant, Fisher’s exact test, F: n = 22-28 males,
G: n = 27-34). (H) P2X2 stimulation of dopaminergic neurons does not induce calcium transients
in P1-B neurons (Mean ± S.E.M., n = 6-7 male brains). (I) Bath application of dopamine does not
induce calcium transients in P1-B neurons (Mean ± S.E.M., n = 6-7 male brains).

Figure S12 (related to Figures 9-13). The role of tapping circuitry in satiety. (A-B) Thermo-
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Figure S12. (Continued)
genetic stimulation of either vAB3 (A) or PPN1-S neurons (B) does not increase courtship
probability in satiated males (n.s. not significant, bootstrap, A: n = 28-37 male, B: n = 24-34). See
Figure S9B for no-Gal4 controls. The PPN1-S-Gal4 line is named after the Scott lab, where it
was first characterized. (C-D) 20 mM KCl induces strong calcium influx following P2X 2 activation
experiments, demonstrating that the cells are still alive (Figures 10A and 10B) (Mean ± S.E.M.,
n = 4-5 male brains for both panels). The first 120 seconds (-20 to 100 seconds) of each panel
share parts of the datasets shown in Figures 10A and 10B. (E) GRASP signal intensity between
mAL neurons (R25E04-LexA, mAL-R) and P1-B neurons does not change with satiety (t-test, n =
9-11 males). (F) RNAi knockdown of Rdl in P1-B neurons with a second, independent RNAi (RdlRNAi-2) line from that in Figures 11A and 11B (Rdl-RNAi-1) also increases male-male courtship
(Mean ± S.E.M., ***p<0.001, one-way ANOVA, n = 15-16 males). (G) Knocking down Rdl in P1B neurons with Rdl-RNAi-2 does not increase courtship probability in naïve (left) or 1-hr satiated
males (right) (n.s. not significant, bootstrap, left: n = 29-40 males, right: n = 26-40). (H) Neither 1
second nor 5 seconds of green light disturbs courtship in animals containing, but not expressing,
the UAS-GtACR1 transgene (n = 16 each). (I-J) Knocking down Rdl in P1-B neurons with either
Rdl RNAi does not change either tap-induced or spontaneous termination (Mean ± 95% C.I., n.s.
not significant, Fisher’s exact test, F: n = 28-33 males, G: n = 26-40).

141

Figure S13 (related to Figure 12). A candidate evidence-accumulation model for courtship
initiation. (A) Each tap samples an evidence value from a Gaussian-distributed pool (mean =
0.8, standard deviation = 1). Threshold for courtship is 1. (B) Five samples of evidence
accumulation, each from 4 taps. Arrow point to the initial zero-evidence state. Arrow heads point
to courtship initiations. (C) 100,000 iterations of simulation (as shown in B) generates data that fit
a coin-flip model. (D) Per-tap courtship initiation rate (i.e., hazard rate) remains roughly consistent
from tap to tap. (E-H) Same as A-D but with a lower mean evidence to simulate satiated males
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Figure S13. (Continued)
(mean = -0.4, standard deviation = 1, threshold = 1). (I-L) Same as A-D but with a higher mean
evidence to simulate hypersexual males (mean = 1.5, standard deviation = 1, threshold = 1). (MN) Changing mean evidence alone can mimic a large range of courtship probabilities (M) with
high R2 (N). Arrowheads point to parameters that are chosen in above examples.

Figure S14 (related to Figure 13). Males maintain in-courtship tapping frequency
independent of satiety states or manipulations. (A) Roughly half of the terminations of
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Figure S14. (Continued)
wild-type males’ courtship bouts are classified as tap-induced (56 terminations) and the other half
spontaneous (57 terminations), independent of satiety state. (B) Fraction of in-courtship taps that
terminate courtship scales with satiety (Mean ± 95% C.I., *p<0.05, ***p<0.001, Fisher’s exact test,
n = 47-54 males). (C) Tapping frequency of wild-type males during courtship is unaffected by
satiety state (Mean ± 95% C.I., n.s. not significant, Fisher’s exact test, n = 47-54 males). (D)
Thermogenetic stimulation of dopaminergic neurons does not change tapping frequency of
satiated males during courtship (Mean ± 95% C.I., n.s. not significant, Fisher’s exact test, n = 2631 males). (E-F) Thermogenetic stimulation of dopaminergic subsets TH-C’ or TH-D’ does not
change tapping frequency of satiated males during courtship (Mean ± 95% C.I., n.s. not
significant, Fisher’s exact test, E: n = 30 males, F: n = 34-35). (G) Thermogenetic co-stimulation
of VT02857 and NP5945 neurons does not change the tapping frequency of satiated males during
courtship (Mean ± 95% C.I., n.s. not significant, Fisher’s exact test, n = 29 males). (H) RNAi
knockdown of DopR2 in P1-B neurons does not change the tapping frequency of 1-hr satiated
males during courtship (Mean ± 95% C.I., n.s. not significant, Fisher’s exact test, n = 23-33 males).
(I) Thermogenetic stimulation of P1-B neurons does not change the tapping frequency of 1-hr
satiated males during courtship (Mean ± 95% C.I., n.s. not significant, Fisher’s exact test, n = 2731 males). (J) Silencing mAL-S neurons does not change the tapping frequency of 1-hr satiated
males during courtship (Mean ± 95% C.I., n.s. not significant, Fisher’s exact test, n = 28-35 males).
(K) RNAi knockdown of pHCl in P1-B neurons does not change the tapping frequency of 1-hr
satiated males during courtship (Mean ± 95% C.I., n.s. not significant, Fisher’s exact test, n = 2433 males).
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Figure S15 (related to Figure 14). Distinct excitatory channels at P1 control the initiation
and maintenance of courtship. (A-B) Knockdown of Gαs in P1-B neurons with a second,
independent RNAi line (Gαs-RNAi-2) from that in Figures 14D and 14E does not affect courtship
probability and tap-induced termination rate, but increases spontaneous termination (A: n.s. not
significant, bootstrap; B: Mean ± 95% C.I., ***p<0.001, n.s. not significant, Fisher’s exact test; n
= 29-31 males). (C-D) Knockdown of nAChRα3 in P1-B neurons with a second, independent RNAi
line (nAChRα3-RNAi-2) from that in Figures 14F and 14G decreases courtship probability and
increases tap-induced termination rate, without affecting spontaneous termination (C: ***p<0.001,
bootstrap; D: Mean ± 95% C.I., ***p<0.001, n.s. not significant, Fisher’s exact test; n = 30 males
each). (E-F) RNAi knockdown of nAChRα6 in P1-B neurons with a second, independent RNAi
line (nAChRα6-RNAi-2) from that in Figures 14H and 14I increases spontaneous termination rate
without affecting courtship probability or tap-induced termination (E: ***p<0.001, bootstrap; F:
Mean ± 95% C.I., ***p<0.001, n.s. not significant, Fisher’s exact test; n = 28-29 males).
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Figure S16 (related to Figures 16-18). Neurons controlling the decrease and recovery of
mating drive. (A) RNAi knockdown of VAChT prevents CRN stimulation from inducing satiety
(mean ± SEM, n.s. not significant, ***p<0.001, one-way ANOVA, n = 5 groups of 5-7 males each).
(B-D) Thermogenetic stimulation of the population co-labeled by CHAT-DBD and 42G02-p65AD
(images in C-D) induces satiety (B) (mean ± SEM, ***p<0.001, t-test, n = 5-6 groups of 5-7 males).
Green arrowheads point to the ascending projections seen in Figures 16F-16I. (E) No labeling
of the male’s external genitalia in the no-Gal4 control for Figure 16E (scale bar = 20 µm).
Arrowheads point to the male genitalia. (F) TshGal80 does not block the dendritic projection
(arrows) by R42G02-Gal4 around the male genitalia (arrowheads) (scale bar = 20 µm). See also
Figure 16E. (G) The ascending projections of CRNs are positive for GFP-tagged Synaptotagmin
1, which labels axons (scale bar = 20 µm). Arrowheads point to the SMP. (H) RNAi knockdown
of VAChT in the CRNs increases the number of matings in a satiety assay (mean ± SEM, n.s. not
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Figure S16. (Continued)
significant, ***p<0.001, one-way ANOVA, n = 9-10 males). (I) Satiety decreases GCaMP6s
fluorescence of dopaminergic projections to the SMPa (mean ± SEM, ***p<0.001, t-test, n = 1011 male brains). (J) Silencing the CRNs does not change the tap-induced courtship probability (a
readout of mating drive) in males that have never mated (mean ± SEM, n.s. not significant,
bootstrap, n = 7-11 male brains). (K) Thermogenetic stimulation of the CRNs does not change
the GCaMP6s fluorescence of dopaminergic projections to the mushroom body (MB) (mean ±
SEM, n.s. not significant, one-way ANOVA together with Figure 16M, n = 30-31 males). (L)
Silencing the CRNs does not rescue the low courtship exhibited by DopR2 mutants that cannot
receive the motivating dopamine signal (mean ± SEM, ***p<0.001, one-way ANOVA, n = 9-13
males). (M) Thermogenetic stimulation of pCd neurons does not change the GCaMP6s
fluorescence of dopaminergic projections to the mushroom body (MB) (mean ± SEM, n.s. not
significant, one-way ANOVA together with Figure 17E, n = 10-11 male brains). (N) Fru-LexA
labels ~4 NPF neurons. Dashed lines indicate the total population of NPF neurons based on a
previous report (Lee et al., 2006) (n = 42 hemispheres).

147

Figure S17 (related to Figure 19). Recurrent circuitry between pCd and NPF (but not
dopaminergic) neurons. (A-B) Thermogenetic stimulation of either dopaminergic (A) or P1 (B)
neurons does not recharge mating drive after satiety (mean ± SEM, n.s. not significant, two-way
ANOVA, A: n = 4 groups of 5-7 males each, B: n = 6 groups). (C-D) Chemogenetic activation of
dopaminergic neurons does not evoke strong calcium transients in either NPF (C) or pCd neurons
(D) (mean ± SEM, C: n = 8 male brains, D: n = 7). (E-G) Chemogenetic silencing of either pCd
(F) or NPF (G) neurons reduces baseline calcium activity in dopaminergic projections at SMPa
(mean ± SEM, **p<0.01, one-way ANOVA with E-G together, E: n = 6 male brains, F: n = 8, G: n
= 8).
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Figure S18 (related to Figure 20). CREB in motivational circuitry. (A) Elevated temperature
alone does not change CREB activity in pCd neurons (mean ± SEM, n.s. not significant, one-way
ANOVA, A: n = 7-9 groups of 3 male brains). (B) CREB activity in CRNs, dopaminergic neurons,
and P1 neurons do not track satiety (mean ± SEM, n.s. not significant, one-way ANOVA, n = 8
groups 3 male brains each). (C-D) Expressing either dominant-negative CREB2 (C) or an RNAi
construct targeting CREB2 (D) in pCd neurons increases the number of matings in the satiety
assay (mean ± SEM, ***p<0.001, n.s. not significant, one-way ANOVA, C: 7-8 males, D: n = 1217 males). (E-F) Expressing the transcription suppressing isoform of CREB2 in dopaminergic
neurons or CRNs does not alter mating drive (mean ± SEM, n.s. not significant, one-way ANOVA,
E: n = 15-16 males, F: n = 12-13).
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Figure S19 (related to Figure 20). Molecular machinery controlling CREB activity in
recurrent circuitry. (A) Model of CREB regulators and transcription targets. (B-D) Knockdown
of CKIIβ2 in pCd neurons increases CREB activity (B), decreases mating drive (C), and slows
the recovery from satiety (D) (mean ± SEM, B: ***p<0.001, n.s. not significant, one-way ANOVA,
C: ***p<0.001, t-test, D: **p<0.01, two-way ANOVA, B: n = 5-9 groups of 3 male brains, C: n = 16
males each, D: 5 groups of 5-7 males each). (E) Knocking down PP1α96A using a second,
independent RNAi from that in Figures 20M and 20N decreases CREB activity (B) and increases
mating drive (mean ± SEM, ***p<0.001, n.s. not significant, one-way ANOVA, n = 8-15 males).
(F-G) Knockdown of PP1α96A with two independent RNAis speed the recovery from satiety
(mean ± SEM, F,G: ***p<0.001, two-way ANOVA, F: n = 5 groups of 5-7 males each, G: n = 5-6
groups of 5-7 males). (H) Knocking down PP1α96A in NPF neurons also increases mating drive
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Figure S19. (Continued)
(mean ± SEM, ***p<0.001, n.s. not significant, one-way ANOVA, n = 11-12 males). (I) Knocking
down PP1α96A in pCd neurons increases baseline calcium activity (mean ± SEM, **p<0.01, ttest, n = 9 males each).

Figure S20 (related to Figure 21). Steady equilibrium before copulation in the mating-drive
model. Neuronal activity, CREB activity, and CREB effector levels equilibrate to a steady state in
both pCd and NPF neurons.
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Supplemental tables

Figure
All
figures

Table S1 (related to Chapter 2). All genotypes in Chapter 2
Females
Genotype
Satiety
Temp. (°C)
Reference
w1118/w1118; +/+; +/+

N/A
Males
Satiety
before
expt.

