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Representation of Time and Motivation in the Nervous System 

 

Abstract: 

Much of our conscious experience comes from objects that exist purely 

within the brain – abstractions – making them extremely challenging to study. But 

we know (or think we know) most of their fundamental building blocks: cells like 

neurons and glia, processes like biochemistry and electrophysiology, and their 

combinations and interactions. It still remains to be shown how these ideas can 

be stitched together to represent entities seemingly more complex and abstract 

than the constituent parts, and especially to experimentally verify that these 

apparent representations are used in the way we think. In this work, I study a 

number of abstractions (the passage of time, the accumulation of evidence, and 

the competition of several motivations), demonstrate how they arise in a 

relatively simple system (copulating Drosophila) to direct behavior, and propose 

a set of frameworks for extending these findings to more general circumstances. 

I find that the representation of abstractions does not come from studying single 

perspectives, e.g. population coding or measurements of synaptic strength, but 

instead from a holistic perspective of the operation of neurons. The brain 

simultaneously uses every stratum of its organizational structure, from the 

genetic up to ensembles of neurons acting in networks, to produce and transform 

the abstractions that control our behavior and experience. 
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INTRODUCTION: 

 

Representation is a fundamental concept in neuroscience. A central premise of 

the brain is that neurons come to discern the presence of information (to be 

defined in subsequent paragraphs) and use this information to “do something.” 

But since almost no neuron directly experiences the environment outside of the 

brain (or even much of the environment within the brain), the brain as a whole 

relies on representations of the world. They serve as abstractions that maintain 

some core – and presumably useful – quality of that thing. This thesis is an 

attempt to develop insight into some of these abstractions: namely, I hope to 

develop a theory of representation in the brain that reaches from individual 

mechanistic implementations of representations to make (testable) predictions 

about representations outside of my specific model. There’s much more to say 

about these projects and the principles of the nervous system into which they 

provide insight, but this restricted perspective allows a more cohesive framework 

into which I can fit the majority of the work I’ve done during my time here. 

 

Language: 

 

To begin with, we need to formalize our notion of a representation, which will 

require establishing some amount of semantic (and sometimes mathematical) 

machinery. Our goal by the end of this section is to construct language that 

captures our intuitive understanding of a representation – that it is an “object” that 
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expresses an abstract property of another “object”. We’ll then append some 

additional structure regarding “usefulness,” or the extent to which the 

representation is a causal factor in the processing of the brain. This will proceed 

(superficially) much like Kant (1) and Schopenhauer (2), except that we will apply 

some mathematical reasoning that will motivate some of our later analysis of 

biological phenomena. If it all seems a little too math-focused and removed from 

reality, take heart: this section is more or less dispensable for the real biology. 

 

We treat an object and its properties as undefined primitives: for any object O 

there exist a collection of properties P! = {p!} about which statements can be 

made in whatever theory or framework an observer chooses. This object, and 

these properties, need not necessarily physically exist – they may refer to 

another abstraction or interpretation of information contained elsewhere, be 

learned, or made entirely from whole cloth. A representation !!(!!) of an object 

O is another object in conjunction with a set of properties of the referent object O, 

!! ⊆ !!, that can be inferred using !!(!!). We can then say the object !!(!!) is 

a “representation of properties !! of object O”. By inference we mean that, if the 

object O is associated with properties !! with a probability distribution ! !! =

!(!!)  for some function ! , we can construct a probability distribution 

! !! | !!(!!) = !(!!(!!)) such that ! !(!!),!(!!(!!)) ≤  ! !(!!),∅(!!)  for 

some “naïve” distribution ∅(!!), with ! a distance metric on the function space in 

which these probabilities live (I’ll spare you the math, but in brief !(!,!) should 
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reflect how “far away” ! is from !). In this sense, a representation gives us better 

knowledge of some properties of an object, relative to an uninformed state. 

 

This definition provides only part of the understanding of the types of 

representations we’d like to discover in the nervous system. For example, a 

sentence describing an object (and its properties) can serve as a representation 

of that object and its properties. But if the properties of that object were to 

change, it would no longer serve as a representation – the sentence would stay 

fixed. So we will extend our definition of a representation to say that it must hold 

for all time. This provides a sense of linkage: if properties of the object change, 

representations of that object must change accordingly to maintain information 

that is at least as good as the naïve distribution ∅(!!). As trivial as this extension 

seems, it isn’t a given; most neuroscientific canon is accompanied by one or 

several “buts.” The dopaminergic neurons of the VTA represent reward prediction 

error, except when they don’t (3). The AgRP neurons of the arcuate nucleus 

represent hunger, except when they don’t (4, 5). Scientists are open about these 

caveats, but they remain an important consideration when labeling something as 

a “representation.”  

 

Together these definitions provide a language for making claims about 

representations as they exist in the brain and the extent to which they can be 

used to address and understand questions about the mind, its function, and its 

mechanisms of action. First and foremost, we make a distinction between 
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representations on the basis of usefulness. Many neuroscience laboratories have 

discovered representations of objects within contexts, generally by noting a 

capacity to extract information about that object from e.g. measurements of 

intracellular calcium in a population of cells. What almost always remains 

unaddressed, however, is whether and how these representations are then 

actually read out by some observer, and to what end.  

 

Almost certainly, the two classes of representation that have received the most 

thorough treatment in neuroscience are those of visual percepts (6, 7) and those 

of physical space (8, 9). Both of these are sensible starting points, because they 

are easy to conceptualize. The word “visualize” is even often interchangeable 

with “develop an internal representation and use that representation to shape 

one’s intuition.” But the proposed representations are always the dynamics of an 

ensemble of neurons, the usefulness of which becomes extremely challenging to 

test experimentally – the best examples of these tests in vision are quite recent 

and rely only on examining the most crude representations: those of visual 

gratings (10, 11). And while induction of place fields is by now a well-established 

phenomenon, their usefulness to an animal’s sense of location in space has yet 

to be proven. Our goal is to try to identify useful representations of abstract 

entities, namely time and motivation, despite their elusiveness and use our 

findings to reflect on representation of objects generally by the brain. 
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An experimental framework – copulating Drosophila: 

 

If we want to understand representations in an actual living brain, we need to 

develop experiments that study an actual living brain. Throughout this work, we 

will focus on the sexual behavior of Drosophila melanogaster, with particular 

emphasis on the male’s behavior during copulation. This is not the first place one 

would think to look to explore fundamental and profound ideas like time and 

motivation, but by the end of this section (or, at worst, this thesis) it should 

become clear that this system is as powerful as any other in neuroscience.  

 

The most important observation to make is that, for Drosophila melanogaster, 

copulation is a motivated behavior (12). We mean this in the sense of Tinbergen: 

“By confronting an animal that is striving towards the accomplishment of an 

instinctive act (feeding, mating, nursing young, etc.) with a measurable 

obstruction of varying strength, it is possible to determine, and to express in a 

quantitative way, the degree of obstruction required for the inhibition of the act. 

The greater the obstruction tolerated, the stronger the motivation must be.” (13). 

In this work we are primarily interested in motivation in copulo1, throughout which 

the male’s motivational state changes dramatically. At the onset of mating, flies 

are highly motivated, persisting even through potentially lethal conditions (12). As 

the mating progresses, motivation slowly wanes, demonstrated by a gradually 

increasing propensity to respond to any stimulus of fixed intensity. The decision 

																																																								
1	Other aspects of copulation, such as the male’s attempts at courting a potential 
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to persist in mating is, as far as we can tell, entirely determined by the male – not 

only does it vary with manipulations of his genotype (12, 14, 15), but the duration 

of undisturbed copulations is entirely controlled by his genetic background (16). 

In fact, even full paralysis of his mating partner does not appear to affect 

persistence in copulation nor its overall duration (Supplementary Figure 1).  

 

This is made much more compelling by the overall duration of copulation: for 

wildtype flies, mating lasts ~20 minutes (14, 16, 17), and the male’s motivational 

state varies more or less smoothly over its entire duration (12). This implies that, 

explicitly or implicitly, the male’s nervous system has an understanding of exactly 

how much time has elapsed. Entangled with representations of his motivational 

state, there must exist some representations of the passage of time. This is 

particularly interesting because our understanding of neural circuitry measuring 

intervals on this scale (often called “interval time” (18)) is nearly nonexistent (19, 

20). Any exploration of his motivational state will recover details of ways that 

neurons are capable of encoding and interpreting intervals of time that last 

millions of times longer than the electrical signaling events (like action potentials 

and synaptic potentials) that are matter-of-factly asserted to make up the 

canonical framework of neuronal representations (6, 8, 21). Here we also diverge 

somewhat from what has become an orthodox position in systems neuroscience, 

namely that “an algorithm is likely to be understood more readily by 

understanding the nature of the problem being solved than by examining the 

mechanism (and the hardware) in which it is embodied.” (7). We feel that 
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discerning and describing a mechanism itself will elucidate the origins of the 

problem that the system is solving, as opposed to the formulation we attempt to 

impose on the system. 

 

Not only is the behavior itself astonishingly reliable, but its study is made 

substantially easier by a trick of Drosophila neurogenetics: sexually dimorphic 

transcription factors. Sex determination in Drosophila is extremely well 

understood on the genetic level, with several transcription factors whose 

transcripts are differentially spliced in males and females under the control of a 

common sex-determination gene sex lethal (22). Two of the best-known genes of 

those under sex-specific regulation are fruitless and doublesex, known to be 

required for many sex-specific behaviors (23–26). The neurons expressing these 

transcription factors are typically sexually dimorphic, either in physical 

morphology or in function (27–29). A primary benefit of this genetic 

understanding is an ability to label genetically-defined neurons that differ from 

male to female, presumably underlying sex-specific differences in behavior. 

These neurons also use many non-sex-specific strategies to direct sexual 

behaviors, but their genetic identity makes them more readily accessible, 

facilitating the study of behaviors that are themselves sex-specific, such as 

copulation. The exceptional set of genetic tools in Drosophila gives us a natural 

point of entry into understanding how the representations of elapsed time and 

motivation are generated by the male’s sexually dimorphic circuitry: we can study 

the genetic level through modification of single genes and the level of neurons 
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and networks by targeted expression of proteins that can manipulate neuronal 

activity on demand. 

 

This work makes a central supposition: that the findings in Drosophila will extend 

to representations in other organisms. Certainly it is not the case that the precise 

case holds: for example, the genes regulating copulation duration in Drosophila 

may not be integral to copulation duration in mammals. But the problems that we 

study here, the need to estimate intervals of time (e.g. to infer causality between 

events) and the need to select individual behaviors from a cohort of many, are 

ancient. They are problems that were likely addressed very early in evolutionary 

history, and once tackled would likely confer a massive competitive advantage 

over other organisms. So it is not unreasonable to speculate that any 

mechanisms we discover may translate in a more literal sense than simply 

providing inspiration for the hazy outline of mechanisms in organisms more 

closely related to humans – and all of the discoveries we make here either derive 

from extremely ancient (typically older than the last common ancestor of all 

animals) genes or rely on mathematical principles that do not rely on strong 

assumptions about the specific structure of nervous systems.  

 



 

 

 

PART I: REPRESENTATION OF ELAPSED TIME2 

  

																																																								
2	The screen described in this chapter was performed by Kirill Langer, with assistance from Stephen X. Zhang, who wrote analysis code essential for performing the screen. 
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Introduction: 

Any serious discussion of time must address it on two levels: the philosophical 

and the practical. Unlike most representations in the brain, but much like those to 

be discussed in this thesis, it is not immediately clear that time corresponds to 

anything in the physical world. It has been speculated that time is i) entirely an 

illusion (mostly formally proposed by theorists studying loop quantum gravity 

based on the ability to reparameterize a number of fundamental relations to omit 

explicit reference to time (30)), ii) merely an organizational principle for events 

(as in Kant’s Transcendental Aesthetic (1)), iii) a reference frame-specific relation 

between spacetime events (most compatible with the special relativistic 

perspective), iv) an external coordinate that provides a stage or theater on which 

the physical world may act (the natural language for the physical world in 

quantum mechanics and statistical mechanics, and the perspective espoused by 

Isaac Newton (31)). 

 

In the practical sense, it is clear that our brains construct something that we may 

reasonably refer to as time that operates in the “theater” sense – it is a 

coordinate by which events may be organized, and the difference between this 

coordinate value of two events permits inference about causality. Events have 

the capacity to cause events that they precede in time, and so the nervous 

system benefits from generating representations that can act to reflect the 

temporal difference between two events. This has been extremely well 

documented in the cerebellum, where neurons in the deep cerebellar nuclei (32) 
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can learn to use mossy fiber inputs to anticipate an air puff and drive blinking by 

using instructive climbing fiber signals. However, the intervals this system can 

learn are restricted to the subsecond range (18, 20). Many behaviors, on the 

other hand, unfold over tens of seconds to several minutes, and animals are 

capable of learning intervals of time on this scale (often called interval time) (19, 

33, 34), but how neurons actually represent interval time remains mostly 

unknown (19, 20). 