Figure

Genotype

1A

Wild-type Canton-S

1B
1C
1D
1E
1F
1G
1H
1I
1J
1K
1L
1M
2A
2B
2C
2D

Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S

2E

w1118/Y;crz-gal4/UAS-TrpA1;+/+

2F

Wild-type Canton-S

3A
3A
3A

w1118/Y;UAS-TrpA1/+;+/+
+/Y;+/+;TH-Gal4/UAS-CD8-GFP
w1118/Y;UAS-TrpA1/+;TH-Gal4/+
w1118/Y;Tsh-Gal80/UAS-TrpA1;THGal4/+
w1118/Y;UAS-TrpA1/+;+/+
w1118/Y;UAS-TrpA1/+;TH-C’-Gal4/+
w1118/Y;UAS-TrpA1/+;TH-C’Gal4/Fru-LexA, LexAop-Gal80

3A
3B
3B
3B
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N/A

Temp. (°C)

Reference and
stock numbers

Naïve

23

Keleman et al.,
2012

Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
and
Satiated
Naïve
and
Satiated
Naïve
Naïve
Naïve

23
23
23
23
23
23
23
23
23
23
23
23
23
23
23
23

Naïve

23 and 28.5

Naïve
Naïve

23 and 28.5
23 and 28.5

Naïve

23 and 28.5

23 and 30

Tayler et al.,
2012

23
23 and 28.5
23 and 28.5
23 and 28.5

Liu et al., 2012
Mellert et al.,
2010

Table S1. (Continued)
3B
+/Y;+/+;TH-C’-Gal4/UAS-CD8-GFP
3B
w1118/Y;TH-D’-Gal4/UAS-TrpA1; +/+
w1118/Y;TH-D’-Gal4/UAS-TrpA1; Fru3B
LexA, LexAop-Gal80/+
3B
+/Y;TH-D’-Gal4/+;UAS-CD8-GFP/+
3B
w1118/Y;UAS-TrpA1/+;TH-F1-Gal4/+
3B
+/Y;+/+; TH-F1-Gal4/UAS-CD8-GFP
3B
w1118/Y;UAS-TrpA1/+;TH-G1-Gal4/+
3B
+/Y;+/+;TH-G1-Gal4/UAS-CD8-GFP
3C
+/Y;+/+;TH-C’-Gal4/UAS-CD8-GFP
3C
+/Y;TH-D’-Gal4/+;UAS-CD8-GFP/+

Naïve
Naïve

23 and 28.5
23 and 28.5

Naïve

23 and 28.5

Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve

Liu et al., 2012

3D

+/Y;UAS-Kir2.1/+;tub-Gal80ts/+

Naïve

3D

+/Y;+/+;UAS-CD8-GFP/TH-C’-Gal4
+/Y;UAS-Kir2.1/+;tub-Gal80ts/TH-C’Gal4
+/Y;TH-D’-Gal4/+;UAS-CD8-GFP/+
+/Y; UAS-Kir2.1/TH-D’-Gal4; tubGal80ts/+
+/Y;+/+;UAS-CD8-GFP/TH-F1-Gal4
+/Y;UAS-Kir2.1/+;tub-Gal80ts/TH-F1Gal4
+/Y;+/+;UAS-CD8-GFP/TH-G1-Gal4
+/Y;UAS-Kir2.1/+;tub-Gal80ts/TH-G1Gal4
w1118/Y;UAS-CD8-GFP/+;TH-C’Gal4/+
w1118/Y;UAS-CD8-GFP/+;TH-C’Gal4/Fru-LexA, LexAop-Gal80
w1118/Y;TH-D’-Gal4/UAS-CD8GFP;+/+
w1118/Y;TH-D’-Gal4/UAS-CD8GFP;Fru-LexA, LexAop-Gal80/+

Naïve

23 and 28.5
23 and 28.5
Liu et al., 2012
23 and 28.5
23 and 28.5
Liu et al., 2012
23 and 28.5
N/A
N/A
23 (raised at
Baines et al.,
30)
2001
23 (raised at 30)

Naïve

23 (raised at 30)

Naïve

23 (raised at 30)

Naïve

23 (raised at 30)

Naïve

23 (raised at 30)

Naïve

23 (raised at 30)

Naïve

23 (raised at 30)

Naïve

23 (raised at 30)

Naïve

N/A

Naïve

N/A

Naïve

N/A

Naïve

N/A

w1118/Y;UAS-FRT-STOP-FRTGFP/TH-D’-Gal4;Fru-FLP/+

Naïve

N/A

Naïve

N/A

Naïve

23 and 28.5

Naïve
Naïve

23 and 28.5
23 and 28.5

Naïve

23 and 28.5

Naïve
Naïve

23 (raised at 30)
23 (raised at 30)

3D
3D
3D
3D
3D
3D
3D
3E
3E
3E
3E
3F
3F
3G
3G
3G
3G
3H
3H

w1118/Y;UAS-FRT-STOP-FRTGFP/+;Fru-FLP/TH-C’-Gal4
w1118/Y;UAS-CD8GFP/+;VT02857/NP5945
w1118/Y;UAS-TrpA1/+;VT02857/+
w1118/Y;UAS-TrpA1/+;NP5945/+
w1118/Y;UASTrpA1/+;VT02857/NP5945
+/Y;UAS-Kir2.1/+;tub-Gal80ts;+
+/Y;+/+;UAS-CD8-GFP/VT02857
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BDSC 30125,
Keleman et al.,
2012
VDRC 200494,
Kuo et al., 2015

Table S1. (Continued)
+/Y;UAS-Kir2.1/+;tub3H
Gal80ts/VT02857
3H
+/Y;+/+;UAS-CD8-GFP/NP5945
+/Y;UAS-Kir2.1/+;tub3H
Gal80ts/NP5945
3I
w1118/Y;+/+;NP5945/UAS-CD8-GFP
4A
Wild-type Canton-S

Naïve

23 (raised at 30)

Naïve

23 (raised at 30)

Naïve

23 (raised at 30)

Naïve
Naïve

N/A
23

4A

D2Rf06521/Y;+/+;DopR1attp,DopECRc02
142
/DopR1attp,DopECRc02142

Naïve

23

4A

+/Y;+/+;DopR2attp/DopR2attp

Naïve

23

4B
4B
4C

Wild-type Canton-S
+/Y;+/+;DopR2attp/DopR2attp
+/Y;UAS-DopR2-RNAi/+;+/+
elavC155/Y;UAS-Dicer2/+;UAS-CD8GFP/+
elavC155/Y;UAS-DopR2-RNAi/UASDicer2;+/+
UAS-Dicer2/Y;UAS-DopR2RNAi/+;+/+
+/Y;UAS-Dicer2/+;Fru-Gal4/UASCD8-GFP
UAS-Dicer2/Y;UAS-DopR2RNAi/UAS-Dicer2;Fru-Gal4/+
w1118/Y;UAS-TrpA1/+;+/+
w1118/Y;UAS-TrpA1/+;TH-Gal4/+
+/Y;+/+TH-Gal4/UAS-CD8-GFP
w1118/Y;UAS-TrpA1/+;R71G01Gal4/+
+/Y;+/+;R71G01-Gal4/UAS-CD8GFP
w1118/Y;UAS-TrpA1/+;+/+
w1118/Y;UAS-TrpA1/+;R71G01Gal4/+
+/Y;+/+;R71G01-Gal4/UAS-CD8GFP
w1118/Y;UASTrpA1/+;DopR2attp/DopR2attp
w1118/Y;UAS-TrpA1/+;R71G01-Gal4,
DopR2attp/DopR2attp
+/Y;+/+;R71G01-Gal4,
DopR2attp/UAS-CD8-GFP, DopR2attp
+/Y;+/+;R71G01-Gal4/UAS-CD8GFP

Naïve
Naïve
Naïve

23
23
23

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve
Naïve
Naïve

23 and 30
23 and 28.5
23 and 28.5

Naïve

23 and 30

Naïve

23 and 30

Naïve

23 and 30

Naïve

23 and 30

Naïve

23 and 30

Naïve

23 and 30

Naïve

23 and 30

Naïve

23 and 30

Naïve

N/A

4C
4C
4D
4D
4D
5A
5A
5A
5A
5A
5B
5B
5B
5C
5C
5C
5D

154

Harvard Exelixis,
Keleman et al.,
2012, BDSC
10847
Keleman et al.,
2012

VDRC 105324

BDSC 39599

Table S1. (Continued)
+/Y; R71G01-LexA/LexAop5E
CD4::GFP11;TH-Gal4/UASCD4::spGFP1-10
+/Y;UAS-CD8-GFP/+;R71G015F
Gal4/Fru-LexA, LexAop-Gal80
5G
+/Y;UAS-DopR2-RNAi/+;+/+
+/Y;UAS-Dicer2/+;R71G015G
Gal4/UAS-CD8-GFP
w1118/Y; UAS-Dicer2/UAS-DopR25G
RNAi;R71G01-Gal4/+
5H
+/Y;UAS-DopR2-RNAi/+;+/+
+/Y;UAS-Dicer2/+;R71G015H
Gal4/UAS-CD8-GFP
w1118/Y; UAS-Dicer2/UAS-DopR25H
RNAi;R71G01-Gal4/+
w1118/Y; UAS-Dicer2/UAS-DopR25H
RNAi;R71G01-Gal4/FruLexA,LexAop-Gal80
+/Y;UAS-DopR2-RNAi, R71G015I
LexA/+;+/+
elavC155/Y;UAS-Dicer2/+;UAS-CD85I
GFP/+
elavC155/Y;UAS-DopR2-RNAi,
5I
R71G01-LexA/UAS-Dicer2;+/+ (or
TM2/+ on Chromosome III)
elavC155/Y;UAS-DopR2-RNAi,
5I
R71G01-LexA/UAS-Dicer2;LexAopGal80/+
6A

w1118/Y;UAS-GCaMP6s/+;TH-Gal4/+

6B

w1118/Y;UAS-GCaMP6s/+;THGal4/UAS-myr-tdTomato

6C

w1118/Y;UAS-GCaMP6s/+;THGal4/Fru-LexA, LexAop-Gal80

6C

w1118/Y;UAS-GCaMP6s/+;THGal4/+

6D
6E
6F

Naïve

N/A

Naïve

N/A

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve
and
Satiated
Naïve
and
Satiated
Naïve
Naïve
and
Satiated
Naïve
and
Satiated
Naïve
and
Satiated
Naïve
and
Satiated

w1118/Y;UASGCaMP6s/+;VT02857-Gal4/UASmyr-tdTomato
w1118/Y;UASGCaMP6s/+;NP5945/UAS-myrtdTomato
w1118/Y;UAS-GCaMP6s/+;THGal4/UAS-CsChrimson-tdTomato
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N/A

BDSC 54733,
Gordon and
Scott, 2009

BDSC 42746

N/A
N/A
N/A
N/A
N/A
N/A

Hoopfer et al.,
2015

Table S1. (Continued)
Naïve
and
Satiated
Naïve
and
Satiated

6G

w1118/Y;UAS-GCaMP6s/+;THGal4/UAS-CsChrimson-tdTomato

6H

w1118/Y;UAS-GCaMP6s/+;THGal4/UAS-CsChrimson-tdTomato

S1A
S1B
S1C

Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S

Naïve
Naïve
Naïve

23
23
23

S1D

+/Y;ken1/ken02970;+/+

Naïve

23

S2A
S2A
S2A

w1118/Y;UAS-TrpA1/+;+/+
+/Y;+/+;TH-Gal4/UAS-CD8-GFP
w1118/Y;UAS-TrpA1/+;TH-Gal4/+
w1118/Y;Tsh-Gal80/UAS-TrpA1;THGal4/+
w1118/Y;UAS-TrpA1/+;+/+
+/Y;+/+;TH-Gal4/UAS-CD8-GFP
w1118/Y;UAS-TrpA1/+;TH-Gal4/+
w1118/Y;Tsh-Gal80/UAS-TrpA1;THGal4/+
w1118/Y;UAS-TrpA1/+;+/+
w1118/Y;UAS-TrpA1/+;TH-C’-Gal4/+
+/Y;+/+;TH-C’-Gal4/UAS-CD8-GFP
w1118/Y;TH-D’-Gal4/UAS-TrpA1; +/+
+/Y;TH-D’-Gal4/+;UAS-CD8-GFP/+
Wild-type Canton-S
+/Y;+/+;DopR2attp/DopR2attp
+/Y;UAS-Dicer2/+;UAS-ple-RNAi/+
+/Y;+/+;TH-C’-Gal4/UAS-CD8-GFP
+/Y;UAS-Dicer2/+;TH-C’-Gal4/UASple-RNAi
+/Y;TH-D’-Gal4/+;UAS-CD8-GFP/+
+/Y;TH-D’-Gal4/UAS-Dicer2;UASple-RNAi/+
+/Y;+/+;TH-F1-Gal4/UAS-CD8-GFP
+/Y;UAS-Dicer2/+;TH-F1-Gal4/UASple-RNAi
+/Y;+/+;TH-G1-Gal4/UAS-CD8-GFP
+/Y;UAS-Dicer2/+;TH-G1-Gal4/UASple-RNAi
w1118/Y;UAS-CD8-GFP/+;TH-C’Gal4/+

Naïve
Naïve
Naïve

23 and 28.5
23 and 28.5
23 and 28.5

Naïve

23 and 28.5

Naïve
Naïve
Naïve

23 and 28.5
23 and 28.5
23 and 28.5

Naïve

23 and 28.5

Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve
Naïve

23 and 28.5
23 and 28.5
23 and 28.5
23 and 28.5
23 and 28.5
23
23
23
23

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve

23

Naïve

N/A

S2A
S2B
S2B
S2B
S2B
S3A
S3A
S3A
S3A
S3A
S3B
S3B
S4
S4
S4
S4
S4
S4
S4
S4
S4
S5A
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N/A
N/A

BDSC 11753,
BDSC 11244

BDSC 25796

Table S1. (Continued)
w1118/Y;UAS-CD8-GFP/+;TH-C’S5A
Gal4/Fru-LexA, LexAop-Gal80
w1118/Y;TH-D’-Gal4/UAS-CD8S5B
GFP;+/+
w1118/Y;TH-D’-Gal4/UAS-CD8S5B
GFP;Fru-LexA, LexAop-Gal80/+
S6
w1118/Y;UAS-TrpA1/+;+/+
w1118/Y;UAS-TrpA1/+;R71G01S6
Gal4/+
+/Y;+/+;R71G01-Gal4/UAS-CD8S6
GFP
S6
w1118/Y;UAS-TrpA1/+;Fru-Gal4/+
S6
+/Y;+/+;Fru-Gal4/UAS-CD8-GFP
+/Y;LexAop-CD4::GFP11/+;THS7
Gal4/UAS-CD4::spGFP1-10
+/Y;LexAop-CD4::GFP11/R71G01S7
LexA;UAS-CD4::spGFP1-10/+

157

Naïve

N/A

Naïve

N/A

Naïve

N/A

Naïve

23 and 30

Naïve

23 and 30

Naïve

23 and 30

Naïve
Naïve

23 and 27
23 and 27

Naïve

N/A

Naïve

N/A

Table S2 (related to Chapter 3). All calculated courtship probabilities and
95% Confidence Intervals (C.I.)
Index

Figure

Genotypes

1

8E

WT

Hours in
satiety
assay
0

Temp. (°C)

N

23

55

Courtship
probability (95%
C.I.)
44.2 (35.7 - 56.6)

2

8E

WT

1

23

47

12 (7.3 - 17.7)

3

8E

WT

4.5

23

57

6.5 (3.5 - 10.1)

4

9B

TH>TrpA1

0

23

28

24.6 (16 - 36.2)

5

9B

TH>TrpA1

0

28.5

27

79.6 (63 - 88.9)

6

9B

TH>TrpA1

4.5

23

31

2.1 (0.4 - 4.7)

7

9B

4.5

28.5

26

49.2 (36.5 - 65.4)

8

9C

0

23

32

37.5 (27.6 - 52.3)

9

9C

0

28.5

35

85.7 (71.4 - 97.1)

10

9C

4.5

23

29

5.7 (1.7 - 10.8)

11

9C

4.5

28.5

29

35.8 (25.6 - 50.7)

12

9D

TH>TrpA1
VT02857+NP5945>
TrpA1
VT02857+NP5945>
TrpA1
VT02857+NP5945>
TrpA1
VT02857+NP5945>
TrpA1
DopR2-RNAi

0

23

33

46.1 (35.1 - 61.5)

13

9D

P1-B>GFP

0

23

28

42.3 (31 - 57.5)

14

9D

P1-B>DopR2-RNAi

0

23

23

17.7 (9.9 - 28.1)

15

9E

P1-B>TrpA1

0

23

28

25.4 (16.8 - 37.1)

16

9E

P1-B>TrpA1

0

30

35

70.2 (57.2 - 83.7)

17

9E

P1-B>TrpA1

4.5

23

27

2.6 (0 - 6)

18

9E

4.5

41.4 (30.7 - 57.3)

9F

31

32.1 (22.6 - 45.4)

20

9F

31

48.3 (37 - 62.2)

21

9F

35

16.5 (10.1 - 24.4)

22

9F

28

28.8 (19.6 - 41.7)

23

11B left

0

30
23 (25 °C
for 3 days)
23 (30 °C
for 3 days)
23 (25 °C
for 3 days)
23 (30 °C
for 3 days)
23

31

19

P1-B>TrpA1
mAL-S>Kir2.1;
TubGal80ts
mAL-S>Kir2.1;
TubGal80ts
mAL-S>Kir2.1;
TubGal80ts
mAL-S>Kir2.1;
TubGal80ts
Rdl-RNAi-1

30

28.1 (19.2 - 40.3)

24

11B left

P1-B>GFP

0

23

28

34.8 (24.7 - 50)

25

11B left

P1-B>Rdl-RNAi-1

0

23

29

27.6 (18.6 - 39.9)

26

11B right

Rdl-RNAi-1

1

23

31

5 (1.4 - 9.7)

27

11B right

P1-B>GFP

1

23

33

2.3 (0.4 - 5.1)

28

11B right

P1-B>Rdl-RNAi-1

1

23

28

4.3 (1 - 8.6)

0
0
1
1
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29

11D left

pHCl-RNAi

0

23

29

44.1 (32.7 - 60.1)

30

11D left

P1-B>GFP

0

23

27

41.9 (30.6 - 57.5)

31

11D left

P1-B>pHCl-RNAi

0

23

26

88.5 (0 - 96.2)

32

11D right

pHCl-RNAi

1

23

30

12.8 (6.9 - 20.4)

33

11D right

P1-B>GFP

1

23

24

7.7 (2.7 - 14.1)

34

11D right

P1-B>pHCl-RNAi

1

23

30

38.8 (28.5 - 53.7)

35

11E

P1-B>GFP

0

23

32

43.9 (33.2 - 57.9)

36

11E

0

23

31

4.4 (1 - 8.9)

37

11E

0

23

30

5.3 (1.5 - 10.2)

38

11E

0

23

42

41.2 (31.9 - 54.7)

39

14D

P1-B; DopR2[attP]
pHCl-RNAi;
DopR2[attP]
P1-B>pHCl;
DopR2[attP]
Gαs-RNAi-1

0

23

32

49.4 (38 - 63.1)

40

14D

P1-B>GFP

0

23

26

40.2 (29.1 - 54.7)

41

14D

P1-B>Gαs-RNAi-1

0

23

25

42

14F

nAChRα3-RNAi

0

23

28

41.1 (29.5 - 57.1)
45.07 (33.2 61.6)

43

14F

0

23

34

12.4 (6.7 - 19.3)

44

14H

0

23

32

37.1 (27.1 - 51.8)

45

14H

0

23

38

37 (27.8 - 50)

46

S8F

0

23

48

46.6 (37.2 - 59.9)

47

S8F

0

23

51

6.4 (3 - 10.5)

48

S9A

P1-B>nAChRα3RNAi
nAChRα6-RNAi
P1-B>nAChRα6RNAi
WT (with virgin
females)
WT (with mated
females)
TrpA1

0

23

39

43.6 (33.7 - 57.8)

49

S9A

TrpA1

0

28.5

31

40.8 (30.2 - 56.6)

50

S9A

TrpA1

4.5

23

37

2.5 (0.4 - 5.4)

51

S9A

TrpA1

4.5

28.5

31

3.7 (0.8 - 7.8)

52

S9B

TrpA1

0

23

38

43.5 (33.5 - 57.7)

53

S9B

TrpA1

0

30

30

42.9 (32 - 57)

54

S9B

TrpA1

4.5

23

37

2.2 (0.4 - 4.9)

55

S9B

TrpA1

4.5

30

3.4 (0.5 - 7.2)

56

S9C

Kir2.1; TubGal80ts

0

30

40.8 (29.9 - 56.6)

57

S9C

Kir2.1; TubGal80ts

0

31

45.1 (34 - 60.7)

58

S9C

Kir2.1; TubGal80ts

1

30
23 (25 °C
for 3 days)
23 (30 °C
for 3 days)
23 (25 °C
for 3 days)

30

14.6 (8.2 - 22.8)

159

Table S2. (Continued)
31

13.7 (7.4 - 21.5)

0

23 (30 °C
for 3 days)
23

27

47.7 (35.6 - 63.2)

TH-C'>TrpA1

0

28.5

29

81.7 (37.9 - 78.6)

S10A

TH-C'>TrpA1

4.5

23

30

3.6 (0.9 - 7.4)

63

S10A

TH-C'>TrpA1

4.5

28.5

30

58.5 (45.6 - 75.5)

64

S10B

TH-D'>TrpA1

0

23

32

50.7 (39.1 - 66.7)

65

S10B

TH-D'>TrpA1

0

28.5

32

76.4 (63.1 - 90.6)

66

S10B

TH-D'>TrpA1

4.5

23

35

9.4 (4.7 - 15.8)

67

S10B

TH-D'>TrpA1

4.5

28.5

34

31 (22.1 - 42.9)

68

S10C

TH-F1>TrpA1

0

23

42

48.5 (38.4 - 61.7)

69

S10C

TH-F1>TrpA1

0

28.5

36

46.5 (36 - 60.5)

70

S10C

TH-F1>TrpA1

4.5

23

29

10 (4.7 - 16.7)

71

S10C

TH-F1>TrpA1

4.5

28.5

30

11 (5.4 - 18)

72

S10D

TH-G1>TrpA1

0

23

31

44.1 (33.1 - 59.2)

73

S10D

TH-G1>TrpA1

0

28.5

31

44.7 (33.5 - 60.3)

74

S10D

TH-G1>TrpA1

4.5

23

27

6.9 (2.5 - 12.7)

75

S10D

4.5

9.1 (4 - 15.7)

S10E

27

47.8 (35.7 - 63.6)

77

S10E

20

6.4 (1.2 - 13.8)

78

S10F

29

43.8 (32.5 - 59.5)

79

S10F

37

2.1 (0 - 5)

80

S10G

27

49.4 (36.9 - 64.8)

81

S10G

32

44.1 (33.3 - 58.1)

82

S10H

31

44.8 (33.5 - 54.9)

83

S10H

30

48.4 (36.7 - 62.3)

84

S11B

0

28.5
23 (23 °C
for 3 days)
23 (30 °C
for 3 days)
23 (23 °C
for 3 days)
23 (30 °C
for 3 days)
23 (23 °C
for 3 days)
23 (30 °C
for 3 days)
23 (23 °C
for 3 days)
23 (30 °C
for 3 days)
23

30

76

TH-G1>TrpA1
TH-C'>Kir2.1;
TubGal80ts
TH-C'>Kir2.1;
TubGal80ts
TH-D'>Kir2.1;
TubGal80ts
TH-D'>Kir2.1;
TubGal80ts
TH-F1>Kir2.1;
TubGal80ts
TH-F1>Kir2.1;
TubGal80ts
TH-G1>Kir2.1;
TubGal80ts
TH-G1>Kir2.1;
TubGal80ts
VT2857>TrpA1

28

26.9 (17.9 - 39.1)

85

S11B

VT2857>TrpA1

0

28.5

26

34.5 (24 - 50.2)

86

S11B

VT2857>TrpA1

4.5

23

28

3.7 (0.5 - 8)

87

S11B

VT2857>TrpA1

4.5

28.5

22

4.1 (0 - 9.5)

88

S11C

NP5945>TrpA1

0

23

31

39.8 (29.4 - 54.7)

89

S11C

NP5945>TrpA1

0

28.5

27

37.7 (27 - 53.1)

59

S9C

Kir2.1; TubGal80ts

1

60

S10A

TH-C'>TrpA1

61

S10A

62

0
0
0
0
0
0
0
0
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Table S2. (Continued)
90

S11C

NP5945>TrpA1

4.5

23

34

4.9 (1.4 - 9.3)

91

S11C

NP5945>TrpA1

4.5

28.5

27

6.5 (2.1 - 12.3)

92

S12A

vAB3>TrpA1

0

23

32

24.9 (16.8 - 35.4)

93

S12A

vAB3>TrpA1

0

30

34

34.4 (25.1 - 47.5)

94

S12A

vAB3>TrpA1

4.5

23

28

0.8 (0 - 2.6)

95

S12A

vAB3>TrpA1

4.5

30

37

1.9 (0 - 4.6)

96

S12B

PPN1-S>TrpA1

0

23

24

19.8 (11.6 - 30.9)

97

S12B

PPN1-S>TrpA1

0

30

29

25.5 (16.9 - 37.1)

98

S12B

PPN1-S>TrpA1

4.5

23

34

8.2 (3.6 - 14)

99

S12B

PPN1-S>TrpA1

4.5

30

30

4.9 (1.1 - 9.9)

100

S12G left

Rdl-RNAi-2

0

23

29

31.1 (21.8 - 44.5)

101

P1-B>Rdl-RNAi-2

0

23

40

21.4 (14.6 - 29.9)

Rdl-RNAi-2

1

23

26

5.9 (1.7 - 11.5)

P1-B>Rdl-RNAi-2

1

23

40

0.3 (0 - 1)

104

S12G left
S12G
right
S12G
right
S15A

Gαs-RNAi-2

0

23

29

35.5 (25.3 - 50.6)

105

S15A

P1-B>Gαs-RNAi-2

0

23

31

33.4 (23.9 - 47.2)

106

S15C

0

23

30

43.5 (32.4 - 58.6)

107

S15C

0

23

30

20.1 (12.6 - 29.9)

108

S15E

0

23

29

48.9 (37.1 - 64.7)

109

S15E

nAChRα3-RNAi-2
P1-B>nAChRα3RNAi-2
nAChRα6-RNAi-2
P1-B>nAChRα6RNAi-2

0

23

28

46 (34.5 - 59.3)

102
103
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Figure
All
figures
12B
12C
12D
12E

Table S3 (related to Chapter 3). All genotypes and N in Chapter 3
Females
Hours in
Genotype
satiety
Temp. (°C)
assay

N

w1118/w1118; +/+; +/+

N/A

N/A

Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S

N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A

Males
Figure

Genotype

8A
8A
8A
8B
8C
8C
8C
8D
8D
8D
8E
8E
8E
9B
9B
9B
9B
9C
9C
9C
9C
9D

Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
w1118/Y; UAS-TrpA1/+; TH-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-Gal4/+
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/NP5945
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/NP5945
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/NP5945
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/NP5945
+/Y; UAS-DopR2-RNAi/+; /+
+/Y; +/UAS-Dicer2; R71G01-Gal4/UAS-CD8GFP
w1118/Y; UAS-DopR2-RNAi/UAS-Dicer2;
R71G01-Gal4/+
w1118/Y; UAS-TrpA1/+; R71G01-Gal4/+
w1118/Y; UAS-TrpA1/+; R71G01-Gal4/+

9D
9D
9E
9E

162

Hours in
satiety
assay
0
1
4.5
0-4.5
0
1
4.5
0
1
4.5
0
1
4.5
0
0
4.5
4.5
0
0
4.5
4.5
0