 

These intervals pose a particularly interesting challenge because the electrical 

patterns of activity usually considered to represent information in the brain 

operate on far more rapid timescales (35, 36). The intracellular circadian clock is 

the best understood, and perhaps the only, example of a neuronal mechanism 

for measuring time on a scale longer than a few seconds—but its fixed period of 

oscillation limits its usefulness for timing shorter intervals that are independent of 

time of day. In principle, however, molecular means of representing interval time 

would be attractive for several reasons. Biochemical processes often evolve over 

seconds to minutes, just as electrical means of sustaining activity begin to fail or 

become susceptible to noise (37). Molecular timers could also enable 

representations of temporal intervals that are independent of the electrical 

information a neuron is immediately conveying, allowing multiplexed information 

processing.  
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The breakthrough discovery in understanding circadian biology came from the 

seminal behavioral genetics screen that identified the gene period (38). From this 

foothold, we came to discover that period produced a rhythmically oscillating 

transcript and protein (separated by a quarter-cycle phase) (39), and that this 

cycling protein distributed across many cells made up a fundamental component 

of our entire body’s representation of subjective time of day.  These pioneering 

experiments inspired our search for molecular interval timing mechanisms within 

the compact sexually dimorphic circuitry of male Drosophila melanogaster, 

whose robust ~23 minute mating duration (12), together with automated scoring, 

enabled an analysis across tens of thousands of genetically manipulated 

animals. 

 

Results: 

CaMKII activity in four male-specific neurons sets the duration of 

copulation 

We developed an automated scoring system to screen for the effects of genetic 

perturbations in male Drosophila that alter their average copulation duration 

(Supplementary Figure 1). The screen analyzed 36,557 flies across 2673 

genetic manipulations (primarily single-gene RNAi or overexpression in either 

Fruitless or Dsx expressing neurons), ~99.1% of which had average mating 

durations that were consistent with variation by chance, attesting to the 

robustness of the underlying timing mechanism (Figure 1A, for p-values see 

Supplemental Materials). 
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Figure 1. Expression of calcium-independent CaMKII in Crz neurons 

extends copulation duration by several hours 

(A) Expression of calcium-independent CaMKII (T287D) in male Fruitless 

neurons causes the most dramatic lengthening of copulation duration out of 

~3,000 genetic manipulations (statistics and n for all figures tabulated separately, 

see Methods). 

(B) CaMKII activity is initially dependent on calcium/calmodulin (orange), but 

through autophosphorylation, can maintain its activity even after calcium levels 

decrease to baseline. 

(C-D) Expressing T287D in Fruitless neurons extends copulation duration (C) 

and prevents sperm transfer (D) (horizontal lines indicate sample means, error 

bars in these and all other figures represent windows covering 68% of the density 

of the posterior distribution, see Methods). 



 

	 14 

(Figure 1 Continued) 

(E) T287D expression in Crz neurons lengthens mating and this lengthening is 

prevented by further mutating CaMKII-T287D to render the catalytic domain 

nonfunctional (K43M). 

(F) No extension of mating in Fru>T287D males is seen if expression of the 

transgene is excluded from the Crz neurons. 

 
About half of hits mated for a shorter time than typical (generally less than 10 

minutes), while the other half showed long mating durations, typically around 50-

60 minutes. The longest average duration, by nearly an order of magnitude, 

resulted from expression of a constitutively active version of calcium/calmodulin-

dependent protein kinase II (CaMKII) (40), a broadly-expressed enzyme that has 

remained remarkably unchanged over 1.2 billion years (41). CaMKII’s hallmark is 

its function as a long-lasting molecular memory of calcium transients (42, 43): its 

activity initially requires calcium, but becomes calcium-independent through 

autophosphorylation of adjacent subunits of the dodecameric holoenzyme at the 

T286 or T287 site (44, 45) (T287 in the single fly gene (46)) (Figure 1B). Once 

initiated, calcium-independent kinase activity can last for at least several minutes 

(47–49) and, through repeated bouts of autophosphorylation, may sometimes 

even outlast the lifetime of individual CaMKII subunits (50). This property makes 

CaMKII well suited for a tunable interval timer, as the intracellular environment 

may be set to sustain autophosphorylation for a range of target intervals.  
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Autophosphorylation can be mimicked by replacing the T287 residue with an 

aspartic acid (T287D), resulting in constitutive activity (51). Expressing CaMKII-

T287D in the ~2,500 neurons labeled by Fruitless-Gal4 (25) (Fru-Gal4), a sex-

specific marker, dramatically increased mating duration (Figure 1C) and 

impaired fertility (Figure 1D). Matings were also lengthened when the 

manipulation was induced only in adult animals (Supplementary Figure 2). 

Though we did not perform a quantitative analysis of behavior apart from mating 

duration, males expressing CaMKII-T287D in the Fruitless neurons did not have 

any obvious problems recognizing females, or courting, or deficits in the 

mechanics of initiating or terminating copulation, suggesting a specific role for 

CaMKII in measuring the passage of time during mating. 

 

The four Corazonin-expressing (Crz) neurons of the male abdominal ganglion 

(Figure 2A, Supplementary Figure 3) express Fruitless, are required for sperm 

transfer, and extend mating duration when silenced (15). Driving CaMKII-T287D 

in the Crz neurons extended the mating to nearly the same extent as when 

expressed in the entire Fruitless population (Figure 1E), and extension of mating 

was precluded by additionally mutating the catalytic site of the kinase domain 

(K43M) (Figure 1E). Expression of CaMKII-T287D in the ~2,496 non-Crz 

Fruitless neurons did not extend mating duration, arguing that the effect is 

predominantly attributable to the Crz neurons (Figure 1F), though these neurons 

are not the sole determinants of overall copulation duration, even within the 

Fruitless population (12, 14, 15). CaMKII-T287D did not dramatically affect the 
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morphology of the Crz neurons (Supplementary Figure 2B), or their ability to 

induce sperm transfer upon stimulation (Supplementary Figure 2C). The 

phosphorylation status of this residue in four neurons can therefore control 

behavior over tens of minutes to hours. 

 

  
Figure 2. Crz neurons coordinate sperm transfer and a motivational shift at 

5-7 minutes into mating 
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(Figure 2 Continued) 

(A) The neurons in the abdominal ganglion labeled by Crz-Gal4 (left, nc82 labels 

neuropil, scale bar in this and all other figures is 20 µm). Individual neurons have 

similar morphologies (right, three of the four cells labeled using MCFO (52)). The 

soma are typically distributed near the abdominal nerve, at the posterior-most 

end of the abdominal ganglion. Each neuron sends a single projection that 

densely innervates both sides of the abdominal ganglion, with a few processes 

crossing the midline. All images are maximum-intensity projections. 

(B) Optogenetic stimulation of the Crz neurons using Chrimson has no effect on 

copulation duration, whether provided acutely (30 second bursts near the start or 

end of mating) or constantly (with the light turned on at the initiation of mating). 

(C) Early stimulation of the Crz neurons (schematized on the left) permits early 

responses to threats, without affecting motivational state after the usual time of 

sperm transfer. 

(D) Hyperpolarization of the Crz neurons using Kir2.1 prolongs the period of high 

persistence. 

(E-F) Brief optogenetic excitation (by stimulating CsChrimson) of otherwise-

silenced (with Kir2.1) Crz neurons recovers naturalistic copulation duration (E) 

and a persistent reduction in motivation after stimulation (F). In F, 1 minute of 

optogenetic stimulation was provided at 1 minute into mating.  

(G) The Crz neurons act as a permissive switch for the timely termination of 

mating. While many opposing drives originate in the brain, they must be 

conveyed to the VNS, which houses the 23-minute timer and where the decision 
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to terminate the mating results from a comparison between the motivation to 

continue mating and the severity of the competing drives (12).  

 

 

 

The Crz neurons coordinate sperm transfer and a switch in motivational 

state at 6 minutes into mating 

Early in mating the male will persist through even life-threatening stimuli, but his 

persistence declines over time until even mild challenges cause him to flee by 

15-20 minutes into the mating (12). The decision of when and whether to 

terminate the mating is made largely or entirely by the male, as it is not altered by 

inactivation of all female neurons (Supplementary Figures 1D and 1E). To 

better understand the motivational dynamics of mating, we designed mating 

chambers with individualized temperature control (Supplementary Figure 4). 

Using this more precise system for threat delivery, we noticed an abrupt shift in 

the male’s response occurring at 5-7 minutes: he will endure 1 minute of severe 

heat (44°C) when presented any time between 1 and 5 minutes into the mating 

(Figure 2C), whereas after 7 minutes he will truncate the mating in response to 

the same threat. The timing of this behavioral switch coincides with sperm 

transfer, which is induced by the activity of the Crz neurons: separation of the 

mating pair within 5 minutes of the start of mating results in infertility, while 

separation after ~7 minutes produces a normal number of offspring (12, 15, 17). 

The similarity in timing between both events suggests a coordination between 
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sperm transfer and motivational state, such that once the most critical 

reproductive fluids have been transferred, the male will no longer risk his and his 

partner’s life to continue mating. We refer to the internal mechanisms underlying 

the abrupt change in responsiveness to competing stimuli as a motivational 

switch, following a definition of motivation given by the influential ethologist 

Nikolaas Tinbergen: “By confronting an animal that is striving towards the 

accomplishment of an instinctive act (feeding, mating, nursing young, etc.) with a 

measurable obstruction of varying strength, it is possible to determine, and to 

express in a quantitative way, the degree of obstruction required for the inhibition 

of the act. The greater the obstruction tolerated, the stronger the motivation must 

be” (13).  

 

The above results predict that, in addition to their previously described function in 

inducing sperm transfer (15), activating the Crz neurons very early in mating 

should engage the motivational switch. Optogenetic stimulation of the Crz 

neurons using the red-light sensitive cation channel CsChrimson (Chr) did not 

alter copulation duration regardless of when it was applied (Figure 2B), so long 

as the mating was not challenged. However, transient stimulation of the Crz 

neurons at the beginning of mating caused the male to become immediately 

responsive to 44°C heat threats—an effect which endured long after the 

optogenetic stimulation had ceased. In the minutes following early Crz neuronal 

activation, the male’s persistence gradually declined to match that of control 

animals by the usual time of sperm transfer (Figure 2C). Rather than dictating 
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the overall mating duration or the response to threats in real time, activation of 

the Crz neurons switches the male out of a period of insurmountably high 

motivation to sustain the mating and into an independently-controlled and 

steadily-diminishing tendency persist (Figure 2G) that is likely orchestrated by 

previously described motivational circuitry (12). 

 

Hyperpolarizing the Crz neurons through expression of the leak potassium 

channel Kir2.1 (53) has been shown to prolong matings by over an hour (15). We 

find that this manipulation also dramatically extends the epoch of insurmountably 

high persistence (Figure 2D), consistent with an inability to engage the 

motivational switch and allow termination in response to threats. Briefly 

stimulating the Crz neurons with CsChrimson while they were otherwise 

hyperpolarized restored a typical mating duration (Figure 2E), conferred 

responsiveness to threats at any time after stimulation (Figure 2F) (even minutes 

later), and induced sperm transfer (Supplementary Figure 5A). Importantly, a 

similar protocol reversed the effects of expressing CaMKII-T287D 

(Supplementary Figures 5B and 5C), demonstrating that CaMKII activity does 

not block the Crz neurons from communicating with downstream circuitry, so long 

as they receive sufficient excitation. CaMKII activity therefore prevents the Crz 

neurons from engaging a one-time switch in motivational state that irreversibly 

allows the male to respond to threats and eventually terminate the mating at a 

normal time. In wildtype flies, this switch is the output of a 6-minute timer, 
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presumably to allow the initial mechanics of the copulation to play out in 

preparation for sperm transfer and a synchronous behavioral state change. 