Temp. (°C)

N

23
23
23
23
23
23
23
23
23
23
23
23
23
23
28.5
23
28.5
23
28.5
23
28.5
23

55
47
57
159
55
47
57
55
47
57
55
47
57
28
27
31
26
32
35
29
29
33

0

23

28

0

23

23

0
0

23
30

28
35

Table S3. (Continued)
9E
w1118/Y; UAS-TrpA1/+; R71G01-Gal4/+
9E
w1118/Y; UAS-TrpA1/+; R71G01-Gal4/+

4.5
4.5

23
30
23 (25 °C
for 3 days)
23 (30 °C
for 3 days)
23 (25 °C
for 3 days)
23 (30 °C
for 3 days)

27
31

0

23

8

4.5

23

8

0

23

10

4.5

23

10

4.5

23

9

0

23

9

4.5

23

8

4.5

23

8

0

23

16

0

23

16

0

23

13

0

23

30

0

23

28

0

23

29

1

23

31

1

23

33

1

23

28

1

23

8

1

23

8

0

23

29

9F

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/R43D01-Gal4

0

9F

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/R43D01-Gal4

0

9F

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/R43D01-Gal4

1

9F

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/R43D01-Gal4

1

10A
10A
10B
10B
10B
10C
10C
10C
11A
11A
11A
11B left
11B left
11B left
11B right
11B right
11B right
11C
11C
11D left

w1118/Y; R25E04-LexA/LexAop-IVS-Syn21opGCaMP6s; AbdBLDN-Gal4/UAS-P2X2
w1118/Y; R25E04-LexA/LexAop-IVS-Syn21opGCaMP6s; AbdBLDN-Gal4/UAS-P2X2
w1118/Y; R71G01-LexA/LexAop-IVS-Syn21opGCaMP6s; AbdBLDN-Gal4/UAS-P2X2
w1118/Y; R71G01-LexA/LexAop-IVS-Syn21opGCaMP6s; AbdBLDN-Gal4/UAS-P2X2
w1118/Y; R71G01-LexA/LexAop-IVS-Syn21opGCaMP6s; AbdBLDN-Gal4/UAS-P2X2 (+PTX)
w1118/Y; R25E04-LexA/UAS-ASAP1; R71G01Gal4/LexAop-P2X2
w1118/Y; R25E04-LexA/UAS-ASAP1; R71G01Gal4/LexAop-P2X2
w1118/Y; R25E04-LexA/UAS-ASAP1; R71G01Gal4/LexAop-P2X2 (+DA)
+/Y; UAS-Rdl-RNAi-1/+; +/+
+/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-CD8GFP
w1118/Y; UAS-Rdl-RNAi-1/UAS-Dicer2; R71G01Gal4/+
+/Y; UAS-Rdl-RNAi-1/+; +/+
+/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-CD8GFP
w1118/Y; UAS-Rdl-RNAi-1/UAS-Dicer2; R71G01Gal4/+
+/Y; UAS-Rdl-RNAi-1/+; +/+
+/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-CD8GFP
w1118/Y; UAS-Rdl-RNAi-1/UAS-Dicer2; R71G01Gal4/+
w1118/Y; R25E04-LexA/+; R71G01-Gal4/LexAopP2X2, UAS-ASAP2S
w1118/Y; R25E04-LexA/UAS-pHCl-RNAi, UASDicer-2; R71G01-Gal4/LexAop-P2X2, UASASAP2S
+/Y; UAS-pHCl-RNAi/+; +/+
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31
31
35
28

Table S3. (Continued)
+/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-CD811D left
GFP
w1118/Y; UAS-pHCl-RNAi/UAS-Dicer2; R71G0111D left
Gal4/UAS-Dicer2
11D right +/Y; UAS-pHCl-RNAi/+; +/+
+/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-CD811D right
GFP
w1118/Y; UAS-pHCl-RNAi/UAS-Dicer2; R71G0111D right
Gal4/UAS-Dicer2
11E
+/Y; UAS-pHCl-RNAi/+; +/+
+/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-CD811E
GFP
w1118/Y; UAS-pHCl-RNAi/UAS-Dicer2; R71G0111E
Gal4/UAS-Dicer2
11F
+/Y; +/+; R71G01-Gal4/UAS-CD8-GFP
11F
+/Y; +/+; R71G01-Gal4, DopR2attp/DopR2attp
11F
+/Y; UAS-pHCl-RNAi/+; DopR2attp/DopR2attp
+/Y; UAS-pHCl-RNAi/UAS-Dicer2; R71G0111F
Gal4, DopR2attp/DopR2attp
12A
Wild-type Canton-S
12B
Wild-type Canton-S
12C
Wild-type Canton-S
12D
Wild-type Canton-S
13A
Wild-type Canton-S
13A
Wild-type Canton-S
13A
Wild-type Canton-S
13C
Wild-type Canton-S
13D
Wild-type Canton-S
13D
Wild-type Canton-S
13D
Wild-type Canton-S
13E
w1118/Y; UAS-TrpA1/+; TH-Gal4/+
13E
w1118/Y; UAS-TrpA1/+; TH-Gal4/+
13F
+/Y; UAS-DopR2-RNAi/+; /+
+/Y; +/UAS-Dicer2; R71G01-Gal4/UAS-CD813F
GFP
w1118/Y; UAS-DopR2-RNAi/UAS-Dicer2;
13F
R71G01-Gal4/+

0

23

27

0

23

26

1

23

30

1

23

24

1

23

30

0

23

11

0

23

16

0

23

30

0
0
0

23
23
23

32
31
30

0

23

42

0
0
0
0
0
1
4.5
0-4.5
0
1
4.5
4.5
4.5
0

23
23
23
23
23
23
23
23
23
23
23
23
28.5
23

103
103
103
103
55
47
57
159
55
47
57
31
26
33

0

23

28

0

23

23

13G

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/R43D01-Gal4

1

13G

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/R43D01-Gal4

1

13J

+/Y; UAS-pHCl-RNAi/+; +/+
+/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-CD8GFP
w1118/Y; UAS-pHCl-RNAi/UAS-Dicer2; R71G01Gal4/+

1

23 (25 °C
for 3 days)
23 (30 °C
for 3 days)
23

1

23

24

1

23

33

13J
13J

164

35
28
30

Table S3. (Continued)
+/Y; +/+; R43D01-Gal4/UAS-CsChrimson13H
tdTomato
+/Y; +/+; R43D01-Gal4/UAS-CsChrimson13H
tdTomato
+/Y; Tub-Gal80ts/+; R71G01-Gal4/UAS13I
GtACR1-EYFP
+/Y; Tub-Gal80ts/+; R71G01-Gal4/UAS13I
GtACR1-EYFP
+/Y; +/+; TH-Gal4/UAS-Chrimson-tdTomato14A
M19
+/Y; +/+; TH-Gal4/UAS-Chrimson-tdTomato14A
M19
+/Y; +/+; TH-Gal4/UAS-Chrimson-tdTomato14A
M19
+/Y; +/+; TH-Gal4/UAS-Chrimson-tdTomato14B
M19
+/Y; +/+; TH-Gal4/UAS-Chrimson-tdTomato14B
M19
+/Y; +/+; TH-Gal4/UAS-Chrimson-tdTomato14B
M19
+/Y; +/+; TH-Gal4/UAS-Chrimson-tdTomato14C
M19
+/Y; +/+; TH-Gal4/UAS-Chrimson-tdTomato14C
M19
+/Y; +/+; TH-Gal4/UAS-Chrimson-tdTomato14C
M19
14D
+/Y; +/+; UAS-Gαs-RNAi-1/+
+/Y; +/UAS-Dicer2; R71G01-Gal4/UAS-CD814D
GFP
+/Y; +/UAS-Dicer2; R71G01-Gal4/UAS-Gαs14D
RNAi-1
14E
+/Y; +/+; UAS-Gαs-RNAi-1/+
+/Y; +/UAS-Dicer2; R71G01-Gal4/UAS-CD814E
GFP
+/Y; +/UAS-Dicer2; R71G01-Gal4/UAS-Gαs14E
RNAi-1
14F
+/Y; UAS-nAChR-α3-RNAi-1/+; +/+
w1118/Y; UAS-nAChR-α3-RNAi-1/UAS-Dicer2;
14F
R71G01-Gal4/+
14G
+/Y; UAS-nAChR-α3-RNAi-1/+; +/+
w1118/Y; UAS-nAChR-α3-RNAi-1/UAS-Dicer2;
14G
R71G01-Gal4/+
14H
+/Y; UAS-nAChR-α6-RNAi-1/+; +/+
w1118/Y; UAS-nAChR-α6-RNAi-1/UAS-Dicer2;
14H
R71G01-Gal4/+
14I
+/Y; UAS-nAChR-α6-RNAi-1/+; +/+
w1118/Y; UAS-nAChR-α6-RNAi-1/UAS-Dicer2;
14I
R71G01-Gal4/+
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0

23

30

0

23

31

0
0

23 (25 °C
for 3 days)
23 (30 °C
for 3 days)

23
32

4.5

23

18

4.5

23

18

4.5

23

18

4.5

23

18

4.5

23

18

4.5

23

18

4.5

23

18

4.5

23

18

4.5

23

18

0

23

32

0

23

26

0

23

25

0

23

32

0

23

26

0

23

25

0

23

28

0

23

34

0

23

28

0

23

34

0

23

32

0

23

38

0

23

32

0

23

38

Table S3. (Continued)
w1118/Y; UAS-GCaMP6s/+; R71G01-Gal4/UAS15A
CsChrimson-tdTomato
w1118/Y; UAS-GCaMP6s/+; R71G01-Gal4/UAS15B
CsChrimson-tdTomato
w1118/Y; UAS-GCaMP6s/+; R71G01-Gal4/UAS15C
CsChrimson-tdTomato
w1118/Y; UAS-GCaMP6s/+; R71G01-Gal4/UAS15D
CsChrimson-tdTomato
w1118/Y; UAS-GCaMP6s/+; R71G01-Gal4/UAS15E
CsChrimson-tdTomato
w1118/Y; UAS-GCaMP6s/+; R71G01-Gal4/UAS15E
CsChrimson-tdTomato

0

23

5

4.5

23

4

4.5

23

5

4.5

23

6

0

23

5

0

23

6
8
8
8
Sim
ulati
on
Sim
ulati
on
Sim
ulati
on
48
51
48
51
55
47
57
55
47
57
39
31
37
31
38
30
37
30

S8A
S8A
S8A

Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S

0
1
4.5

23
23
23

S8B

Wild-type Canton-S

0

23

S8C

Wild-type Canton-S

0

23

S8D

Wild-type Canton-S

0

23

S8E
S8E
S8F
S8F
S8G
S8G
S8G
S8H
S8H
S8H
S9A
S9A
S9A
S9A
S9B
S9B
S9B
S9B

Wild-type Canton-S (with virgin females)
Wild-type Canton-S (with mated females)
Wild-type Canton-S (with virgin females)
Wild-type Canton-S (with mated females)
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
Wild-type Canton-S
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+

0
0
0
0
0
1
4.5
0
1
4.5
0
0
4.5
4.5
0
0
4.5
4.5

S9C

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/+

0

23
23
23
23
23
23
23
23
23
23
23
28.5
23
28.5
23
30
23
30
23 (25 °C
for 3 days)
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30

Table S3. (Continued)
S9C

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/+

0

S9C

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/+

1

S9C

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/+

1

S9D
S9D
S9D
S9D
S9E
S9E
S9E
S9E

+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+

0
0
4.5
4.5
0
0
4.5
4.5

S9F

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/+

0

S9F

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/+

0

S9F

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/+

1

S9F

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/+

1

S10A
S10A
S10A
S10A
S10B
S10B
S10B
S10B
S10C
S10C
S10C
S10C
S10D
S10D
S10D
S10D

w1118/Y; UAS-TrpA1/+; TH-C’-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-C’-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-C’-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-C’-Gal4/+
w1118/Y; TH-D’-Gal4/UAS-TrpA1; +/+
w1118/Y; TH-D’-Gal4/UAS-TrpA1; +/+
w1118/Y; TH-D’-Gal4/UAS-TrpA1; +/+
w1118/Y; TH-D’-Gal4/UAS-TrpA1; +/+
w1118/Y; UAS-TrpA1/+; TH-F1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-F1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-F1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-F1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-G1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-G1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-G1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-G1-Gal4/+

0
0
4.5
4.5
0
0
4.5
4.5
0
0
4.5
4.5
0
0
4.5
4.5

S10E

+/Y; UAS-Kir2.1/+; TH-C’-Gal4/Tub-Gal80ts

0

S10E

+/Y; UAS-Kir2.1/+; TH-C’-Gal4/Tub-Gal80ts

0

S10F

+/Y; TH-D’-Gal4/UAS-Kir2.1; Tub-Gal80ts/+

0
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23 (30 °C
for 3 days)
23 (25 °C
for 3 days)
23 (30 °C
for 3 days)
23
28.5
23
28.5
23
30
23
30
23 (25 °C
for 3 days)
23 (30 °C
for 3 days)
23 (25 °C
for 3 days)
23 (30 °C
for 3 days)
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23 (23 °C
for 3 days)
23 (30 °C
for 3 days)
23 (23 °C
for 3 days)

31
30
31
39
31
37
31
38
30
37
30
30
31
30
31
27
29
30
30
32
32
35
34
42
36
29
30
31
31
27
30
27
20
29

Table S3. (Continued)
S10F

+/Y; TH-D’-Gal4/UAS-Kir2.1; Tub-Gal80ts/+

0

S10G

+/Y; UAS-Kir2.1/+; TH-F1-Gal4/Tub-Gal80ts

0

S10G

+/Y; UAS-Kir2.1/+; TH-F1-Gal4/Tub-Gal80ts

0

S10H

+/Y; UAS-Kir2.1/+; TH-G1-Gal4/Tub-Gal80ts

0

S10H

+/Y; UAS-Kir2.1/+; TH-G1-Gal4/Tub-Gal80ts

0

S10I
S10I
S10I
S10I
S10J
S10J
S10J
S10J
S10K
S10K
S10K
S10K
S10L
S10L
S10L
S10L
S11A
S11A
S11A
S11A
S11A
S11A
S11A
S11A
S11B
S11B
S11B
S11B
S11C
S11C
S11C
S11C
S11D

w1118/Y; UAS-TrpA1/+; TH-C’-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-C’-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-C’-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-C’-Gal4/+
w1118/Y; TH-D’-Gal4/UAS-TrpA1; +/+
w1118/Y; TH-D’-Gal4/UAS-TrpA1; +/+
w1118/Y; TH-D’-Gal4/UAS-TrpA1; +/+
w1118/Y; TH-D’-Gal4/UAS-TrpA1; +/+
w1118/Y; UAS-TrpA1/+; TH-F1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-F1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-F1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-F1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-G1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-G1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-G1-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-G1-Gal4/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
+/Y; UAS-TrpA1/+; +/+
w1118/Y; UAS-TrpA1/+; TH-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-Gal4/+
w1118/Y; UAS-TrpA1/+; TH-Gal4/+
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/+
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/+
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/+
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/+
w1118/Y; UAS-TrpA1/+; NP5945/+
w1118/Y; UAS-TrpA1/+; NP5945/+
w1118/Y; UAS-TrpA1/+; NP5945/+
w1118/Y; UAS-TrpA1/+; NP5945/+
w1118/Y; UAS-TrpA1/+; R71G01-Gal4/+

0
0
4.5
4.5
0
0
4.5
4.5
0
0
4.5
4.5
0
0
4.5
4.5
0
0
4.5
4.5
0
0
4.5
4.5
0
0
4.5
4.5
0
0
4.5
4.5
4.5
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23 (30 °C
for 3 days)
23 (23 °C
for 3 days)
23 (30 °C
for 3 days)
23 (23 °C
for 3 days)
23 (30 °C
for 3 days)
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23
28.5
23

37
27
32
31
30
27
29
30
30
32
32
35
34
42
36
29
30
31
31
27
30
39
31
37
31
28
27
31
26
28
26
28
22
31
27
34
27
27

Table S3. (Continued)
S11D
w1118/Y; UAS-TrpA1/+; R71G01-Gal4/+
S11E
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/NP5945
S11E
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/NP5945
S11F
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/+
S11F
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/+
S11G
w1118/Y; UAS-TrpA1/+; NP5945/+
S11G
w1118/Y; UAS-TrpA1/+; NP5945/+
w1118/Y; TH-LexA/UAS-GCaMP6s; R71G01S11H
Gal4/LexAop-P2X2
w1118/Y; UAS-GCaMP6s/+; R71G01S11H
Gal4/LexAop-P2X2
w1118/Y; UAS-GCaMP6s/+; R71G01-Gal4/+
S11I
(+Saline)
w1118/Y; UAS-GCaMP6s/+; R71G01-Gal4/+
S11I
(+DA)
S12A
+/Y; UAS-TrpA1/+; AbdBLDN-Gal4/+
S12A
+/Y; UAS-TrpA1/+; AbdBLDN-Gal4/+
S12A
+/Y; UAS-TrpA1/+; AbdBLDN-Gal4/+
S12A
+/Y; UAS-TrpA1/+; AbdBLDN-Gal4/+
S12B
+/Y; UAS-TrpA1/+; R56C09-Gal4/+
S12B
+/Y; UAS-TrpA1/+; R56C09-Gal4/+
S12B
+/Y; UAS-TrpA1/+; R56C09-Gal4/+
S12B
+/Y; UAS-TrpA1/+; R56C09-Gal4/+
w1118/Y; R25E04-LexA/LexAop-IVS-Syn21S12C
opGCaMP6s; AbdBLDN-Gal4/UAS-P2X2
w1118/Y; R25E04-LexA/LexAop-IVS-Syn21S12C
opGCaMP6s; AbdBLDN-Gal4/UAS-P2X2
w1118/Y; R71G01-LexA/LexAop-IVS-Syn21S12D
opGCaMP6s; AbdBLDN-Gal4/UAS-P2X2
w1118/Y; R71G01-LexA/LexAop-IVS-Syn21S12D
opGCaMP6s; AbdBLDN-Gal4/UAS-P2X2
w1118/Y; R71G01-LexA/LexAop-IVS-Syn21S12D
opGCaMP6s; AbdBLDN-Gal4/UAS-P2X2 (+PTX)
w1118/Y; R25E04-LexA/LexAop-CD4-spGFP11;
S12E
R71G01-Gal4/UAS-CD4-spGFP1-10
w1118/Y; R25E04-LexA/LexAop-CD4-spGFP11;
S12E
R71G01-Gal4/UAS-CD4-spGFP1-10
S12F
+/Y; +/+; UAS-Rdl-RNAi-2/+
+/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-CD8S12F
GFP
w1118/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-RdlS12F
RNAi-2
S12G left +/Y; +/+; UAS-Rdl-RNAi-2/+
w1118/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-RdlS12G left
RNAi-2
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4.5
4.5
4.5
4.5
4.5
4.5
4.5

30
23
28.5
23
28.5
23
28.5

31
29
29
28
22
34
27

0

23

6

0

23

7

0

23

6

0

23

7

0
0
4.5
4.5
0
0
4.5
4.5

23
30
23
30
23
30
23
30

32
34
28
37
24
29
34
30

0

23

4

4.5

23

5

0

23

5

4.5

23

4

4.5

23

5

0

23

11

4.5

23

9

0

23

16

0

23

16

0

23

15

0

23

29

0

23

40

Table S3. (Continued)
S12G
+/Y; +/+; UAS-Rdl-RNAi-2/+
right
S12G
w1118/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-Rdlright
RNAi-2
+/Y; +/+; UAS-GtACR1-EYFP/+ (1-second
S12H
pulses)
+/Y; +/+; UAS-GtACR1-EYFP/+ (5-second
S12H
pulses)
S12I
+/Y; UAS-Rdl-RNAi-1/+; +/+
+/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-CD8S12I
GFP
w1118/Y; UAS-Rdl-RNAi-1/UAS-Dicer2; R71G01S12I
Gal4/+
S12J
+/Y; +/+; UAS-Rdl-RNAi-2/+
w1118/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-RdlS12J
RNAi-2
S14A
Wild-type Canton-S
S14B
Wild-type Canton-S
S14B
Wild-type Canton-S
S14B
Wild-type Canton-S
S14C
Wild-type Canton-S
S14C
Wild-type Canton-S
S14C
Wild-type Canton-S
S14D
w1118/Y; UAS-TrpA1/+; TH-Gal4/+
S14D
w1118/Y; UAS-TrpA1/+; TH-Gal4/+
S14E
w1118/Y; UAS-TrpA1/+; TH-C’-Gal4/+
S14E
w1118/Y; UAS-TrpA1/+; TH-C’-Gal4/+
S14F
w1118/Y; TH-D’-Gal4/UAS-TrpA1; +/+
S14F
w1118/Y; TH-D’-Gal4/UAS-TrpA1; +/+
S14G
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/NP5945
S14G
w1118/Y; UAS-TrpA1/+; VT02857-Gal4/NP5945
S14H
+/Y; UAS-DopR2-RNAi/+; /+
+/Y; +/UAS-Dicer2; R71G01-Gal4/UAS-CD8S14H
GFP
w1118/Y; UAS-DopR2-RNAi/UAS-Dicer2;
S14H
R71G01-Gal4/+
S14I
w1118/Y; UAS-TrpA1/+; R71G01-Gal4/+
S14I
w1118/Y; UAS-TrpA1/+; R71G01-Gal4/+

1

23

26

1

23

40

0

23

16

0

23

16

1

23

31

1

23

33

1

23

28

1

23

26

1

23

40

0-4.5
0
1
4.5
0
1
4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.5
0

23
23
23
23
23
23
23
23
28.5
23
28.5
23
28.5
23
28.5
23

159
55
47
57
55
47
57
31
26
30
30
35
34
29
29
33

0

23

28

0

23

23

4.5
4.5

27
31

24

S14J

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/R43D01-Gal4

1

S14J

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/R43D01-Gal4

1

S14K

+/Y; UAS-pHCl-RNAi/+; +/+
+/Y; UAS-Dicer2/+; R71G01-Gal4/UAS-CD8GFP

1

23
30
23 (25 °C
for 3 days)
23 (30 °C
for 3 days)
23

1

23

S14K
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35
28
30

Table S3. (Continued)
w1118/Y; UAS-pHCl-RNAi/UAS-Dicer2; R71G01S14K
Gal4/+
S15A
+/Y; +/+; UAS-Gαs-RNAi-2/+
+/Y; +/UAS-Dicer2; R71G01-Gal4/UAS-GαsS15A
RNAi-2
S15B
+/Y; +/+; UAS-Gαs-RNAi-2/+
+/Y; +/UAS-Dicer2; R71G01-Gal4/UAS-GαsS15B
RNAi-2
S15C
+/Y; +/+; UAS-nARα3-RNAi-2/+
w1118/Y; UAS-Dicer2/+; R71G01-Gal4/UASS15C
nARα3-RNAi-2
S15D
+/Y; +/+; UAS-nARα3-RNAi-2/+
w1118/Y; UAS-Dicer2/+; R71G01-Gal4/UASS15D
nARα3-RNAi-2
S15E
+/Y; UAS-nARα6-RNAi-2/+; +/+
w1118/Y; UAS-Dicer2/UAS-nARα6-RNAi-2;
S15E
R71G01-Gal4/+
S15F
+/Y; UAS-nARα6-RNAi-2/+; +/+
w1118/Y; UAS-Dicer2/UAS-nARα6-RNAi-2;
S15F
R71G01-Gal4/+
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1

23

33

0

23

29

0

23

31

0

23

29

0

23

31

0

23

30

0

23

30

0

23

30

0

23

30

0

23

29

0

23

28

0

23

29

0

23

28

Figure
All
figures

Table S4 (related to Chapter 4). All genotypes and N in Chapter 4
Females
Genotype
Satiety
Temp. (°C)
Light

N

w1118/w1118; +/+; +/+

N/A

N/A

Temp. (°C)

Light

N

23

N/A

N/A
Males
Satiety
before
expt.

Figure

Genotype

16A

+/Y; UAS-TrpA1/+; Dsx-Gal4/+

Naïve

16A

+/Y; UAS-TrpA1/+; Dsx-Gal4/+

Naïve

16A

+/Y; UAS-TrpA1/+; Dsx-Gal4/+

Naïve

16A

+/Y; UAS-TrpA1/+; Dsx-Gal4/+

Naïve

16A

+/Y; UAS-TrpA1/+; Dsx-Gal4/+

Naïve

16B
16B
16B
16B
16B

w1118/Y; R42G02-Gal4/UAS-TrpA1;
+/+
w1118/Y; R42G02-Gal4/UAS-TrpA1;
+/+
w1118/Y; R42G02-Gal4/UAS-TrpA1;
+/+
w1118/Y; R42G02-Gal4/UAS-TrpA1;
+/+
w1118/Y; R42G02-Gal4/UAS-TrpA1;
+/+

Naïve
Naïve
Naïve
Naïve
Naïve

16C

+/Y; UAS-TrpA1/+; +/+

Naïve

16C

+/Y; R42G02-Gal4/+; UAS-CD8GFP/+

Naïve

16C
16C
16D
16E
16F
16G
16H

w1118/Y; R42G02-Gal4/UAS-TrpA1;
+/+
w1118/Y; R42G02-Gal4/TshGal80,UAS-TrpA1; +/+
w1118/Y; R42G02-Gal4/Tsh-Gal80;
UAS-CD8GFP/+
w1118/Y; R42G02-Gal4/Repo-Gal80;
UAS-SytGFP,UAS-Denmark/+ (Repo
and SytGFP not necessary)
w1118/Y; R42G02-Gal4/+; UASmyrGFP/+
w1118/Y; R42G02-Gal4/Tsh-Gal80;
UAS-myrGFP/+
w1118/Y; R42G02-Gal4/+; UASmyrGFP/+
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Naïve
Naïve

23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)
23
23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

4 groups
of 5-7
4 groups
of 5-7
5 groups
of 5-7
5 groups
of 5-7
4 groups
of 5-7
6 groups
of 5-7
6 groups
of 5-7
6 groups
of 5-7
6 groups
of 5-7
5 groups
of 5-7
4 groups
of 5-7
5 groups
of 5-7
6 groups
of 5-7
6 groups
of 5-7

Naïve

23

N/A

N/A

Naïve

23

N/A

N/A

Naïve

23

N/A

N/A

Naïve

23

N/A

N/A

Naïve

23

N/A

N/A

Table S4. (Continued)
w1118/Y; R42G02-Gal4/Tsh-Gal80;
16I
UAS-myrGFP/+
+/Y; R42G02-Gal4/UAS-Kir2.1; Tub16J
Gal80ts/+

Naïve
Naïve

16J

+/Y; R42G02-Gal4/+; UAS-CD8GFP/+

Naïve

16J

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/+

Naïve

16K

+/Y; R42G02-Gal4/UAS-Kir2.1; TubGal80ts/+

Naïve

16K

+/Y; R42G02-Gal4/+; UAS-CD8GFP/+

Naïve

16K

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/+

Naïve

16K
16L
16L
16M
16M
17A

+/Y; R42G02-Gal4/Tsh-Gal80,UASKir2.1; Tub-Gal80ts/+
w1118/Y; LexAop-TrpA1/+; THGal4/UAS-GCaMP6s
w1118/Y; R42G02-LexA/LexAop-TrpA1;
TH-Gal4/UAS-GCaMP6s
w1118/Y; LexAop-TrpA1/+; THGal4/UAS-GCaMP6s
w1118/Y; R42G02-LexA/LexAop-TrpA1;
TH-Gal4/UAS-GCaMP6s
w1118/Y; +/+; R41A01-Gal4/UASmyrGFP