 

The duration of sustained CaMKII activity times the 6-minute behavioral 

switch 

The above results led us to hypothesize that the duration of CaMKII’s activity 

within the Crz neurons is the 6-minute timer. We first confirmed that CaMKII-

T287D increases levels of phosphorylated endogenous CaMKII in the Crz 

neurons using a phosphoT287 antibody (Figure 3A). This antibody does not 

recognize transgenic T287D mutant CaMKII, as expression of a kinase-dead 

CaMKII-K43M-T287D did not increase the signal. Like Kir2.1, sustaining CaMKII 

activity by driving CaMKII-T287D in the Crz neurons prevented the shift in 

motivation at 6 minutes and maintained high motivation for over an hour (Figure 

3B), and simultaneously silencing the neurons while expressing CaMKII-T287D 

did not further extend copulation (Supplementary Figure 5D). Inversely, 

expression of a T287-unphosphorylatable, and therefore calcium-obligate, 

CaMKII (T287A) (54), which complexes with endogenous CaMKII to weaken its 

ability to sustain signaling (Supplementary Figure 6C), hastened the 

motivational shift (Figure 3C) and fertilization (Figure 3D) without impacting the 

overall duration of the mating (Figure 3E), similar to early stimulation of the Crz 

neurons. RNAi-mediated knockdown of CaMKII transcripts also induced a 

premature decrease in motivational state (Figure 3F) that was rescued by 

expression of mouse CaMKII (not targeted by the RNAi), but not calcium-obligate 
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CaMKII (Figure 3F). As expected, these manipulations did not affect the 

durations of undisturbed matings (Figure 3G). Together these data suggest that 

the duration over which CaMKII remains active, and in particular the duration of 

its calcium-independent activity, determines when the Crz neurons induce sperm 

transfer and the motivational shift.  

 

Figure 3. The duration of sustained CaMKII activity times the 6-minute 

behavioral switch 

(A) T287-phosphorylated CaMKII levels increase when phosphomimic CaMKII is 

introduced to the Crz neurons. This increase is not seen in response to a kinase 

dead CaMKII (K43M), indicating that endogenous CaMKII is phosphorylated by 

T287D in the Crz neurons. These images are representative of 3 abdominal 

ganglia imaged for both conditions.  

(B) Calcium-independent CaMKII (T287D) expression in the Crz neurons 

prolongs the epoch of high motivation. 
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(Figure 3 Continued) 

(C-E) Expression of calcium-obligate CaMKII (T287A) in the Crz neurons hastens 

the motivational switch (C) and onset of sperm transfer (D) without affecting 

copulation duration (E). 

(F,G) Knockdown of CaMKII in the Crz neurons hastens the switch in 

motivational state (dark blue), and its timing is reverted to normal by additionally 

expressing wildtype mouse CaMKIIα (black). Expressing calcium-obligate mouse 

CaMKIIα (T286A) results in an incomplete rescue of the timing of the switch in 

motivational state (light blue) (F). None of these manipulations impacted overall 

copulation duration (G).   

 

Our attempts to use the phospho-T287 antibody to monitor the activity of CaMKII 

at various times into mating led to inconsistent results with a variety of rapid 

fixation protocols. We therefore generated flies capable of expressing the two-

photon FRET-FLIM reporter of CaMKII activity, green-Camuiα (55). Green-

Camuiα is a mouse CaMKIIα fused to an eGFP donor fluorophore and a 

darkened acceptor fluorophore (REACh), so that when the two are brought into 

close proximity, the excited eGFP donor can transfer energy to the acceptor 

through FRET (Förster resonant energy transfer). This results in a change in the 

measured fluorescence lifetime of the eGFP fluorophore, causing a longer 

fluoroscence lifetime when the two fluorophores are separated (i.e. CaMKII is 

active) and a shorter fluoroscence lifetime when they undergo FRET (i.e. CaMKII 

is inactive) (Figure 4A). The change in lifetime can be measured using 
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fluorescence lifetime imaging microscopy (FLIM). We confirmed that this 

approach measures the activation of Drosophila CaMKII by showing that basal 

green-Camuiα fluorescence lifetime was increased by co-expression of 

constitutively active Drosophila CaMKII-T287D (Supplementary Figure 6A). 

 

Figure 4. CaMKII activity in the Crz neurons is sustained for minutes after 

super-threshold stimulation 

(A) CaMKII activity, as reported by the fluorescence lifetime of green-Camuiα 

(schematized on the left), decays over several minutes after brief stimulation (5 

seconds) of the Crz neurons using a channelrhodopsin2 variant (ChR2-XXM) 

(blue). This decay lasts much longer than the increase in calcium induced by the 

same stimulation (black) Right: Fluorescent lifetime map of green-Camuiα signal 

of an example Crz neuron cell body before and after ChR2-XXM stimulation. 
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(Figure 4 Continued) 

(B) Active green-Camuiα decays more rapidly in the processes of the Crz 

neurons than in the soma when stimulated for 5 seconds with ChR2-XXM. Data 

shown is from an example abdominal ganglion (also shown on the right) but held 

true for all flies examined (4/4). Inset: segmentation of a single Crz neuron using 

Multi-Color Flp Out illustrating the location of the soma and processes imaged. 

(C) Sufficiently strong increases in CaMKII activity result in sustained activation 

for several minutes. Left: an individual experiment showing that five or more 

seconds of stimulation of ChR2-XXM elicits the sustained response. Compiled 

data on the right show that a long response with similar kinetics is seen after five 

or more seconds of stimulation. Weaker stimulations decay more rapidly with 

kinetics that scale with the amount of increased activity. We characterized the 

decay of the curves nonparametrically, to avoid making explicit assumptions 

about a parametric description of decay kinetics (e.g. by modeling them as a 

single or double exponential). We chose the time to reach 1/e of the maximal 

deflection from baseline (~37%), because this reflects the time constant of a 

single exponential. 

(D) Optogenetic stimulation of the Crz neurons caused calcium elevations that 

were much shorter than  CaMKII activations resulting from the same stimulus. 

(E) The longevity of CaMKII activation is better correlated with the time integral of 

calcium elevation in the Crz neurons than with peak calcium. 
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Stimulating the Crz neurons for five seconds using a calcium-permeable, high-

photocurrent variant of the blue-light sensitive cation channel channelrhodopsin2 

(ChR2-XXM (56)) increased levels of active CaMKII in the soma (Figure 4A, 

Supplementary Figure 6B) and processes, where the signal was slightly 

shorter-lived (Figure 4B). We found that while five or more seconds of 

optogenetic stimulation resulted in CaMKII decay rates that approximated the 

behaviorally measured time interval, weaker stimulation produced reliable decay 

rates covering a range of time intervals (Figure 4C). These results are consistent 

with computational modeling predicting a slow decay following super-threshold 

CaMKII activation (48) and suggest two possible timing paradigms for CaMKII: 

one in which the decay kinetics are fixed to generate a reproducible interval after 

super-threshold stimulation, and one that is adjustable and scaled to the intensity 

of sub-threshold input. 

 

If CaMKII’s activity is the timer itself, as opposed to the output of some other 

timing mechanism, it should not rely on upstream input such as sustained 

intracellular calcium. When we measured the calcium response to the same 

optogenetic stimulation using GCaMP6s (57), we found that cellular calcium 

levels drop off much more rapidly than CaMKII activity (Figure 4A,D), indicating 

that CaMKII activity is sustained in a calcium-independent manner via its 

hallmark autophosphorylation. To test this, we performed the same experiments 

while expressing CaMKII-T287A to impair calcium-independent activity. Initial 

CaMKII activation was unaffected, but activity returned to baseline more rapidly, 
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and the several minutes of sustained CaMKII were entirely abolished 

(Supplementary Figures 6F-H). The extent to which CaMKII was activated 

covaried with how long levels of calcium were elevated at the onset of the timer 

(Figure 4E, Supplementary Figure 6I), but not necessarily peak calcium levels 

as registered by our reporter, suggesting that the dynamics of CaMKII are 

determined by more than just maximal neuronal activity. In anatomically distinct 

Corazonin-producing neurons that do not affect mating behavior 

(Supplementary Figure 3) we observe a more rapid decay from a similar peak 

of CaMKII activity (Supplementary Figures 6D and 6E), and in hippocampal 

spines (55) active green-Camuiα decays within a minute. The duration of 

CaMKII’s calcium-independent state therefore appears to be tuned for different 

roles in different neurons, and in the Crz neurons is poised to measure out 6 

minutes to delay sperm transfer and a switch in motivation.    

 

To gain precise temporal control over CaMKII activity during behavior, we 

generated flies capable of expressing a blue-light-inducible peptide inhibitor of 

CaMKII kinase activity (UAS-paAIP2) (58) (Figure 5A). Using paAIP2 to abruptly 

block CaMKII activity in the Crz neurons, either shortly after the initiation of 

mating or just before a threat, induced the motivational shift and allowed the male 

to terminate the mating in response to heat (Figure 5A). Activation of paAIP2 at 

the onset of mating induced a response to heat threats at any subsequent point 

into the mating (Figure 5B), and also reversed the extension of mating duration 

caused by CaMKII-T287D (Figure 5C) restoring copulation durations to more 
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typical values (always above 13 and generally less than 30 minutes), further 

evidence that the failure of the Crz neurons to signal in the presence of 

constitutively high CaMKII activity does not result from developmental or 

structural defects. These results demonstrate that instantaneous CaMKII activity 

during the first minutes of mating is the sole impediment to the switch in 

motivational state. While inhibition of CaMKII with paAIP2 induced sperm transfer 

during mating (Supplementary Figure 7A) without affecting copulation duration 

(Supplementary Figure 7B), it did not cause ejaculation in non-mating males 

(Supplementary Figure C), suggesting that CaMKII activity impedes an 

excitatory process that only occurs during mating. 
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Figure 5. CaMKII actively prevents the output of the Crz neurons 

(A) Inhibiting CaMKII-mediated phosphorylation in the Crz neurons with blue light 

using paAIP2 (schematized on the left) induces the shift in motivation (right). The 

shift was maintained even after the removal of CaMKII inhibition (light from 1.5 to 

3 minutes), showing that transiently impairing CaMKII activity suffices to cause 

the motivational switch. 

(B) Inhibition of CaMKII activity with paAIP2 throughout the mating is capable of 

inducing a behavioral response to threats at any time after inhibition has begun. 

 



 

	 30 

(Figure 5 Continued) 

(C) Inhibition of CaMKII activity using paAIP2 is sufficient to prevent the 

lengthening of mating duration resulting from expression of CaMKII-T287D. The 

proportion of long matings for each condition is shown in red when there is 

significant mixing of long and normal durations. No manipulations of the Crz 

neurons in this paper lead to matings that are shorter than would be expected by 

chance (~13 min).  

(D) Optogenetic inhibition of the Crz neurons (light green shading) shows that 

electrical activity is not required for the first five minutes of mating as the CaMKII 

timer is winding down, but is required after 5 minutes to report the output of the 

timer and induce the motivational switch. The x-axis indicates the times into 

mating when constant inhibition of the Crz neurons was imposed. 

(E-F) Expression of calcium-obligate CaMKII (T287A) (dark blue) or knockdown 

of CaMKII levels (purple), but not expression of wildtype CaMKII (black) in the 

Crz neurons decreases the time interval between the onset of mating and the 

time of transient Crz neuronal activation, as measured by whether beginning 

inhibition of the Crz neurons at the indicated time can extend copulation (curves 

fit to experimental data like that in D with a Gaussian mixture model, see 

Methods). 

(G) The initiation of the CaMKII timer is voltage-independent: similar proportions 

of normal-duration matings were obtained when inhibition was relieved from the 

5th to 7th minute after mating began regardless of whether inhibition commenced 

before mating onset (13/17) or at mating onset (9/13), indicating that the Crz 
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neurons do not require a voltage-dependent signal at the onset of mating to 

activate the CaMKII timer.  

 

Electrical activity is only required for the output of the timing system 

The imaging experiments above show that active CaMKII can be sustained for 

several minutes longer than elevated calcium (Figure 4A), suggesting that the 

timer does not rely on either calcium or electrical activity to track time during 

mating. To further explore the requirements for electrical activity in this system 

we conditionally inhibited the Crz neurons using the green-light gated chloride 

channel GtACR1 (59) (ACR1). Tonic silencing for the entire mating resulted in a 

long copulation duration, as did silencing that was initiated at 5 minutes into 

mating (Figure 5D), suggesting that electrical activity is required beginning 

around the time of the motivational switch. Inhibition that began at 7 minutes 

(soon after the switch) had no effect on mating duration (Figure 5D). If the Crz 

neurons were inhibited throughout the mating except during the normal time of 

the switch—from the 5th through 7th minutes—mating duration was normal, 

showing that the neurons successfully measure the 6 minute interval even in the 

absence of electrical activity, but require membrane voltage dynamics to report 

its conclusion (Figure 5D). Finally, we asked whether the switch could be 

induced any time after the CaMKII timer has run down by relieving inhibition 10 

minutes after copulation began. This protocol always produced matings of normal 

duration (Figure 5D). Together with the ability of acute CaMKII inhibition to 

change the behavioral state (Figure 5A), this result argues that the Crz neurons 
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are poised to throw the switch at all times during mating, and that CaMKII activity 

delays this voltage-dependent signaling.  