Naïve
Naïve
Naïve
Naïve
Naïve

23
23 (30°C for
3 days)
23 (30°C for
3 days)
23 (30°C for
3 days)
23 (30°C for
3 days)
23 (30°C for
3 days)
23 (30°C for
3 days)
23 (30°C for
3 days)
23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)

N/A

N/A

N/A

13

N/A

14

N/A

13

N/A

13

N/A

14

N/A

13

N/A

12

N/A

N/A

N/A

N/A

N/A

7

N/A

11
N/A

Naïve

23

N/A

17B

+/Y; UAS-TrpA1/+; +/+

Satiated

23

N/A

17B

+/Y; +/+; R41A01-Gal4/UAS-CD8GFP

Satiated

23

N/A

17B

w1118/Y; UAS-TrpA1/+; R41A01Gal4/+

Satiated

23

N/A

17B

+/Y; UAS-TrpA1/+; +/+

Satiated

17B

+/Y; +/+; R41A01-Gal4/UAS-CD8GFP

Satiated

17B

w1118/Y; UAS-TrpA1/+; R41A01Gal4/+

Satiated

17B

+/Y; UAS-TrpA1/+; +/+

Satiated

17B

+/Y; +/+; R41A01-Gal4/UAS-CD8GFP

Satiated

17B

w1118/Y; UAS-TrpA1/+; R41A01Gal4/+

Satiated

17C

+/Y; +/+; R41A01-Gal4/UAS-CD8GFP

Satiated
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23 (30°C 12hr recharge)
23 (30°C 12hr recharge)
23 (30°C 12hr recharge)
23 (4 hrs
after
recharge)
23 (4 hrs
after
recharge)
23 (4 hrs
after
recharge)
23 and 30

N/A
N/A
N/A

6 groups
of 5-7
4 groups
of 5-7
5 groups
of 5-7
5 groups
of 5-7
4 groups
of 5-7
8 groups
of 5-7

N/A

5 groups
of 5-7

N/A

5 groups
of 5-7

N/A

5 groups
of 5-7

N/A

5 groups
of 5-7

Table S4. (Continued)
w1118/Y; UAS-TrpA1/+; R41A0117C
Gal4/+
w1118/Y; LexAop-TrpA1/+; TH17D
Gal4/UAS-GCaMP6s
w1118/Y; R41A01-LexA/LexAop-TrpA1;
17D
TH-Gal4/UAS-GCaMP6s
w1118/Y; LexAop-TrpA1/+; TH17E
Gal4/UAS-GCaMP6s
w1118/Y; R41A01-LexA/LexAop-TrpA1;
17E
TH-Gal4/UAS-GCaMP6s

Satiated
Satiated
Satiated
Satiated
Satiated

17F

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/+

Naïve

17F

+/Y; +/+; R41A01-Gal4/UAS-CD8GFP

Naïve

23 and 30
23 (30°C 12hr recharge)
23 (30°C 12hr recharge)
23 (30°C 12hr recharge)
23 (30°C 12hr recharge)
23 (30°C for
3 days)
23 (30°C for
3 days)
23 (30°C for
3 days)

N/A

5 groups
of 5-7

N/A

N/A

N/A

N/A

N/A

10

N/A

11

N/A

10

N/A

11

N/A

10

Naïve

23

N/A

8

18A

+/Y; UAS-Kir2.1/+; R41A01-Gal4/TubGal80ts
w1118/Y; R42G02-LexA/UAS-ASAP1;
R41A01-Gal4/LexAop-P2X2
+/Y; +/+; NPF-Gal4/UAS-CD8GFP

Naïve

23

N/A

18B

+/Y; UAS-TrpA1/+; +/+

Satiated

23

N/A

18B

+/Y; +/+; NPF-Gal4/UAS-CD8GFP

Satiated

23

N/A

18B

w1118/Y; UAS-TrpA1/+; NPF-Gal4/+

Satiated

23

N/A

8
5 groups
of 5-7
5 groups
of 5-7
6 groups
of 5-7

18B

+/Y; UAS-TrpA1/+; +/+

Satiated

18B

+/Y; +/+; NPF-Gal4/UAS-CD8GFP

Satiated

18B

w1118/Y; UAS-TrpA1/+; NPF-Gal4/+

Satiated

18B

+/Y; UAS-TrpA1/+; +/+

Satiated

18B

+/Y; +/+; NPF-Gal4/UAS-CD8GFP

Satiated

18B

w1118/Y; UAS-TrpA1/+; NPF-Gal4/+

Satiated

17F
17G

18C
18D

+/Y; UAS>STOP>IVS-Syn21CsChrimson-tdTomato/+; NPFGal4,Fru-LexA/LexAop-FLP
+/Y; UAS>STOP>IVS-Syn21CsChrimson-tdTomato/+; NPFGal4, Fru-LexA/LexAop-FLP (-retinal)
174

Naïve

23 (28.5°C
12-hr
recharge)
23 (28.5°C
12-hr
recharge)
23 (28.5°C
12-hr
recharge)
23 (4 hrs
after
recharge)
23 (4 hrs
after
recharge)
23 (4 hrs
after
recharge)

N/A

5 groups
of 5-7

N/A

5 groups
of 5-7

N/A

6 groups
of 5-7

N/A

5 groups
of 5-7

N/A

5 groups
of 5-7

N/A

6 groups
of 5-7

Naïve

23

N/A

N/A

Satiated

23

Off

14

Table S4. (Continued)
+/Y; UAS>STOP>IVS-Syn2118D
CsChrimson-tdTomato/+; NPFGal4,Fru-LexA/LexAop-FLP (-retinal)
+/Y; UAS>STOP>IVS-Syn2118D
CsChrimson-tdTomato/+; NPFGal4,Fru-LexA/LexAop-FLP (+retinal)
+/Y; UAS>STOP>IVS-Syn2118D
CsChrimson-tdTomato/+; NPFGal4,Fru-LexA/LexAop-FLP (+retinal)
18E
+/Y; +/+; UAS-NPF-RNAi/+
+/Y; UAS-Dicer2/+; NPF-Gal4/UAS18E
CD8GFP
+/Y; UAS-Dicer2/+; NPF-Gal4/UAS18E
NPF-RNAi
18F
+/Y; UAS-NPFR-RNAi/+; +/+
Elav-Gal4/Y; UAS-Dicer2/+; UAS18F
CD8GFP/+
Elav-Gal4/Y; UAS-Dicer2/UAS-NPFR18F
RNAi; +/+
w1118/Y; UAS-Dicer2/+; TH-Gal4/UAS18F
CD8GFP
w1118/Y; UAS-Dicer2/UAS-NPFR18F
RNAi; TH-Gal4/+

Satiated

23

On

10

Satiated

23

Off

11

Satiated

23

On

9

Naïve

23

N/A

14

Naïve

23

N/A

12

Naïve

23

N/A

15

Naïve

23

N/A

16

Naïve

23

N/A

14

Naïve

23

N/A

7

Naïve

23

N/A

13

Naïve

23

N/A

15

18G

+/Y; UAS-TrpA1/+; +/+

Satiated

23

N/A

18G

+/Y; +/+; NPF-Gal4/UAS-CD8GFP

Satiated

23

N/A

18G

w1118/Y; UAS-TrpA1/+; NPF-Gal4/+

Satiated

23

N/A

18G

+/Y; UAS-TrpA1/+; +/+

Satiated

28.5

N/A

18G

+/Y; +/+; NPF-Gal4/UAS-CD8GFP

Satiated

28.5

N/A

18G

w1118/Y; UAS-TrpA1/+; NPF-Gal4/+

Satiated

28.5

N/A

18G

+/Y; UAS-TrpA1/+; +/+

Satiated

18G

+/Y; +/+; NPF-Gal4/UAS-CD8GFP

Satiated

18G

w1118/Y; UAS-TrpA1/+; NPF-Gal4/+

Satiated

18H

+/Y; +/+; TH-Gal4/UAS-CD8GFP

Satiated

23

N/A

18H

w1118/Y; UAS-TrpA1/+; TH-Gal4/+

Satiated

23

N/A

18H

+/Y; +/+; TH-Gal4/UAS-CD8GFP

Satiated

23

N/A

18H

w1118/Y; UAS-TrpA1/+; TH-Gal4/+

Satiated

23

N/A
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23 (30 min
later)
23 (30 min
later)
23 (30 min
later)

N/A
N/A
N/A

5 groups
of 5-7
5 groups
of 5-7
8 groups
of 5-7
5 groups
of 5-7
5 groups
of 5-7
8 groups
of 5-7
5 groups
of 5-7
6 groups
of 5-7
7 groups
of 5-7
6 groups
of 5-7
5 groups
of 5-7
6 groups
of 5-7
5 groups
of 5-7

Table S4. (Continued)
6 groups
of 5-7
5 groups
of 5-7

18H

+/Y; +/+; TH-Gal4/UAS-CD8GFP

Satiated

23

N/A

18H

w1118/Y; UAS-TrpA1/+; TH-Gal4/+

Satiated

23

N/A

Naïve

23

N/A

8

Naïve

23

N/A

8

Naïve

23 and 28.5

N/A

15

Naïve

23 and 28.5

N/A

12

Naïve

23

N/A

7

Naïve

23

N/A

7

Naïve

23

N/A

6

Satiated

23

N/A

8

Naïve

23

N/A

15

Satiated

23

N/A

13

Naïve

23

N/A

8

Naïve

23

N/A

8

Naïve

23

N/A

6

Naïve

23

N/A

7

Naïve

23

N/A

8

Naïve

23

N/A

8

Naïve

23

N/A

9

Naïve

23

N/A

9

Satiated

23 and 30

N/A

Satiated

23 and 30

N/A

Satiated

23 and 30

N/A

18I
18I
18J
18J
18K
18K
19A
19A
19B
19B
19C
19C
19D
19D
19E
19E
19F
19F
19I
19I
19I

1118

w /Y; TH-LexA/LexAop-IVS-Syn21opGCaMP6s; UAS-P2X2/+
w1118/Y; TH-LexA/LexAop-IVS-Syn21opGCaMP6s; NPF-Gal4/UAS-P2X2
+/Y; UAS-TrpA1/+;
DopR2attp/DopR2attp
+/Y; UAS-TrpA1/+; NPFGal4,DopR2attp/DopR2attp
w1118/Y; UAS-ASAP1/+; NPFGal4/LexAop-P2X2
w1118/Y; R42G02-LexA/UAS-ASAP1;
NPF-Gal4/LexAop-P2X2
w1118/Y; UAS-GCaMP6s/+; R41A01Gal4/UAS-myrtdTomato
w1118/Y; UAS-GCaMP6s/+; R41A01Gal4/UAS-myrtdTomato
w1118/Y; UAS-GCaMP6s/+; NPFGal4/UAS-myrtdTomato
w1118/Y; UAS-GCaMP6s/+; NPFGal4/UAS-myrtdTomato
w1118/Y; 41A01-LexA/UAS-IVS-Syn21opGCaMP6s; NPF-Gal4/LexAop-P2X2
w1118/Y; UAS-IVS-Syn21opGCaMP6s/+; NPF-Gal4/LexAopP2X2
w1118/Y; R41A01-LexA/LexAop-IVSSyn21-opGCaMP6s; UAS-P2X2/+
w1118/Y; R41A01-LexA/LexAop-IVSSyn21-opGCaMP6s; NPF-Gal4/UASP2X2
w1118/Y; LexAop-Ort/+; NPFGal4/UAS-IVS-Syn21-opGCaMP6s
w1118/Y; 41A01-LexA/LexAop-Ort;
NPF-Gal4/UAS-IVS-Syn21opGCaMP6s
w1118/Y; 41A01-LexA/UAS-Ort;
LexAop-IVS-Syn21-opGCaMP6s/+
w1118/Y; 41A01-LexA/UAS-Ort; NPFGal4/LexAop-IVS-Syn21-opGCaMP6s
+/Y; +/+; NPF-Gal4/UAS-CD8GFP
+/Y; LexAop-Kir2.1,UAS-TrpA1/+;
NPF-Gal4/+
+/Y; R41A01-LexA/LexAopKir2.1,UAS-TrpA1; NPF-Gal4/+
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5 groups
of 5-7
5 groups
of 5-7
5 groups
of 5-7

Table S4. (Continued)
pre- and
postrecharge
pre- and
postrecharge
pre- and
postrecharge

N/A

5 groups
of 5-7

N/A

6 groups
of 5-7

N/A

5 groups
of 5-7

19J

+/Y; +/+; NPF-Gal4/UAS-CD8GFP

Satiated

19J

+/Y; LexAop-Kir2.1,UAS-TrpA1/+;
NPF-Gal4/+

Satiated

19J

+/Y; R41A01-LexA/LexAopKir2.1,UAS-TrpA1; NPF-Gal4/+

Satiated

20A

w1118/Y; UAS-FLP/+;
CRE>mCherry>luciferase/+

Naïve

23

N/A

Naïve

23

N/A

2.5-hr
satiated

23

N/A

Satiated

23

N/A

23

N/A

23

N/A

23

N/A

Naïve

23

N/A

Naïve

23 (30°C 4.5hr stim.)

N/A

20B

w1118/Y; UAS-FLP/UAS-TrpA1;
R41A01Gal4/CRE>mCherry>luciferase

Satiated

23

N/A

20B

w1118/Y; UAS-FLP/UAS-TrpA1;
R41A01Gal4/CRE>mCherry>luciferase

Satiated

23 (23°C 4.5hr stim.)