 

Optogenetic silencing at specific times into mating provided another means of 

validating the role of CaMKII in timing the motivational switch. When the Crz 

neurons expressed the CaMKII-T287A transgene as well as ACR1, nearly half of 

the matings were of normal duration if the inhibition commenced at 3 minutes 

(Figure 5D), consistent with the idea that decreased calcium-independent 

CaMKII activity shortens the interval between mating initiation and the 

motivational switch. We used a statistical analysis (See Methods) on these 

inhibition-onset data to estimate the probability that the motivational switch has 

occurred within the allowed time window (Figure 5F). The switch occurred 

several minutes earlier in flies expressing CaMKII-T287A or in which CaMKII 

expression was reduced by RNAi (~3 minutes into mating) as compared to those 

overexpressing wildtype CaMKII (~6 minutes) or with no overexpression (~6 

minutes) (Figure 5F) 

 

Voltage-independent initiation and voltage-dependent output of the CaMKII 

timing system 

Our results suggest that the CaMKII timer is initiated at the onset of mating, 

presumably by an increase in intracellular calcium, and reports the output of the 

timer 6 minutes later, likely using a second increase in intracellular calcium. How, 

then, do the Crz neurons distinguish the initiating cue from the output signal? In 
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our ex vivo studies, we start the CaMKII timer by optogenetic depolarization and 

calcium influx. However, in vivo inhibition of the Crz neurons that commenced 

before the onset of copulation (i.e. before and during courtship) and was relaxed 

only from 5 to 7 minutes into mating most often resulted in a normal motivational 

switch and mating duration (Figure 5G), strong evidence that depolarization is 

not required to initiate the timer. A minority of flies still showed long copulation 

durations in this paradigm, likely those with the slowest CaMKII timers. The 

opposing requirements for membrane voltage at the start and end of the timer 

suggest mechanistic differences between the signals used to trigger its onset and 

report its conclusion. 

 

To further explore the electrical requirements at the end of the timer, we inhibited 

the Crz neurons until 10 minutes into mating to ensure that the CaMKII timer had 

elapsed. We then relaxed inhibition for various durations before re-imposing it for 

the remainder of the mating. These experiments revealed a surprisingly long, and 

surprisingly robust, period of sustained electrical activity that is required to cause 

the motivational switch: relaxation windows of 60 seconds or less almost always 

resulted in long matings, while windows of 90 seconds or longer almost always 

threw the switch (Figure 6A, Supplementary Figure 8). This 60-90 second 

window is much longer than the 1-2 seconds required for membrane voltage to 

return to baseline after GtACR1-mediated inhibition (Supplementary Figure 

8C). If the relaxation window was applied early in mating while CaMKII is still 

active, the switch did not occur (Figure 6A), consistent with a requirement for 
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depolarization only during the output phase of the timing system. The duration of 

relieved inhibition required to induce the switch was the same no matter when 

the relief was applied, so long as it was after the end of the CaMKII timer: a 90 

second relaxation window applied even 45 minutes into mating caused 

termination 15 minutes later (Figure 6B), demonstrating that the Crz neurons are 

capable of retaining the information that the timer has run down for an extremely 

long time and suggesting that CaMKII activity counteracts an excitatory input 

onto the Crz neurons that builds over ~75 seconds. 
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Figure 6. The CaMKII timer relies on a voltage-independent initiation phase 

and voltage-dependent output phase 

(A) The Crz neurons require ~75 seconds of voltage-dependent activity after the 

conclusion of the CaMKII timer (here, 10 minutes into mating) to induce the 

motivational shift (green trace), but cannot do so while CaMKII is active at the 

beginning of mating (black trace). 

(B) The duration of the window of relief from optogenetic inhibition required to 

induce the shift in motivation is invariant to time into mating (lines are perfectly 

overlapping), so long as the CaMKII timer has finished. In this experiment, 

inhibition is removed from the neurons either after 10 minutes of mating or 45 

minutes of mating. The voltage-dependent period is the same length, arguing 

that the decay of CaMKII does not itself trigger the activity of the Crz neurons, 

but instead that CaMKII prevents a voltage-dependent signal that is constant 

throughout the mating. 

(C) Expression of constitutively active CaMKII does not modify baseline 

fluorescence lifetime of ASAP2s (a reflection of membrane voltage) or the slope 

of the relationship between the fluorescent lifetime and extracellular potassium (a 

reflection of potassium conductance). Expressing the leak potassium channel 

Kir2.1 greatly increases fluorescent lifetime (consistent with a more 

hyperpolarized cell at rest), as well as increasing the intercept and (to a lesser 

extent) the slope of the fit to external potassium, reflecting the increase in 

potassium conductance. 
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(Figure 6 Continued) 

(D) Excitation of the Crz neurons using the calcium-impermeable channel 

CsChrimson (Chr) does not elicit CaMKII activity. 

(E) Excitation of the Crz neurons with CsChrimson elicits transient increases in 

intracellular calcium with sustained tails (black). Constitutively active CaMKII 

(CaMKII-T287D) blocks the persistent elevation in calcium (red). 

(F) Quantification of data in (E). “Sustained” ΔF/F refers to mean ΔF/F levels 

from 10 to 25 seconds after the optogenetic stimulation. 

(G) Model for CaMKII timing of Crz neuronal output: the decay of CaMKII after a 

voltage-independent increase times the activity of the Crz neurons by permitting 

a voltage-dependent process that requires ~75 seconds to induce the change in 

motivational state. 

 

Since increasing the activity of CaMKII has a similar behavioral effect as 

electrical inhibition of Crz neurons, we examined the effects of CaMKII 

manipulations on membrane voltage. Absolute measures of membrane voltage 

using 2p-FLIM (60) (Supplementary Figure 9) did not show a change in resting 

voltage or baseline potassium conductance when constitutively active CaMKII-

T287D was expressed in the Crz neurons (Figure 6C). Though these 

measurements were made outside of the mating context, they argue that 

activated CaMKII prevents the output of the Crz neurons without modifying 

baseline electrical excitability.  
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In our in vitro stimulation experiments above, we used ChR2-XXM to stimulate 

the Crz neurons and activate CaMKII. We used this Channelrhodopsin variant for 

its ability to directly pass calcium (56), as we found that CsChrimson (which does 

not pass calcium (61)) stimulated the Crz neurons without activating the CaMKII 

sensor (Figures 6D-F). In the absence of CaMKII activation, CsChrimson-

mediated stimulation of the Crz neurons led to sustained elevation of intracellular 

calcium that persisted for tens of seconds (Figure 6E and 6F). Introduction of 

CaMKII-T287D completely abolished this sustained calcium signal, while 

imposing at most a modest reduction of peak calcium levels, especially when the 

Crz neurons were provided with strong excitation (Figure 6F). These results 

provide two potentially useful insights into the initiation and output phases of the 

timer: i) calcium influx through voltage-gated calcium channels alone is incapable 

of activating CaMKII in this system (since calcium increases from CsChrimson-

mediated depolarization do not activate green-Camuiα), pointing to calcium 

release from intracellular stores as the timer-initiating signal; and ii) active 

CaMKII blocks sustained calcium elevations, which may play a role in meeting 

the 60-90 second requirement to induce the motivational switch at the conclusion 

of the timer. These results suggest that differences in point-of-origin and 

timescale (rapid vs. sustained) distinguish between the calcium-mediated signals 

that trigger the activation and conclusion of the timer (Figure 6G). 

 

Discussion 
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We present what we believe to be the first mechanistic description of a neuronal 

interval timer longer than a few seconds. Several lines of evidence argue that 

CaMKII is the timer itself, rather than an effector of some other sustained signal: 

i) the core timing mechanism does not require electrical activity; ii) selectively 

impairing calcium-dependent CaMKII activity (via the T287A mutation) shortens 

the timer, indicating that it relies on CaMKII autophosphorylation rather than 

sustained calcium; iii) elevating calcium-independent CaMKII activity (via the 

T287D mutation) prevents the timer from running down; iv) acute inhibition of 

CaMKII concludes the time interval; v) the dynamics of CaMKII in the Crz 

neurons match the timed interval. The gradual decline in CaMKII’s sustained 

activity therefore appears to be the central timing mechanism in this system, but 

our work provides less specific information about the processes that initiate and 

report the conclusion of the timer, or the factors that control the rate of CaMKII’s 

decline over time. 

 

How extensively is this type of fixed time measurement used in the nervous 

system? Perhaps more so than is currently appreciated. We, for example, did not 

anticipate a 6-minute timer nested within the 23-minute mating duration when we 

began this study. The passage of time is unique among information about the 

external world in that it passes inexorably and ubiquitously (31). Unlike traditional 

sensory modalities, any neuron can, in principle, detect the passage of time 

directly and use that information to organize or synchronize circuit functions. The 

duration of CaMKII’s sustained activity is differentially tuned in different contexts; 
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our sub-threshold activation experiments show that, even within the same 

neurons, CaMKII can produce a range of time intervals that are adjusted to the 

level of input. The mechanism described here may therefore be used beyond the 

measurement of fixed time intervals, generating a range of solutions for 

translating neuronal timescales into behavioral ones. Temporal intervals are 

implicit in almost all functions of the nervous system, especially those organizing 

behavior, necessitating some form of representation of these intervals for each of 

these contexts. There are hints that CaMKII is involved in timing across animals 

and behaviors, for example in the precisely timed circalunar eclosion of midges 

(62) and the intestine-controlled rhythmic defecation of C. elegans every 45 

seconds (63).   

 

Though the idea that biochemical reactions progress over reliable timescales of 

many seconds or minutes is certainly not new, theoretical work on interval timing 

has focused largely on electrical network mechanisms (36). Similarly, early 

hypotheses about circadian timing (e.g. Enright 1980) were developed around 

the production of oscillations via electrical and synaptic mechanisms, before 

Drosophila genetics revealed its molecular nature (reviewed in Song & Rogulja 

2017). Our work points to timing mechanisms that may not even be detectable by 

standard electrical recording and calcium imaging techniques. 

 

It, in some sense, seems natural to use chemistry to measure time: on the 

classical physics scale in which our brains operate, nearly all laws of physics are 
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time-symmetric. The singular exception comes from the aggregate action of 

statistical mechanics principles, in which entropy increases as time progresses 

(66). Physicist Arthur Eddington writes: 

“I shall use the phrase ‘time’s arrow’ to express this one-way property of time 
which has no analogue in space. It is a singularly interesting property from a 
philosophical standpoint. We must note that⎯ 
(1) It is vividly recognized by consciousness. 
(2) It is equally insisted on by our reasoning faculty, which tells us that a reversal 
of the arrow would render the external world nonsensical. 
(3) It makes no appearance in physical science except in the study of 
organization 
of a number of individuals. Here the arrow indicates the direction of progressive 
increase of the random element.” (67) 
 

Our brains make abundant use of some measurement process that respects the 

“arrow of time” to organize events, accounting for its rich role in our conscious 

experience (67). Because this arrow arises through entropy, perhaps the most 

appropriate way to measure it is to explicitly use phenomena that themselves are 

directly dictated by entropy-driven phenomena, like the biochemical and 

thermodynamic processes of molecular biology. 

  

CaMKII is most often studied in the nervous system for its role in memory 

formation and storage, with a particular focus on the potentiation of synaptic 

transmission in the hippocampus (42, 68). But CaMKII evolutionarily predates the 

ionotropic glutamate receptors that underlie this synaptic plasticity by hundreds 

of millions of years (69). Single-celled organisms use biochemical computations 

to respond to their environment in sophisticated ways: for example, the 

cyanobacterial circadian clock keeps time using autophosphorylation in a 
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process strikingly similar to CaMKII (70). It is unlikely that neurons have 

abandoned these evolutionarily ancient strategies, given that they enable 

processing of much more information than immediate electrical input provides 

(71). While in principle many biochemical processes might function to measure 

intervals of time, the long-recognized function of CaMKII as a molecular memory 

of earlier events makes it especially suitable for timekeeping. Its broad 

expression, strict evolutionary conservation, and tunable duration of its activity 

make CaMKII a candidate for timing functions and slowly evolving dynamics 

underlying a wide variety of behavioral states and other emergent neuronal 

network properties. 

 

METHODS 

Fly stocks 

 

Flies were maintained on conventional cornmeal-agar-molasses medium under a 

12 hour light/12 hour dark cycle at 25 °C. Unless otherwise stated, males were 

collected 0-6 days after eclosion and group-housed away from females for 3-6 

days before testing. Flies expressing Chrimson, and all experimental controls for 

experiments using Chrimson, were housed with rehydrated potato food (Carolina 

Bio Supply Formula 4-24 Instant Drosophila Medium, Blue) coated with all-trans-

retinal (Sigma Aldrich R2500) diluted to 50 mM in ethanol for at least 3 days, 

unless marked as “no retinal.” These vials were kept inside aluminum foil sheaths 

to prevent degradation of the retinal due to light exposure. Virgin females used 
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as partners for copulation assays were generated by heat-shocking a 

CsChrimson-mVenus stock with a hs-hid transgene integrated on the Y-

chromosome (from Bloomington stock #55135) in a 37 °C water bath for 90 

minutes. This stock was selected because we found the females to be highly 

receptive to courtship, resulting in a large number of mating pairs shortly after the 

initiation of assays; and because copulation duration is robust to variations in the 

female’s genetic composition, as well as independent of the behavior of the 

female, as paralyzing the female by total inactivation of her nervous system does 

not affect copulation duration or the response to heat threats (Supplementary 

Figure 1D and E). Virgins were group-housed for 3-13 days before use. 

Experiments with Chrimson-expressing males were not performed at specific 

times relative to the light-dark cycle of the incubator because these animals were 

housed in constant dark conditions to preserve all-trans-retinal integrity. We did 

not observe any dependency of time of day on any of the behaviors described 

here, but all flies experiencing light-dark cycles were tested between ZT 

(Zeitgeber Time) 2 and ZT 14 (lights are turned on at ZT 0 and off at ZT 12). 

Detailed genotypes of all strains used in the paper are listed in the supplement. 

Oregon R (OR) and Canton S (CS) were used as wildtype stocks to which single 

transgene stocks were crossed in controls. The 20x-UAS-CaMKII-T287D stock in 

Figure 1E was produced near the end of this study, and so was not used in any 

other experiments detailed in this manuscript. The previously existing UAS-

CaMKII-T287D (40) stock used in other experiments typically only produced long 

matings ~60% of the time when expressed with Crz-Gal4 (though it  was 100% 



 

	 43 

effective when expressed together with CsChrimson), and so we attempt to 

address this with quantification of the proportions of matings that are long when 

relevant, as in Figure 5B. 

 

Copulation duration screen 

 

Initially, UAS-RNAi lines were selected randomly from the collections at 

Bloomington, Kyoto, and Vienna, and were crossed to flies expressing Gal4 

either pan-neuronally (elav-Gal4) or in sexually dimorphic neurons (Fru-Gal4) 

along with UAS-Dicer2. If the cross produced progeny, we generally screened 8-

10 male flies in the automated system described below and in Supplementary 

Figure 1. If a line caused unusually long or short matings, we ordered lines 

targeting related genes suggested by the literature. These were typically other 

RNAi lines or UAS-driven expression of mutants of that gene or related genes. 

We performed the experiment using CaMKII-T287D because of an initial and 

relatively weak hit from knockdown of calcineurin, a known regulator of CaMKII 

activity. All data and code is available upon request. 

 

Evaluation of mating 

 

Automated: Females and males were loaded into 32-well arenas (schematics 

posted at https://github.com/CrickmoreRoguljaLabs) and recorded from a height 

of ~9” using a Canon camera (VIXIA HF R600) and saved on an SD card. These 
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files were then processed using custom MATLAB code (also at 

https://github.com/CrickmoreRoguljaLabs). In brief, the analysis pipeline 

identified individual behavioral arenas by thresholding and then using a flood fill 

algorithm. Within each arena, and within a single frame, it identified flies by 

thresholding, applying a morphological erosion, and then using MATLAB’s built-in 

segmentation function bwlabel. If this method failed to find either of the two 

flies, we used a watershedding algorithm to find the missing animals. The 

centroid of each segmented fly was calculated, and then the distance between 

those centroids was compared. If the distance between the centroids was 

calculated to be less than a pre-determined value (we used 0.17 cm) for longer 

than a pre-determined value (we used 1 minute), the pair was scored as 

“mating.” 

 

Manual: Experiments involving heat threats or delivery of light stimuli at a set 

time into mating were evaluated manually in real time. Video was streamed from 

an infrared camera connected to Raspberry Pi (see below). A pair of flies was 

scored as “mating” when they adopted a stereotyped mating posture for at least 

30 seconds. This posture consists of the male mounting the female and propping 

himself up on her abdomen using his forelegs, while curling his own abdomen 

and keeping the genitalia in contact. The posture is starkly different from anything 

exhibited during other naturalistic behaviors, and the pose is not sustained for 30 

seconds during unsuccessful attempts to initiate a mating. It is also maintained 

even in the presence of threats, unless the male elects to terminate the mating. If 
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the flies are physically pulled apart without disengaging the genitalia (such as if 

the female falls or if they collide with an obstacle), the male is able to climb back 

into place. Thus persistence in the face of a threat is clearly distinguished from 

any defects of musculature. When actually “stuck”, the male dismounts the 

female, orients himself away from her, and attempts to walk away, but cannot 

decouple their genitalia. Occasionally, the flies become stuck after mating for too 

long after ejaculation, perhaps because the seminal fluids harden and adhere the 

flies together. Stuck behavior is not scored as mating. 

 

Termination in response to threats: Matings were scored as ended in response to 

a heat threat if they were terminated any time between the initiation of the threat 

and 30 seconds after the end of the threat. The extra 30-second period was used 

to accommodate the sometimes-slow process of dismounting and decoupling the 

genitalia, as well as the several seconds required for the temperature inside the 

behavioral arena to return to ambient levels. 

 

Assessing fertility 

 

Mating pairs were manually separated by forcefully and repeatedly aspirating the 

flies through a narrow opening until mechanically separated, and then the female 

fly was collected and placed in isolation in the above-described cornmeal food 

vials. One week later, the vial was visually inspected for the presence of larvae 

as an indicator of successful fertilization. This approach was used to measure 
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sperm transfer in lieu of methods of labeling the sperm with fluorescent markers 

because i) it is easy to do at scale, ii) it did not require any additional genetic 

tools (which would have made several experiments considerably more 

challenging in terms of genetics), iii) fluorescent approaches for measuring 

sperm transfer in the female are complicated by autofluorescent seminal fluids 

whose transfer is not controlled by the Crz neurons (data not shown), and iv) it 

reflects the supposed physiological goal of copulation: transfer of sufficient 

amounts of sperm to produce progeny. 

 

Scoring ejaculation induced by light 

 

Males were glued to a glass slide by their wings and illuminated by a 405 nm 

laser pointer while examining the flies under a dissecting microscope. The fly 

was scored as “ejaculating” if it began thrusting its aedeagus in response to light 

and the aedeagus became coated in seminal fluid, which fluoresced green under 

the UV light. For paAIP2 experiments, we used a blue LED as described below in 

addition to the UV laser pointer. 

 

Optogenetic stimulation and heat threats during behavior 

 

For Chrimson experiments: One male and one virgin female fly were placed in 

each of 0.86” diameter 1/8” thick acrylic wells sitting 4” above 655 nm LEDs 

(Luxeon Rebel, Deep Red, LXM3-PD01-0350) driven using 700 mA constant 
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current drivers (LuxDrive BuckPuck, 03021-D-E-700) and passed through frosted 

collimating optics (Carclo #10124). This spot of light was scattered using a thin 

diffuser film (Inventables, 23114-01) under the wells to ensure a uniform light 

intensity of ~0.1 mW/mm2. The LEDs were controlled using an Arduino 

Mega2560 (Adafruit) running a custom script, which itself was controlled by a 

Raspberry Pi (either 2 or 3, running Raspbian, a Debian variant). Flies were 

observed by recording from above using the Raspberry Pi with a Raspberry Pi 

NoIR camera (Adafruit) and infrared illumination from below using IR LED arrays 

(Crazy Cart 48-LED CCTV Ir Infrared Night Vision Illuminator reflected off the 

bottom of the box) while streaming the video to a computer for observation. 

For GtACR1 experiments: The set-up was as above except using the green (530 

nm) Luxeon Rebel, LXML-PM01-0100, and a pulse-width modulated signal to set 

the time-average intensity of the light to ~5 µW/mm2 (approximately six times 

brighter than the ambient light). 

 

For paAIP2 experiments: The set-up was as above, but additionally included a 

blue (470 nm) Luxeon Rebel (LXML-PB01-0040) with an average intensity within 

the well of ~0.25 mW/mm2. This intensity certainly disturbs flies to some extent, 

but is likely necessary for a sufficient amount of light to activate paAIP2 to pass 

through the cuticle. For these experiments, controls with the light but no paAIP2 

are very important. The LEDs were arranged in a “3-UP” configuration 

(LEDSupply) and light was passed through a frosted collimating lens (Carclo 

10511). 
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For threats: A similar device to the one described above was constructed, with 

the addition of a ¼” thick water bath underneath each well. Room temperature 

water was continually passed through this bath, except when heat threat 

manipulations occurred, when water of the temperature described in each 

experiment was used (controlled by a separate stopcock for each well). The 

LEDs above were driven with 1A BuckPucks controlled by a pulse-width 

modulated signal selected to ensure the average intensity of illumination is the 

same as in the other behavioral experiments (~0.1 mW/mm2 for red light, ~ 5 

µW/mm2 for green, 0.25 mW/mm2 for blue) despite having to pass through the 

water (see Supplementary Figure 4). 

 

Additional notes about behavior 

 

All reported termination probabilities are conditional: they are only the subset of 

flies that persisted in mating until the noted time of the stimulus. For the 15-

minute and earlier time points, this accounts for 100% of experimental flies, but 

data at the 20-minute time point or later should be considered in this light, rather 

than as a cumulative termination probability that includes the flies that terminated 

without intervention. 

 

Generation of transgenic flies 
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Crz-LexA was generated using the 391 nucleotide sequence upstream of the 

putative transcription start site of Drosophila corazonin (CG3302) on 

chromosome 3R spanning nucleotides 14314545-14314935 using forward primer 

TTCGGATTTTGCCCGGG and reverse primer GTTTCGGCAGAAGTTAGTCC. The 

resulting LexA construct was inserted into the attP2 and attP40 landing sites by 

Rainbow Transgenics. 

 

UAS-paAIP2 was created by inserting paAIP2 (a gift from Ryohei Yasuda) into 

the 20x UAS-IVS-mCD8GFP vector (Addgene 26220) after digestion with XhoI 

and XbaI, using the InFusion assembly kit (Clontech 638909). paAIP2 was 

amplified using the forward primer 

TTCTTATCCTTTACTTCAGGCGGCCGCGGCTCGAGATGCTGGCGACCACCC and 

reverse primer 

ACAGAAGTAAGGTTCCTTCACAAAGATCCTCTAGATTACAGCGCATCAAACGCTTCC. 

The construct was inserted into the attP2 landing site by BestGene, Inc. 

 

UAS-CaMKII-K43M,T287D and 20x-UAS-CaMKII-T287D were made by 

assembling fragments amplified from the CaMKII ORF (DGRC FI03620) with 

digested 20x-UAS-IVS-mCD8GFP as above. The 5’ and 3’ primers, respectively, 

were 

TTCTTATCCTTTACTTCAGGCGGCCGCGGCTCGAGATGGCTGCACCAGCAGCCTGTAC 

and 

ACAGAAGTAAGGTTCCTTCACAAAGATCCTCTAGACTATTTTTGGGGTATAAAATCGAA

TGTAGTTG. The K43M mutation was introduced using the primer pair 
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TTTGCTGCAATGATTATCAATACAAAAAAATTAACTGCCAGAGACTTTC and 

TTGATAATCATTGCAGCAAATTCAAAGCCAGTTGACTTTTG, and the T287D mutation 

was introduced with the primer pair GCATCGCCAAGAAGACGTAGACTGTCTCAAGA 

and TCTTGAACAGTCTACGTCTTTCTTGGCGATGC. Both constructs were inserted 

into the attP2 landing site by BestGene, Inc. 

 

UAS-green-Camuiα was created by inserting green-Camuiα (from Addgene 

26933) into the 20x UAS-IVS-mCD8GFP vector as above. Because of the 

sequence similarity of the 5’ and 3’ ends of the eGFP and darkened mVenus in 

green-Camuiα, the coding sequence was amplified in two halves split in the 

middle of the CaMKII segment, and the fragments were assembled together with 

the 20x UAS construct at once using InFusion. The forward primer and reverse 

primers for the first half were ttacttcaggcggccgcggcATGGTGAGCAAGGGCGAG 

and ggacgggttgATGGTCAGCATCTTATTGATCAG while those for the second half 

were ATGCTGACCATCAACCCGTCCAAACGCATC and 

ggttccttcacaaagatcctTTACTTGTACAGCTCGTCCATGC. The construct was 

inserted into the attP2 landing site by BestGene, Inc. 

 

All lines are available upon request. 