N/A

20B

w1118/Y; UAS-FLP/UAS-TrpA1;
R41A01Gal4/CRE>mCherry>luciferase

Satiated

23 (30°C 4.5hr stim.)

N/A

20A
20A

20A

20A
20A
20A
20B
20B

w1118/Y; UAS-FLP/UAS-TrpA1;
R41A01Gal4/CRE>mCherry>luciferase
w1118/Y; UAS-FLP/UAS-TrpA1;
R41A01Gal4/CRE>mCherry>luciferase
w1118/Y; UAS-FLP/UAS-TrpA1;
R41A01Gal4/CRE>mCherry>luciferase
w1118/Y; UAS-FLP/UAS-TrpA1;
R41A01Gal4/CRE>mCherry>luciferase
w1118/Y; UAS-FLP/UAS-TrpA1;
R41A01Gal4/CRE>mCherry>luciferase
w1118/Y; UAS-FLP/UAS-TrpA1;
R41A01Gal4/CRE>mCherry>luciferase
w1118/Y; UAS-FLP/UAS-TrpA1;
R41A01Gal4/CRE>mCherry>luciferase
w1118/Y; UAS-FLP/UAS-TrpA1;
R41A01Gal4/CRE>mCherry>luciferase

Satiated
(+1 day
rec.)
Satiated
(+2 day
rec.)
Satiated
(+3 day
rec.)
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9 groups
of 3
brains
7 groups
of 3
brains
8 groups
of 3
brains
11
groups
of 3
brains
7 groups
of 3
brains
7 groups
of 3
brains
9 groups
of 3
brains
8 groups
of 3
brains
8 groups
of 3
brains
10
groups
of 3
brains
7 groups
of 3
brains
8 groups
of 3
brains

Table S4. (Continued)
20C

w1118/Y; UAS-FLP/+; NPFGal4/CRE>mCherry>luciferase

Naïve

23

N/A

20C

w1118/Y; UAS-FLP/+; NPFGal4/CRE>mCherry>luciferase

Satiated

23

N/A

20C

w1118/Y; UAS-FLP/+; NPFGal4/CRE>mCherry>luciferase

23

N/A

23

N/A

9 groups
of 3
brains
9 groups
of 3
brains
7 groups
of 3
brains
8

Naïve

23

N/A

15

Naïve
Naïve

23
23

N/A
N/A

11
8

Naïve

23

N/A

15

Naïve

23

N/A

6

Naïve

23

N/A

21

Naïve

23

N/A

10

Naïve

23

N/A

16

Naïve

23

N/A

11

Naïve

23

N/A

13

Naïve

23

N/A

10

Naïve

23

N/A

13

Naïve
Naïve

23
23

N/A
N/A

48
33

Naïve

23

N/A

48

Naïve

23

N/A

44

Naïve

23

N/A

42

20D
20D
20E
20E
20E
20F
20F
20G
20G
20H
20H
20H
20H
20I
20I
20I
20J
20J

+/Y; +/+; R41A01-Gal4/UAS-myrGFP
w1118/Y; +/+; R41A01-Gal4/UASCREB2SUP
+/Y; +/+; UAS-CREB2SUP/+
+/Y; +/+; R41A01-Gal4/UAS-myrGFP
w1118/Y; +/+; R41A01-Gal4/UASCREB2SUP
+/Y; +/+; NPF-Gal4/UAS-myrGFP
w1118/Y; +/+; NPF-Gal4/UASCREB2SUP
+/Y; +/+; R41A01-Gal4/UAS-myrGFP
+/Y; +/+; R41A01-Gal4/UAS-CREB2A
w1118/Y; UAS-IVS-Syn21opGCaMP6s,UAS-myrtdTomato/+;
R41A01-Gal4/+
w1118/Y; UAS-IVS-Syn21opGCaMP6s,UAS-myrtdTomato/+;
R41A01-Gal4/UAS-CREB2SUP
w1118/Y; UAS-IVS-Syn21opGCaMP6s,UAS-myrtdTomato/+;
NPF-Gal4/+
w1118/Y; UAS-IVS-Syn21opGCaMP6s,UAS-myrtdTomato/+;
NPF-Gal4/UAS-CREB2SUP
+/Y; +/+; UAS-CREB2SUP/+
+/Y; +/+; R41A01-Gal4/UAS-myrGFP
w1118/Y; +/+; R41A01-Gal4/UASCREB2SUP
+/Y; +/+; NPF-Gal4/UAS-myrGFP
w1118/Y; +/+; NPF-Gal4/UASCREB2SUP

Satiated
(+3 day
rec.)
Naïve

20K

+/Y; +/+; UAS-CREB2SUP/+

Satiated

23

N/A

20K

+/Y; +/+; R41A01-Gal4/UAS-myrGFP

Satiated

23

N/A

20K

w1118/Y; +/+; R41A01-Gal4/UASCREB2SUP

Satiated

23

N/A
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5 groups
of 5-7
5 groups
of 5-7
4 groups
of 5-7

Table S4. (Continued)
20L
20L
20M
20M
20M
20N
20N
20P
20P

+/Y; +/+; NPF-Gal4/UAS-myrGFP
w1118/Y; +/+; NPF-Gal4/UASCREB2SUP
w1118/Y; UAS-FLP,UAS-Dicer2/+;
R41A01Gal4,CRE>mCherry>luciferase/+
w1118/Y; UAS-FLP,UAS-Dicer2/UASPP1α96A-RNAi-1; R41A01Gal4,CRE>mCherry>luciferase/+
w1118/Y; UAS-FLP,UAS-Dicer2/UASPP1α96A-RNAi-1; R41A01Gal4,CRE>mCherry>luciferase/+
+/Y; UAS-PP1α96A-RNAi-1/+; +/+
+/Y; UAS-Dicer2/UAS-PP1α96ARNAi-1; R41A01-Gal4/+
+/Y; +/+; UAS-Task7-RNAi/+
+/Y; UAS-Dicer2/+; R41A01Gal4/UAS-Task7-RNAi

Satiated

23

N/A

Satiated

23

N/A

Naïve

23

N/A

Naïve

23

N/A

Satiated

23

N/A

Naïve

23

N/A

5 groups
of 5-7
5 groups
of 5-7
8 groups
of 3
brains
9 groups
of 3
brains
7 groups
of 3
brains
12

Naïve

23

N/A

17

Naïve

23

N/A

8

Naïve

23

N/A

8

20Q

Wild-type Canton-S (pCd neurons)

Naïve

23

N/A

20Q

Wild-type Canton-S (pCd neurons)

Satiated

23

N/A

20Q

w1118/Y; +/+; R41A01-Gal4/UASCREB2SUP (pCd neurons)

Naïve

23

N/A

20Q

Wild-type Canton-S (non-pCd
neurons)

Naïve

23

N/A

20Q

Wild-type Canton-S (non-pCd
neurons)

Satiated

23

N/A

Naïve

23

N/A

Naïve

23

Off
On
(first
5
mins)
On
(all
but
first 5
mins)
On
(all)

22A

w1118/Y; +/+; R41A01-Gal4/UASCREB2SUP (non-pCd neurons)
+/Y; R42G02-Gal4/+; UAS-GtACR1/+

22A

+/Y; R42G02-Gal4/+; UAS-GtACR1/+

Naïve

23

22A

+/Y; R42G02-Gal4/+; UAS-GtACR1/+

Naïve

23

22A

+/Y; R42G02-Gal4/+; UAS-GtACR1/+

Naïve

23

20Q
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94 from
20
brains
82 from
17
brains
50 from
9 brains
271 from
20
brains
327 from
17
brains
153 from
9 brains
8
11

10

9

Table S4. (Continued)
+/Y; R42G02-Gal4/+; UAS-IVS22D
Syn21-CsChrimson-tdTomato/+

Naïve

23

22D

+/Y; R42G02-Gal4/+; UAS-IVSSyn21-CsChrimson-tdTomato/+

Naïve

23

22D

+/Y; R42G02-Gal4/+; UAS-IVSSyn21-CsChrimson-tdTomato/+

Naïve

23

Naïve

23

22G

w1118/Y; R42G02-Gal4/UAS-TrpA1;
+/+
w1118/Y; R42G02-Gal4/UAS-TrpA1;
+/+
w1118/Y; R42G02-Gal4/UAS-TrpA1;
+/+
+/Y; +/+; NPF-Gal4/UAS-GtACR1

22G

22E

Off
On (1
x 30
min)
On (6
x5
min)

N/A

44

N/A

32

Off
On (1
x 30
min)
On (6
x5
min)
On (1
x 30
min)
On (6
x5
min)

32

+/Y; +/+; NPF-Gal4/UAS-GtACR1

Naïve

23

22G

+/Y; +/+; NPF-Gal4/UAS-GtACR1

Naïve

23

22H

+/Y; +/+; NPF-Gal4/UAS-GtACR1

Naïve

23

22H

+/Y; +/+; NPF-Gal4/UAS-GtACR1

Naïve

23

S16A

+/Y;+/+; UAS-VAChT-RNAi/+

Naïve

23

N/A

Naïve

23

N/A

Naïve

23

N/A

S16A
S16A
S16A
S16A
S16A
S16B
S16B
S16C

Naïve

w1118/Y; R42G02-Gal4,UASDicer2/UAS-TrpA1; +/+
w1118/Y; R42G02-Gal4,UASDicer2/UAS-TrpA1; UAS-VAChTRNAi/+
+/Y;+/+; UAS-VAChT-RNAi/+

Naïve

w1118/Y; R42G02-Gal4,UASDicer2/UAS-TrpA1; +/+
w1118/Y; R42G02-Gal4,UASDicer2/UAS-TrpA1; UAS-VAChTRNAi/+
w1118/Y; R42G02-p65AD/+; CHATGal4DBD/UAS-myrGFP
w1118/Y; R42G02-p65AD/UAS-TrpA1;
CHAT-Gal4DBD/+
w1118/Y; R42G02-p65AD/+; CHATGal4DBD/UAS-myrGFP

180

Naïve
Naïve
Naïve
Naïve
Naïve

23 (32°C 2hr prestim.)
23 (32°C 2hr prestim.)
23 (32°C 2hr prestim.)
23 (32°C 2hr prestim.)
23 (32°C 2hr prestim.)
23

33
29

Naïve

22E

Naïve

37

N/A

32 (1 x 30
min)
32 (6 x 5
min)
23

22E

34

N/A
N/A
N/A
N/A
N/A
N/A

35
32
28
33

5 groups
of 5-7
5 groups
of 5-7
5 groups
of 5-7
5 groups
of 5-7
5 groups
of 5-7
5 groups
of 5-7
6 groups
of 5-7
5 groups
of 5-7
N/A

Table S4. (Continued)
w1118/Y; R42G02-p65AD/+; CHATS16D
Gal4DBD/UAS-myrGFP
w1118/Y; Repo-Gal80/+; UASS16E
SytGFP,UAS-Denmark/+ (Repo and
SytGFP not necessary)
w1118/Y; Repo-Gal80/Tsh-Gal80; UASS16F
SytGFP,UAS-Denmark/+ (Repo and
SytGFP not necessary)
w1118/Y; R42G02-Gal4,Tsh-Gal80/+;
S16G
UAS-SytGFP/+
S16H
+/Y;+/+; UAS-VAChT-RNAi/+
+/Y; R42G02-Gal4,UAS-Dicer2/+;
S16H
UAS-VAChT-RNAi/+
w1118/Y; UAS-GCaMP6s/+; THS16I
Gal4/UAS-myrtdTomato
w1118/Y; UAS-GCaMP6s/+; THS16I
Gal4/UAS-myrtdTomato
w1118/Y; LexAop-TrpA1/+; THS16J
Gal4/UAS-GCaMP6s
w1118/Y; R42G02-LexA/LexAop-TrpA1;
S16J
TH-Gal4/UAS-GCaMP6s
S16K
S16K
S16L
S16L
S16L
S16L
S16M
S16M
S16N

+/Y; UAS-Kir2.1/+; Tub-Gal80ts/+

Naïve

23

N/A

N/A

Naïve

23

N/A

N/A

Naïve

23

N/A

N/A

Naïve

23

N/A

N/A

Naïve

23

N/A

9

Naïve

23

N/A

10

Naïve

23

N/A

10

Satiated

23

N/A

11

N/A

7

N/A

11

N/A

30

N/A

31

Naïve
Naïve
Naïve

+/Y; R42G02-Gal4/UAS-Kir2.1; TubGal80ts/+
+/Y; UAS-Kir2.1/+;
DopR2attp/DopR2attp
+/Y; R42G02-Gal4/+;
DopR2attp/DopR2attp
+/Y; R42G02-Gal4/UAS-Kir2.1;
DopR2attp/DopR2attp
+/Y; R42G02-Gal4/UAS-Kir2.1;
DopR2attp/+
w1118/Y; LexAop-TrpA1/+; THGal4/UAS-GCaMP6s
w1118/Y; R41A01-LexA/LexAop-TrpA1;
TH-Gal4/UAS-GCaMP6s
+/Y; UAS>STOP>IVS-Syn21CsChrimson-tdTomato/+; NPFGal4,Fru-LexA/LexAop-FLP

Naïve

23 (30°C 4.5hr prestim.)
23 (30°C 4.5hr prestim.)
23 (30°C for
3 days)
23 (30°C for
3 days)

Naïve

23

N/A

9

Naïve

23

N/A

12

Naïve

23

N/A

13

Naïve

23

N/A

11

N/A

10

N/A

11

Satiated
Satiated

23 (30°C 12hr recharge)
23 (30°C 12hr recharge)

Naïve

23

N/A

S17A

+/Y; +/+; TH-Gal4/UAS-CD8GFP

Satiated

23

N/A

S17A

w1118/Y; UAS-TrpA1/+; TH-Gal4/+

Satiated

23

N/A

S17A

+/Y; +/+; TH-Gal4/UAS-CD8GFP

Satiated

23 (28.5°C
12-hr
recharge)

N/A
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42
hemisph
eres
4 groups
of 5-7
4 groups
of 5-7
4 groups
of 5-7

Table S4. (Continued)
S17A

w1118/Y; UAS-TrpA1/+; TH-Gal4/+

Satiated

23 (28.5°C
12-hr
recharge)

N/A

S17B

w1118/Y; UAS-TrpA1/+; P1-B-Gal4/+

Satiated

23

N/A

S17B

w1118/Y; UAS-TrpA1/+; P1-B-Gal4/+

Satiated

23 (30°C 12hr recharge)

N/A

Naïve

23

N/A

Naïve

23

N/A

Naïve

23

N/A

Naïve

23

N/A

Naïve

23

N/A

S17C
S17D
S17E
S17F
S17G

w1118/Y; TH-LexA/UAS-IVS-Syn21opGCaMP6s; NPF-Gal4/LexAop-P2X2
w1118/Y; TH-LexA/UAS-IVS-Syn21opGCaMP6s; pCd-Gal4/LexAop-P2X2
w1118/Y; LexAop-Ort/+; TH-Gal4/UASIVS-Syn21-opGCaMP6s
w1118/Y; 41A01-LexA/LexAop-Ort; THGal4/UAS-IVS-Syn21-opGCaMP6s
w1118/Y; TH-LexA/UAS-Ort; NPFGal4/LexAop-IVS-Syn21-opGCaMP6s

S18A

w1118/Y; UAS-FLP/+; R41A01Gal4/CRE>mCherry>luciferase

Naïve

23

N/A

S18A

w1118/Y; UAS-FLP/+; R41A01Gal4/CRE>mCherry>luciferase

Naïve

23 (30°C 4.5hr stim.)