 

Antibodies and immunohistochemistry 

All samples were fixed in PBS with Triton X-100 and 4% paraformaldehyde for 20 

minutes, then washed three times with PBS and Triton X-100 for 20 minutes 
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each before application of antibodies. All samples were incubated with the 

primary antibody for two days, washed three times with PBS and Triton X-100 for 

20 minutes each, incubated with the secondary antibody for two days, then 

washed three times as before and mounted on coverslips using VectaShield 

(Vector Labs). The exception is for MCFO staining, in which we followed the 

protocol of Nern et al. (52) 

Antibodies used are as in the Key Resources Table (except those in MCFO, 

which are as described in Nern et al.(52)): 

Confocal microscopy 

Confocal images were collected using a Zeiss LSM 710 through a 20x air 

objective (Olympus PLAN-APOCHROMAT) controlled by Zen software, and 

analyzed using ImageJ or custom Python code. 

Two-photon FRET FLIM 

FLIM was performed as described in Chen et al., 2014 (72). Two-photon imaging 

was achieved by a custom-built microscope with a mode-locked Ti-sapphire laser 

source (Chameleon Vision II, 80 MHz, Coherent). Photons were collected with 

fast photomultipler tubes (PMTs) (H10770PA-40MOD, Hamamatsu) using a 60X 

(NA 1.1) objective (Olympus). Image acquisition was performed using the 

custom-written software ScanImage running in Matlab. Fluorescence lifetime was 

quantified using time-domain single photon counting, with 256 time channels of 

width ~48.6 picoseconds, using a SPC-150 (Becker and Hickl GmbH) FLIM 
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board. The donor fluorophore was excited using a 920 nm laser (with time-

average light power ~1.5 mW under the objective), and ChR2 was excited by an 

arc lamp passed through a GFP filter. We acquired 128 pixel by 128 pixel FLIM 

images at ~0.143 Hz (one frame every 7 seconds) as an average of 20 

consecutive frames of imaging at ~3 Hz. Experiments and dissections were 

performed in the same saline as used for calcium imaging. The ventral nervous 

system was removed in chilled saline and transferred to a room temperature 

stage for FRET-FLIM experiments. Samples were only used if lifetime 

measurements were stable for at least 10 minutes before manipulation to 

minimize the effects of bleaching or rundown on the baseline signal. 

Some data in Figure 4C. all of Figure 4D, and Supplementary Figures S6G-I 

were collected on a modified Thorlabs Bergamo microscope. Samples were 

excited using a Coherent Chameleon Vision II Ti:Sapphire laser emitting a 920 

nm beam and emission was detected using cooled Hamamatsu H7422P-40 

GaAsP photomultiplier tubes, with light collected through a 16x water immersion 

objective (Olympus). The PMT signal was amplified using Becker-Hickl fast PMT 

amplifiers (HFAC-26) and passed to a PicoQuant TimeHarp 260 photon counting 

board, which was synchronized to the laser emission by a photodiode (Thorlabs 

DET110A2) inverted using a fast inverter (Becker-Hickl A-PPI-D). The TimeHarp 

signal was acquired by custom software (FLIMage, Florida Lifetime Imaging) 

which was also used to control the microscope. For intensity imaging (GCaMP), 

all detected photons within a pixel were summed together, regardless of arrival 

time relative to the excitation pulse. Images were acquired at a resolution of 
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256x256 and a rate of 4 Hz and, for FLIM, averaged to 0.66 Hz. Optogenetic 

excitation was provided by illumination with a liquid light guide coupled to a 488 

nm LED, placed ~ 1 centimeter from the sample. 

The fluorescence lifetime was computed using the empirical method in Lee et al. 

(55). Briefly, the empirical lifetime ! was computed by numerically approximating 

the integral ! = ! ! ! dt!!""#$
!!"#$% ! ! dt!!""#$

!!"#$% − !!  where !(!)  represents the 

sum of all photons collected across all pixels in the image in time channel !. This 

value can be interpreted as representing the average latency to emit a photon 

across all fluorescing molecules in the image, which for a single exponential 

would be the time constant of that exponential. The offset !! was estimated in the 

period before the experiment began by fitting the decay to a double exponential 

model ! ! =  !!!! !! + !!!! !! plus an instrument response function (which was 

also fit to a Gaussian). Then the empirical estimate would give ! =  !!!
!!!!!!

!!!!!!!
, and 

so our estimate of !! (we will call it !!) becomes the difference between the 

analytical value for the empirical lifetime ! and the measured value:  

!! =  ! ! ! dt
!!""#$

!!"#$%
! ! dt

!!""#$

!!"#$%
−  !!!

! + !!!!
!!! + !!!

  

After producing our initial estimate !!, for the remainder of the experiment we 

computed and report ! =  ! ! ! dt!!""#$
!!"#$% ! ! dt!!""#$

!!"#$% − !! 
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Pixel-wise lifetime maps were generated using the empirical method (55). A 

matrix !!,! was computed corresponding to the empirical lifetime estimate of pixel 

!, ! ∈ { !,! ∈ ℕ×ℕ: !,! ≤ 128} as follows: 

!!,! = !!"# !!,!!!!!"#$%!
!"#!!!"#$%

!!!
!!,!!

!"#

!!"#$%
 

where !!,!!  is the number of collected photons in time channel ! ∈ {! ∈ ℕ: ! ≤ 256}, 

!!"#$% is the estimated time channel in which the decay begins, and !!"# is the 

width of a time channel (in our experiments, ~48.86 picoseconds). Pixels whose 

total number of collected photons fell below a threshold (typically ~40 photons) 

were set to 0 as a proxy for “background.” A median filter (in which each pixel 

was assigned the value of the median of itself and the 8 pixels surrounding it) 

was applied to produce example images. 

Analysis of FLIM data was performed using MATLAB. Code for analyzing FLIM 

data is available online at www.github.com/CrickmoreRoguljaLabs/ 

Stimulation using ChR2-XXM, as in Figure 3 and Supplementary Figure 6, 

would often result in a short period (about 30 seconds) in which fluorescence 

lifetime would continue to increase, even after the blue light stimulation had been 

shut off, plausibly due to the slow closing kinetics of ChR2-XXM (56) or due to 

recurrent excitation of the Crz neurons. 

By “brain” neurons, we mean a particular pair of neurons expressing Crz in the 

brain. These two cells are very close together, are small and very round, are 
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some of the most lateral, and are directly ventral to a more elongated cell body. 

We were careful to choose the same cell bodies each time because the neurons 

do not all project to the same place and so are presumably different in an 

unknown number of ways. In fact, we noticed that the larger Crz neuron in the 

brain showed much longer decay kinetics than those in the abdominal ganglion 

(around 10-12 minutes), and the cells in the optic lobe showed even shorter 

responses than those we are labeling “brain” neurons. Different cells also 

showed different baselines, varying from 1.4-1.5 ns (in the optic lobe) to 1.8 ns 

(the large cell). 

We noticed a weak response to blue light in the green-Camuiα signal even 

without ChR2. We suspect this artifact is due to bleaching of the darkened YFP 

acceptor protein (sREACh) so that the donor eGFP is unable to transfer energy 

via FRET, resulting in a longer fluorescent lifetime independent of the 

configuration of green-Camuiα. It may also abolish short-lifetime contamination 

from the low levels of sREACh fluorescence (73) or reflect a light-sensitive 

process capable of causing calcium to enter the cytoplasm, though our 

behavioral experiments with paAIP2 suggest that the Crz neurons are not 

intrinsically activated or silenced by blue light (though they may be sensitive to 

the higher intensities delivered ex vivo). We also noted that the size of this 

response increased with the duration of the blue light pulse, with a 30 second 

stimulation creating as large as a 0.1 ns shift in measured lifetime. The effect in 

the 5 second pulse experiments is much weaker than that induced by the 

presence of ChR2-XXM, and so we are confident that the signal we measure is 
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dominated by calcium influx resultant from light-sensitive currents through ChR2-

XXM. 

Flies expressing ChR2-XXM typically showed longer green-Camuiα lifetimes at 

the beginning of an imaging session that would decay to a baseline level over 

~10 minutes and remain there indefinitely unless the neurons were stimulated. 

We interpret this initial activation to reflect the sensitivity of ChR2-XXM to the 

two-photon laser. We then think some portion of the channels are eventually (but 

reversibly) bleached, so that the laser no longer causes additional excitation as it 

bleaches at the same rate at which channels recover. This basal stimulation also 

likely accounts for the small increase in baseline lifetime measurements (and 

variability of baseline) in flies expressing ChR2-XXM, which was not seen when 

expressing the much less sensitive original ChR2. 

The responses to pulses of varying width were collected in random order, 

generally collecting 3 pulse widths from the same cell, but sometimes collecting 

data for all five pulse widths.  

Two-photon calcium imaging and voltage imaging 

GCaMP6s and ASAP2s fluorescence was measured using the microscope 

described above for FRET-FLIM. Images were analyzed in a manner intended to 

emulate how lifetime was estimated during FLIM experiments: fluorescence 

intensity was simply summed across the image after a background subtraction. 

Almost all fluorescence came from the Crz neurons, so no additional processing 
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was necessary. Baseline fluorescence F was computed using the average of ~ 1 

minute before optogenetic stimulation. 

Experiments involving Chrimson and GCaMP6s used excitation with a blue LED 

(Thorlabs M470F3) through a fiber optic cable (M28L02) placed ~500 µm from 

the abdominal ganglion, shielding the microscope’s detectors during stimulation 

using a shutter. The light power measured at the end of the fiber was ~3-5 mW. 

These experiments were done this way because they shortened the time 

between the end of optogenetic stimulation and the ability to resume imaging. 

Images were acquired at ~3.6 Hz. 

Two-photon absolute voltage imaging with FLIM 

Fluorescence lifetime was measured as described above for FRET-FLIM but 

using the voltage sensor ASAP2s excited with a 920 nm laser. Extracellular 

potassium was varied by gently pipetting 1M KCl into the edge of the dish. 

Baseline lifetime measurements were made by averaging lifetime measurements 

2-5 minutes after introduction of KCl to allow the bath to equilibrate. It has been 

reported that the fluorescence lifetime of ASAP1 varies approximately linearly 

with voltage; if so, we can use baseline fluorescence lifetime as a reliable proxy 

for time-average membrane voltage. The previous experiments (60) confirmed 

the linear relationship between ASAP1 fluorescence lifetime and membrane 

voltage using simultaneous electrophysiology, but this approach was not 

available to us. We attempted to confirm the same of ASAP2s by testing whether 

fluorescence lifetime varies approximately log-linearly with extracellular 
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potassium, which would be a consequence of varying linearly with voltage by the 

following logic (schematized Supplementary Figure 9B): 

We suppose the cell is permitted to equilibrate and only consider passive 

conductances. This assumption is almost certainly wrong in all cases, but 

enables a simple analysis that still seems to reasonably accurately describe our 

data. In this case, the membrane voltage ! is 

! = !!
!

! ∈ !
!! 

where ! is the set of ions, !! is the membrane conductance of ion !, ! =  !!! , 

and !! =  !! log [!]!"#
[!]!"

 where !! depends on the ionic charge as per the Nernst 

equation, [!]!"#  is the concentration of !  outside of the cell, and [!]!"  is the 

concentration of ! inside the cell. We then see that 

! = !!
! !! log

[!]!"#
[!]!"

+ !!
!

! ∈ !\!
!! 

If we then assume a linear relationship between the voltage ! and fluorescence 

lifetime ! so that ! ≈ !" + ! then 

! ≈ ! !!
! !! log

! !"#
! !"

+ !!
!

! ∈ !\!
!! +  ! 
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! ≈ ! !!! !! log ! !!" +  ! −!!! !! log ! !" + !!
!

! ∈ !\!
!! +  !  

where we have grouped terms that depend on ! !"# on the left side and those 

that do not in brackets on the right. We then see that lifetime ! is linearly related 

to log ! !"#  and the slope of this relationship is proportional to !!! , the 

potassium conductance of the cell relative to the total conductances of the cell. If 

we assume all other conductances remain constant between two manipulations, 

then the ratio of the slopes of the linear fits between ! and log ! !"#  estimates 

the factor by which !! has changed between those manipulations. We also note 

that a change in !! will also affect the offset, both by adjusting ! and through the 

term involving ! !". This effect is visible in the manipulation involving Kir2.1, 

where we see a large increase in offset (reflection the hyperpolarization of the 

neuron), as well as a change in the slope. Here it is notable that the linear 

relationship between ! and log ! !"#  is a less good description, presumably 

because Kir2.1 is inwardly-rectifying and presumably contributes substantially to 

the overall potassium conductance so !! is no longer constant as we vary 

log ! !"#
! !"

. 