N/A

S18A

w1118/Y; UAS-FLP/+; R41A01Gal4/CRE>mCherry>luciferase

Satiated

23

N/A

S18A

w1118/Y; UAS-FLP/+; R41A01Gal4/CRE>mCherry>luciferase

Satiated

23 (30°C 4.5hr stim.)

N/A

S18B

w1118/Y; R42G02-Gal4/UAS-FLP;
CRE>mCherry>luciferase/+

Naïve

23

N/A

S18B

w1118/Y; R42G02-Gal4/UAS-FLP;
CRE>mCherry>luciferase/+

Satiated

23

N/A

S18B

w1118/Y; UAS-FLP/+; THGal4/CRE>mCherry>luciferase

Naïve

23

N/A

S18B

w1118/Y; UAS-FLP/+; THGal4/CRE>mCherry>luciferase

Satiated

23

N/A

S18B

w1118/Y; UAS-FLP/+; P1-BGal4/CRE>mCherry>luciferase

Naïve

23

N/A

S18B

w1118/Y; UAS-FLP/+; P1-BGal4/CRE>mCherry>luciferase

Satiated

23

N/A

S18C

+/Y; +/+; UAS-CREB2SUP/+

Naïve

23

N/A

182

4 groups
of 5-7
6 groups
of 5-7
6 groups
of 5-7
8 male
brains
7 male
brains
6 male
brains
8 male
brains
8 male
brains
9 groups
of 3
brains
8 groups
of 3
brains
8 groups
of 3
brains
7 groups
of 3
brains
8 groups
of 3
brains
8 groups
of 3
brains
8 groups
of 3
brains
8 groups
of 3
brains
8 groups
of 3
brains
8 groups
of 3
brains
7

Table S4. (Continued)
w1118/Y; +/+; R41A01-Gal4/UASS18C
CREB2SUP
w1118/Y; +/+; NPF-Gal4/UASS18C
CREB2SUP
S18D
+/Y; +/+; CREB2-RNAi/+
+/Y; UAS-Dicer2/+; R41A01S18D
Gal4/CREB2-RNAi
S18E
+/Y; +/+; TH-Gal4/UAS-CD8GFP
S18E
w1118/Y; +/+; TH-Gal4/UAS-CREB2SUP
S18F
+/Y; R42G01-Gal4/+; UAS-myrGFP/+
w1118/Y; R42G02-Gal4/+; UASS18F
CREB2SUP/+
w1118/Y; UAS-FLP,UAS-Dicer2/UASCKIIβ2-RNAi; R41A01S19B
Gal4,CRE>mCherry>luciferase/+
w1118/Y; UAS-FLP,UAS-Dicer2/UASCKIIβ2-RNAi; R41A01S19B
Gal4,CRE>mCherry>luciferase/+
w1118/Y; UAS-FLP,UAS-Dicer2/UASPP1α96A-RNAi-2; R41A01S19B
Gal4,CRE>mCherry>luciferase/+
w1118/Y; UAS-FLP,UAS-Dicer2/UASPP1α96A-RNAi-2; R41A01S19B
Gal4,CRE>mCherry>luciferase/+
w1118/Y;UAS-CKIIβ2-RNAi/+; +/+
S19C
w1118/Y;UAS-CKIIβ2-RNAi/UASS19C
Dicer2; R41A01-Gal4/+
S19D
S19D
S19E
S19E

w1118/Y;UAS-CKIIβ2-RNAi/+; +/+
w1118/Y;UAS-CKIIβ -RNAi/UAS-Dicer2;
R41A01-Gal4/+
w1118/Y; UAS-PP1α96A-RNAi-2/+; +/+
w1118/Y; UAS-PP1α96A-RNAi-2/UASDicer2; R41A01-Gal4/+
2

Naïve

23

N/A

8

Naïve

23

N/A

7

Naïve

23

N/A

12

Naïve

23

N/A

17

Naïve
Naïve
Naïve

23
23
23

N/A
N/A
N/A

15
16
13

Naïve

23

N/A

12

Naïve

23

N/A

9

Satiated

23

N/A

5

Naïve

23

N/A

7

Satiated

23

N/A

8

Naïve

23

N/A

16

Naïve

23

N/A

16

Naïve

23

N/A

Naïve

23

N/A

Naïve

23

N/A

5 groups
of 5-7
5 groups
of 5-7
8

Naïve

23

N/A

15
5 groups
of 5-7
5 groups
of 5-7
6 groups
of 5-7
5 groups
of 5-7

S19F

w1118/Y; UAS-PP1α96A-RNAi-1/+; +/+

Naïve

23

N/A

S19F

w1118/Y; UAS-PP1α96A-RNAi-1/UASDicer2; R41A01-Gal4/+

Naïve

23

N/A

S19G

w1118/Y; UAS-PP1α96A-RNAi-2/+; +/+

Naïve

23

N/A

Naïve

23

N/A

Naïve

23

N/A

11

Naïve

23

N/A

12

Naïve

23

N/A

9

S19G
S19H
S19H
S19I

1118

w /Y; UAS-PP1α96A-RNAi-2/UASDicer2; R41A01-Gal4/+
+/Y; UAS-Dicer2/+; NPF-Gal4/UASCD8GFP
w1118/Y; UAS-PP1α96A-RNAi-1/UASDicer2; NPF-Gal4/+
w1118/Y; +/+; R41A01-Gal4/UAS-IVSSyn21-opGCaMP6s
183

Table S4. (Continued)
w1118/Y; UAS-PP1α96A-RNAi-1/+;
S19I
R41A01-Gal4/UAS-IVS-Syn21opGCaMP6s

Naïve

184

23

N/A

9

Table S5 (related to Chapter 4). Supporting evidence from reanalyses of single-cell
sequencing datasets
Evidence in data from
Evidence in data from Croset et al
Figure Result
Davie et al 2018* (56,902
2018 (31,138 cells)
cells)
NPFR
NPFR detected in 40/651
expression in NPFR detected in 3/290 dopamine
3F
dopamine neurons (elav+
dopamine
neurons (elav+ nsyb+ ple+)
nsyb+ ple+)
neurons
CREB2
CREB2 detected in 11/47 putative
CREB2 detected in 8/67
5A
expression in pCd neurons (elav+ nsyb+ dsx+
putative pCd neurons (elav+
pCd neurons
fru-)**
nsyb+ dsx+ fru-)**
CREB2
CREB2 detected in 48/541
CREB2 detected in 29/163 npf
5C
expression in
npf neurons (elav+ nsyb+
neurons (elav+ nsyb+ npf+)
NPF neurons
npf+)
PP1α96A
PP1α96A detected in 15/47 putative PP1α96A detected in 42/67
5M
expression in pCd neurons (elav+ nsyb+ dsx+
putative pCd neurons (elav+
pCd neurons
fru-)**
nsyb+ dsx+ fru-)**
PP1α96A detected in 5/8
PP1α96A detected in 6/11 CREB2+
CREB2+ putative pCd
putative pCd neurons (elav+ nsyb+
neurons (elav+ nsyb+ dsx+
dsx+ fru- CREB2+)**
fru- CREB2+)**
Task7
Task7 detected in 28/67
Task7 detected in 8/47 putative pCd
5P
expression in
putative pCd neurons (elav+
neurons (elav+ nsyb+ dsx+ fru-)**
pCd neurons
nsyb+ dsx+ fru-)**
Task7 detected in 6/8
Task7 detected in 2/11 CREB2+
CREB2+ putative pCd
putative pCd neurons (elav+ nsyb+
neurons (elav+ nsyb+ dsx+
dsx+ fru- CREB2+)**
fru- CREB2+)**
CKIIβ2
S4B
expression in N/A***
N/A***
pCd neurons
PP1α96A
PP1α96A detected in
PP1α96A detected in 75/163 NPF
S4H
expression in
340/541 NPF neurons (elav+
neurons (elav+ nsyb+ npf+)
NPF neurons
nsyb+ npf+)
PP1α96A detected in 30/48
PP1α96A detected in 20/29
CREB2+ putative pCd
CREB2+ putative pCd neurons
neurons (elav+ nsyb+ npf+
(elav+ nsyb+ npf+ CREB2+)
CREB2+)
Notes:
*We used data from wild-type flies of all ages
**This labeling strategy also includes some pC1/pC2 neurons
and excludes the 1-2 fru+ pCd neuron per brain
***CKIIβ2 was not detected across the entire dataset
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Table S6 (related to Chapter 4). smFISH probes for Task7 and Dsx
Index Task7 Probes
Dsx Probes
1 aagggtacggacattctgtc
attccagttctcctccgaaa
2 gtgaaagtgcataccaccag
atcatgtccgagtcggacat
3 ggcggctccaattaaaagat
cacagacgtcgttctttgag
4 gtgactccagggaatcgaac
aaatcgagctgccgctggaa
5 taggaattcccatcttttgg
ctttagggtgatctttaggc
6 caaagttgttcttaacggtc
aacttgcagtaccgcttgtg
7 tcgtcagtcacattgtactt
acttctcgcacgtgcagtag
8 acgatttccatcacacggaa
ctgcgacatgatggtgatga
9 cttgtggggcttattttcaa
atggtgggcgtggacatgag
10 gaaagctccagcgaatttcc
acatgtccgtgatgcgagtg
11 ccagtacaaccgtgctgaaa
gtgaccgtggatgctggaag
12 gcgtagaatgaccatatcct
attgctggaactgggtgctc
13 gcttttcccggaattgtaac
gctagtgatcaccgatgttc
14 catagcatagcccatacaaa
cggaagtggacgacggcgag
15 agactggaacatcaccagac
gagatcggcaaaatggctgc
16 acttattcagacgttctccg
cgttctttcgattgacggaa
17 cgccttattatcacggatgc
aaaacgtcttggcccaaggg
18 atgagattcatttcggtggc
tagcttttggcaatagtcta
19 attatggaggagagcattcc
aaggatagcggaatttttct
20 cctcgtatcgggaaaagact
tacatgagtggcatcagctc
21 gaagctatcgaagtagctcc
gtctgcgtcctttaatatca
22 gtcgtcaaggtgacaaaaca
gggaagcctcttcaatgttg
23 cacataatcgccgaaaccaa
tttatttccactcgagcctc
24 gagcttggtcgttctgcaat
gtagatctgggctacagtgc
25 cacatagccaggcttattag
ccatcggggtgtagtagttg
26 agccgaataggatgaagacc
cgggtaggtcaggtacatgg
27 aatagattgatactggcggc
catagcgaccctgttcgatg
28 ttgcatggtcatgaatcgga
tgagcggcagatgggtgaag
29 tgctcatctctcttggcatc
ggagtcggtggacaaatctg
30 atttccagccaagttctgag
gagggcttttggttgtggac
31 gactcatcatcgaaggtcac
tggtgaccattgtgggtgag
32 cttgccgtgcatattgtacg
aacgttgcgatactgctacg
33 gttgtgtagttgttctccag
tatcgacgaagaggacagcg
34 atgcaggtgcaggaacacag
35 cgaactgctcatgattcagg
36 atgtcggtaggctgaaagtc
37 ttcaggcacaaggtgctctc
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Supplemental videos
Movie S1 (related to Chapter 1). Mating drive does not require an abdomen.
Movie S2 (related to Chapter 1). Stimulating P1-B neurons induces courtship toward
inanimate objects. The movie is sped up ~8x.
Movie S3 (related to Chapter 2). Courtship initiation after tapping a female fly
Movie S4 (related to Chapter 2). Annotated video of courtship by a naive male
Movie S5 (related to Chapter 2). Annotated video of courtship by a satiated male
Movie S6 (related to Chapter 2). Termination of an ongoing courtship bout after tapping a
female fly
Movie S7 (related to Chapter 2). Spontaneous courtship termination
Movie S8 (related to Chapter 2). Persistent calcium activity in P1 after repeated stimulation
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