QUANTIFICATION AND STATISTICAL ANALYSIS 

General framework  
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Throughout this manuscript, we take a Bayesian approach to estimating 

proportions because it more closely corresponds to the inference procedures we 

are performing, and as such all reported windows and intervals correspond to the 

mass of the posterior distribution for the inferred model parameter. This is 

because the Bayesian perspective corresponds to inference about the values of 

descriptors of our model (e.g. in our data, the probability of terminating the 

mating in response to some stimulus), rather than consistency of a data set with 

a particular value that the model might take (the “null hypothesis”). We take this 

approach for philosophical reasons: we can make statistical claims about our 

belief in the magnitude of effects, rather than simply reporting their deviation from 

that produced by a null hypothesis, or performing inference on a procedure that 

itself cannot make claims about true parameter values. We do, however, 

recognize that the frequentist approach is more commonplace, and so present 

our data in a manner that is as consistent as possible with typical frequentist 

reporting and hypothesis testing. We use noninformative priors (74), so this 

trivially corresponds to the usual Central Limit Theorem statistics in the case of 

estimating the variability of means, but a slightly different estimator on 

proportions. The extent of the Bayesian approach is limited to the graphical 

presentation of data; all statistics are performed in the traditional frequentist 

fashion (see hypothesis testing section below). Our results and their 

interpretation do not hinge, in any case, on precise statistical methodology, as 

our effects tend to be very large, and so this decision is more philosophical than 

effectual. 
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We use standard maximum likelihood estimates for fluorescence data, even 

though Bayesian approaches can be more robust, because these Bayesian 

analyses are considerably less commonplace than they are with proportions.  

 

We report p-values in a table, rather than on the plots, to avoid the reduction of 

complex data into true-or-false hypothesis testing (75). We are careful to only 

make claims supported by standard null hypothesis analyses. 

 

Credible intervals for proportions  

 

All proportions are modeled as Bernoulli random processes with probability ! and 

presented as the sample estimate ! for the proportion p (! = ! ! with !  the 

number of observed successes and !  the total number of observations, the 

maximum likelihood estimate, rather than the maximum posterior estimate, for 

consistency with standard data presentation). This point is surrounded by a 68% 

credible interval (selected to be similar to the broadly familiar SEM metric, which 

is itself a 68% credible interval on the mean under a uniform prior), demarcated 

by error bars, generated by sampling from the posterior distribution using Markov 

Chain Monte Carlo (MCMC, Metropolis-Hastings algorithm) with the 

noninformative Jeffreys prior ! ! = 1/ ! 1− !  and selecting the 16-84% 

window of this empirical estimate of the posterior. The Jeffreys prior was selected 

because it gives a posterior that is in a sense invariant under reparameterizations 
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(76), and thus gives a consistent result between our posterior distributions even 

when we invert or transform the inference problem. The window generated by 

this method is also a numerical approximation of a 68% confidence interval with 

the corresponding frequentist properties. All estimation of the posterior was 

performed using Markov Chain Monte Carlo via the python package pymc. 

 

For the experiments inferring the probability that the Crz neurons have been 

active at a certain time, we used a Bayesian Gaussian mixture model with two 

components: “long matings” and “short matings” whose parameters were 

common across experiments. For a given time !, we estimated the posterior 

distribution of the parameter ! of a Bernoulli process, which was used to select 

the posterior distributions used to sample the mean and variance of the Gaussian 

from which an individual fly’s copulation duration was drawn. Explicitly: 

!! ~ ! !,!!  

! ~! !! ,
!!!
!!

 

!! ~ !!!!!!! 

! ~ !"#(!!) 

 

with !! and !!! the mean and variance of the “no light” condition, and !! and !!! 

the mean and variance of the “light at start” condition, and likewise !!  the 

corresponding size of those samples. The prior on !! was a Beta distribution 

with  ! = ! = 0.5 , the Jeffrey’s prior, and we used MCMC to estimate the 
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posterior distribution of !!.  We then plotted the maximum a posteriori value for !! 

along with 68% credible intervals. 

 

A similar model was used for the “relief from inhibition” experiments in which 

inhibition was relieved after 45 minutes of mating. These flies would mate for ~15 

minutes longer (in contrast to those flies in which inhibition was not relieved, that 

would typically mate for at least another hour). The flies in which inhibition was 

removed at 45 minutes were used instead of the “no light” condition for 

generating the priors on !! and !!!. 

 

Hypothesis testing on proportions 

To test the hypothesis that two sample proportions were drawn from the same 

Bernoulli process, we used Fisher’s exact test. We then correct for multiple 

comparisons by using the Holm-Bonferroni correction on our criteria for statistical 

significance (with the number of hypotheses being the number of unique pairs of 

comparisons, !(! − 1)/2). In experiments involving heat threats at distinct times 

across distinct genotypes, the number of corrections was the number of 

hypotheses: !×! where ! is the number of genotypes and ! is the number of time 

points. This estimate is overly conservative (not all hypotheses are independent; 

in fact, almost all are likely to be highly correlated) but is the most principled 

given the challenge of estimating the correlations between motivation at different 

time points and how differences between genotypes are conserved across time 

points. 
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Credible intervals on means  

We use the standard SEM estimator for variability of sample means !"# =

 ! ! with !! the unbiased estimator of sample variance and ! the sample size, 

which corresponds to the 68% credible interval for the sample mean using the 

“improper” uniform prior. 

 

Hypothesis testing on distributions 

We use the nonparametric Mann-Whitney U test on rank sums for differences in 

distributions of copulation duration. We then correct for multiple comparisons by 

using the Holm-Bonferroni correction on our criteria for statistical significance 

(with the number of hypotheses being the number of unique pairs of 

comparisons, !(! − 1)/2). For experiments measuring copulation duration, this 

correction was done across all experimental conditions in the figure.  

 

Power analyses 

For proportions, we performed pilot experiments to estimate the effect size, and 

then used that estimated proportion to compute necessary sample size given a 

power of 0.8 and a significance criterion of 0.05, and then used approximately 

that many samples. The sample used to estimate the effect size was separate 

from the sample presented in the data (and analyzed using statistics), and so 

represented an independent estimate of the effect size. This approach is known 

to be imperfect, and results in an imprecise estimate of the effect, resulting in a 
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suggested sample size that may not be accurately tuned to the true effect size. 

Thus some experiments may be slightly underpowered or overpowered, and 

indeed some observed effect sizes consistently trend towards statistical 

significance without achieving it (see, e.g., Figure 3D), a natural consequence of 

a slightly underpowered analysis analyzing an effect that is nonetheless present. 

We use this procedure only because we have no other pre hoc means of 

estimating the strength of an anticipated manipulation using traditional frequentist 

approaches (i.e. without priors).   

 

For other distributions, no pilot studies were performed since these distributions 

are nonparametric and thus proper power analysis is not technically possible. 

Instead, if the effect sizes were large (as are almost all effects in the paper), we 

generally used ~10 flies. If we thought differences were small or unlikely, we 

used ~20 flies. 

 

Randomization  

Animals were usually alternatingly assigned to conditions, when applicable (e.g. 

animal 1 was subjected to condition A, animal 2 was subjected to condition B, 

animal 3 was subjected to condition C (when applicable, else condition A)), 

animal n was subjected to condition n modulo m where m is the number of 

conditions. Because not every animal mates, this often resulted in uneven 

sample sizes, and thus in some conditions more animals used than power 
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analysis required (because experiments were performed in large batches, e.g. of 

30 animals in parallel). 

 

Blinding 

Experimenters were not blinded in any experiments. 
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	 68 

Interlude: 

CaMKII as a representation of interval time 

We can now ask how CaMKII fits into our established framework of 

representation as a means of measuring interval time. The preceding data makes 

it clear that not only does CaMKII serve as a representation of an elapsed 

interval of time, and in fact it serves as a useful one with respect to the behavior 

of the fly. The tuned dynamics of CaMKII seem to suggest a representation of a 

fixed interval rather than arbitrary intervals. So we suppose a Boolean variable !! 

that takes on values True and False at any given moment, reflecting whether or 

not an intended interval has elapsed since some onset mechanism occured; i.e. 

!!(!) = True only if ! ≥ !!"#$% + ! for ! the interval to be estimated. We can see 

from Figure 4 that, if CaMKII activity increases at !!"#$% to superthreshold levels, 

we can generate some estimate of elapsed time simply from measuring CaMKII 

activity levels at any given moment. The question here is how reliable that 

estimate is – how much information about time is provided by CaMKII levels, and 

how certain can an observer be that !!(!) = True? What strategies can an 

observer use to enhance their confidence that the estimated interval has 

elapsed? 

 

To ask this question, we will use a proxy of CaMKII activity: measured 

fluorescence lifetime traces of green-Camuiα after optogenetic stimulation. For 

any !, we can ascertain how informative !(!) is of !!(!) by calculating the mutual 

information between !(!) and !: 
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! !, ! = ! ! = ! | !! ! !! log ! ! = ! | !!
! ! = ! !(!!)

!"
!!∈{!,!}

�

!
 

Using the data from the previous section (in this case, the 7 second duration 

stimulus condition), we can see for which intervals the Crz CaMKII timer serves 

as an informative representation (given ! = 10 minutes). In Figure 7A we see 

that, in accordance with our intuition, the Crz CaMKII timer works best to 

represent intervals on the order of ~3-6 minutes: for shorter intervals, activity of 

the timer sometimes remains elevated for too long to serve as an extremely 

reliable estimator relative to guessing that the interval has elapsed with 

probability 1− !/! (which is a fairly successful strategy if the interval to be timed 

is short). For long intervals, the timer decays too rapidly to be informative – 

CaMKII activity bottoms out before the interval to be estimated has elapsed. 
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Figure 7. Averaging across time and neurons improves the estimate of 
elapsed time 

(A) Estimating whether or not an interval has elapsed within a 10 minute 

observation window is most challenging when the interval is about ½ the length 

of the observation window, reflected by the entropy of the random variable !! 

(black), a variable which is True when ! ≥ ! and False otherwise. Simultaneously 

measuring CaMKII activity within any given cell (using the distribution of data 

from 7 second stimulation pulses) provides some mutual information as to 

whether or not the interval has elapsed (blue), with the information being greatest 

where the CaMKII timer shows the fastest rates of change (so that the value of 

absolute CaMKII can be relied on to tell you whether or not the interval has 

elapsed). This results in as much as a 50% reduction in the entropy of !! (pink). 

(B) The estimate can be improved by averaging CaMKII measurements across 

time. Taking a time average of the most recent 20 seconds of CaMKII activity 

results in an ~30% increase in the mutual information about !! even from 

measuring just a single CaMKII activity trace. 

(C) Taking an average across 4 neurons dramatically improves the mutual 

information about !! (green), especially in conjunction with time averaging. Using 

an average of 4 CaMKII timers provides nearly perfect information about !! -- the 

average is incredibly more reliable than any individual CaMKII timer. 

 

 

Still, the reduction in entropy from estimating elapsed time with the instantaneous 

levels of CaMKII is not that good, even for intervals around 5 minutes. The 



 

	 71 

measurement is too noisy on its own to give particularly useful estimates of 

elapsed time. To improve on this estimate, one can average across time and/or 

across neurons. For these purposes, we will focus on estimating a 6 minute 

interval, like we expect the Crz neurons do. Performing the same estimation but 

using a moving average of varying widths, we find that the estimation is best 

using an ~20 second moving average of CaMKII activity levels (Figure 7B). Any 

longer, and the representation is degraded by the changing state of CaMKII 

activity. 

 

Even with time averaging, the entropy of the estimation has only been reduced 

by 50%. But one can imagine that averaging information across CaMKII timers 

would produce a much more reliable estimate. We assume that each timer 

decays independently from the other, and perform the calculation as above 

except using the average across our measured CaMKII timers. This operation 

dramatically reduces the entropy of CaMKII activity, producing a far more reliable 

estimate (compare the individual traces in e.g. Supplementary Figure 6G to the 

averages). Simply averaging across neurons, especially with a temporal filter, 

dramatically enhances the fidelity of the interval’s representation to nearly perfect 

levels (Figure 7C). With this in mind, we asked whether the Crz neurons could 

average across their individual CaMKII timers to improve their ability to infer 

elapsed time. 

  



 

 

 

PART II: REPRESENTATION OF ACCUMULATED EVIDENCE3,4 

 

  

																																																								
3	Many of the behavioral experiments involving cAMP in this chapter were performed in collaboration with Maximilian J. Pitsch, Jingwen Ren and Eliza A. Smith. The experiments studying Dh44 were performed together with Yue Fei. 
4	These experiments are newer and less mature than the others; the conclusions are less airtight, and the sample sizes are often smaller.	
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Introduction 

 

We showed that the Crz neurons can measure intervals on the order of minutes 

using molecular machinery with decay kinetics matching the interval measured. 

Molecular processing sidesteps the issue of sustaining electrical activity for many 

minutes, but requires a way to link intracellular processes to the synaptic 

signaling into and out of the neurons in which the computation of elapsed time 

takes place. In addition, molecular representations of information will be subject 

to some level of noise to which a neuron would need to be robust. In the example 

of interval timing, having multiple cells evaluate the same intervals intracellularly 

enables averaging and evidence accumulation (Figure 7), but then those 

neurons need a means to combine or synchronize their output to inform other 

neuronal circuitry that the interval has elapsed.  

 

Male Drosophila transfer sperm during an abrupt one-time event that occurs 5-7 

minutes into each mating (12, 15). The transfer of sperm coincides with a 

dramatic switch in the motivational state of the animal that permits the eventual 

termination of mating. The timing of this switch is determined by the activity of 

four Corazonin-expressing (Crz) neurons in the male’s abdominal ganglion. The 

Crz neurons each house a CaMKII timer that initiates at the onset of mating and 

is sustained for minutes to delay sperm transfer. Simultaneous measurements of 

CaMKII activity within multiple Crz neurons (using the FRET-FLIM reporter 

green-Camuiα (55) after optogenetic stimulation of the neurons) revealed 
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variability in the longevity of CaMKII activity across neurons (Figure 8A), raising 

the question of which timer (or combination of timers) actually triggers the 

singular event. 

Figure 8: The Crz neurons reach a consensus about elapsed time 

A) Simultaneously measured CaMKII timers using green-Camuiα show different 

dynamics. 

B) Schematized versions of possible ways the nervous system would listen to 

Crz neurons with dissonant CaMKII timers. 

C) Stochastic silencing of individual Crz neurons lengthens copulation with 

statistics most consistent with collaboration between the Crz neurons, but which 

only strictly requires at least two functioning Crz neurons. 
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D) Dendritic and synaptic markers expressed in the Crz neurons show 

substantial overlap. 

E) Expression of CsChrimson in a subset of Crz neurons results in calcium 

responses in all others, demonstrating functional recurrence within the 

population. 

 

The Crz neurons form a recurrent network that measures the six-minute 

time interval 

 

There are many ways a set of four neurons might produce a single timed event 

(Figure 8B). For example, it might be that only one special Crz neuron actually 

controls the six-minute timer, or the event may consist of several smaller stages 

occurring at slightly different times instructed by each neuron. It might also be 

that the first (or last) Crz neuron to have its CaMKII timer expire would signal the 

end of the interval. To examine these hypotheses, we generated mosaic animals 

in which 0,1,2,3, or all 4 of the Crz neurons were silenced by the light-gated 

chloride channel GtACR1 (59, 77) using the recombinase-based tool Coin-FLP 

(78). We found that the proportion of flies with long matings was consistent with 

requiring consensus between the Crz neurons. Silencing even just two of the four 

neurons appears to delay the timing of the switch, as reflected by the proportion 

of flies mating much longer than the normal duration (Figure 8C). If there were a 

single special neuron, the probability of a long mating would be 50% (the 

probability of that neuron expressing GtACR1); if it were the first neuron whose 
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timer expires, the only case producing long mating matings would be that 

silencing all four neurons (6.25% of cases). Similarly, if the system required 

agreement between all neurons, only those flies in which no neurons were 

silenced would have normal copulation durations (also 6.25% of cases). The 

greater delay in the motivational switch as the number of silenced neurons grows 

demonstrates that all four Crz neurons cooperate to generate the switch’s 

precise timing, but that the full network’s activity is not absolutely necessary. 

 

The contribution of all four Crz neurons to time a single event raised the 

possibility that they interact through recurrent stimulation, as is further suggested 

by their densely intertwined arborization (Figure 2A) and intermingled markers 

for dendritic and synaptic sites (Figure 8D). We performed another mosaic 

experiment, this time expressing the red-light gated cation channel CsChrimson 

(79) in a subpopulation of Crz neurons while imaging calcium dynamics in all four 

Crz neurons using GCaMP6s (57) (Figure 8E). In response to red light, neurons 

expressing CsChrimson showed the expected calcium elevations—but elevated 

calcium was also often seen in the Crz neurons that did not express CsChrimson 

(Figure 8E). These results do not address whether these connections are direct, 

but they demonstrate functional recurrence and, together with the mosaic 

silencing experiments, suggest that the timing of the motivational switch emerges 

from interactions between the four Crz neurons. 

 

The Crz network uses cAMP to time its output 
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The Crz network requires ~60 seconds of electrical activity to throw the 

motivational switch once the CaMKII timers have run down. This conclusion was 

drawn from experiments in which we inhibit the Crz neurons for the first 10 

minutes of mating, allowing the ~5-minute CaMKII timers to run to completion. 

We then relieve inhibition for various amounts of time before reimposing it for the 

remainder of the mating. If less than 50 seconds of electrical activity is allowed, 

the motivational switch is rarely thrown (as evidenced by long copulation 

durations), whereas if more than 70 seconds of voltage dynamics are allowed, 

the switch is almost always thrown and the mating will terminate ~15 minutes 

later (Figure 9A,B). To ask whether 60 seconds reflects the time required for 

continuous ramping of recurrent electrical activity up to a threshold, we 

introduced several seconds of optogenetic inhibition into the middle of a 60 

second window of relieved inhibition (Figure 9C). This disruption had no effect 

on the ability of the Crz neurons to throw the switch, demonstrating that 

continuous electrical activity is not required, and suggesting that changes in 

membrane voltage are transduced into a stable, accumulating signal. We 

assessed the stability of this accumulated signal by separating two, 

independently insufficient, 50 second voltage windows with inhibition of varying 

lengths. We found that the accumulated signal can still be detected as a 

potentiation of the response to the second window after at least 3 minutes of 

intervening inhibition (Figure 9D). We conclude that depolarization of the Crz 
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neurons drives the accumulation of a stable, likely biochemical, signal that slowly 

degrades in the absence of electrical activity.  

 

Figure 9: The Crz neurons use accumulation of cAMP to reach a 

consensus. 
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(Figure 9 Continued) 

A) A voltage-dependent signal is required at the end of the CaMKII timer to 

induce the switch in motivational state that is induced by Crz neuron activity. 

B) The Crz neurons require more than 60 seconds of electrical activity to reach a 

consensus after the CaMKII timer has elapsed. 

C,D) The signal that induces consensus persists through transient electrical 

silencing with GtACR1, but this signal decays away on the scale of hundreds of 

seconds. 

E,F) Screen of 1,388 manipulations of the Crz neurons reveals that the cAMP 

signaling pathway is essential for the Crz neurons to reach consensus (F), in 

addition to a number of other signaling and release pathways. 

G) Increasing Gαs activity, which canonically drives cAMP synthesis, decreases 

the amount of time required for the Crz neurons to reach a consensus, while 

decreasing Gαs levels slows their agreement. 

H) Increasing cAMP synthesis by expressiong of adenylyl cyclase 3 (AC3), or 

blocking its degradation by knockdown of phosphodiesterase 4 (PDE4), shortens 

the period required for the Crz neurons to reach consensus. 

I) bPAC, a bacterial photoactivatable adenylyl cyclase, permits light-gated 

induction of cAMP signaling.  

J) Stimulation of cAMP synthesis in the Crz neurons causes isolated male flies to 

ejaculate. 
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(Figure 9 Continued) 

K) bPAC-mediated cAMP synthesis is capable of prematurely inducing the switch 

in motivational state, as measured by responsiveness to potentially lethal heat 

threats 5 minutes into mating. 

L) Stimulation of bPAC shortens the consensus period of the Crz neurons, 

though some amount of electrical activity is still required to report consensus. 

M) Cycling bouts of inhibition and relief from inhibition demonstrate that cAMP 

accumulates within the Crz neurons and decays with kinetics on the order of tens 

of seconds, consistent with the optimal time-averaging described in Figure 7. 

 

To look for a factor that accumulates over time to throw the motivational switch, 

we screened 1,388 molecular manipulations directed to the Crz neurons 

(predominantly single gene RNAi knockdowns or expression of mutant 

Drosophila genes, with a focus on calcium-interacting proteins and signaling 

pathways) for the ability to either shorten or lengthen the necessary duration of 

the voltage-dependent window. Of these, ~30 showed detectable changes, with 

many strong hits implicated in the synthesis, stability, and readout of cyclic 

adenosine monophosphate (cAMP). cAMP is synthesized from ATP by the action 

of adenylyl cyclase (REFs), most isoforms of which are activated by the G protein 

subunit α subtype s (Gαs) and is degraded by phosphodiesterases (PDEs). 

Genetic manipulations predicated to impede cAMP synthesis or enhance its 

degradation lengthened the voltage-dependent time window (Figures 9E-H) 

while those increasing cAMP synthesis or impairing its degradation decreased 
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the time requirement (Figures 9E-H). cAMP signaling is therefore central to the 

mechanism that times the motivational switch. 

 

To gain more precise control of cAMP dynamics in the Crz neurons we employed 

the photoactivatable adenylyl cyclase bPAC (80). Activation of bPAC in the Crz 

neurons caused ejaculation in isolated males (Figure 9J) and switched the 

male’s motivational state during mating (Figure 9K), similar to the effect of 

thermo-or opto-genetic stimulation. bPAC activation did not have equally evident 

behavioral consequences on several other populations of neurons that are 

known to drive behavior when stimulated (the CDNs described in Part III, as well 

as a number of other sexually dimorphic neurons I have studied in the lab such 

as the P1-courtship driving neurons (25)), demonstrating that neuronal activation 

is not a general neuronal response to bPAC stimulation. Electrical inhibition of 

the Crz neurons during bPAC activation blocked its effects in isolated flies and 

during mating (Figure 9L), showing that cAMP acts through a voltage-dependent 

process in the Crz neurons, rather than directly promoting vesicle fusion. 

Stimulation of bPAC before the application of a voltage-window reduced its 

required duration, suggesting that synthetic cAMP production pools with 

endogenously generated cAMP to drive the switch in motivation (Figure 9L). 

 

These data argue that cAMP production is necessary for whatever consensus-

generating operation occurs during the voltage-dependent period. This could, in 

principle, take many forms, so to assess the ability of cAMP to track inhibitory 
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and excitatory inputs spread out over time, we performed a variant of the voltage-

window experiments. In these experiments, we relaxed inhibition at 10 minutes 

and imposed repeated cycles of optogenetically imposed inhibition interwoven 

with fixed durations of relieved inhibition (Figure 9M). Tuning the durations of 

excitation and inhibition produced a range of timed outputs spanning over 100 

minutes. Each cycling inhibition/relaxation protocol gave a consistently timed 

output, with more consolidated voltage windows causing earlier motivational 

switching (Figure 9M). Perhaps most strikingly, these experiments revealed 

considerable linearity in the decay of information over time: four seconds of 

inhibition effectively erased one second of electrical activity across all conditions 

(Supplementary Figure 10). This equivalency held for a number of different 

stimulation paradigms (Supplementary Figure 10). The fact that the ratio 

between accumulation and degradation does not appear to vary as the 

accumulation period progresses suggests that cAMP accumulation acts as an 

averaging mechanism, across time but also evidently across neurons, since it is 

necessary for the voltage-sensitive consensus period. 

 

cAMP activates PKA to drive voltage-gated calcium currents 

 

Perhaps the most canonical function of cAMP is to activate protein kinase A 

(PKA) (81), a tetramer with two regulatory subunits and two catalytic subunits 

(Figure 10A) (82). cAMP binds the regulatory subunits, causing them to release 

the otherwise inhibited catalytic domains. Either knockdown of the catalytic 
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subunit or expression of a regulatory subunit that cannot be activated by cAMP 

(PKA-R*) (83) lengthened the voltage-dependent time requirement (Figure 10D), 

and extended mating duration to a similar extent as electrical inhibition or 

constitutive CaMKII activation (Figure 2). Inversely, overexpression of a catalytic 

subunit (PKA-C1) or a catalytic subunit that cannot be restrained by PKA-R 

(PKA-C1*) (83)—but not a kinase-dead catalytic subunit (PKA-C1-K75A)—

shortened the temporal voltage requirement (Figure 10B,C). These results 

suggest that PKA reads out cAMP levels to transform the sustained voltage 

dynamics of the Crz neurons into a timed output.    

 

Figure 10: PKA translates cAMP elevation into electrical activity of the Crz 

neurons. 
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(Figure 10 Continued) 

A) Schematic of PKA function. PKA forms tetramers of two regulatory subunits 

and two catalytic subunits. cAMP binds to the regulatory subunits to release the 

catalytic subunits and permit their action on downstream targets. 

B) Knockdown of PKA catalytic subunit PKA-C1 extends the duration of the 

consensus period. 

C) Expression of a constitutively active PKA catalytic subunit (PKA-mC*) 

dramatically shortens the consensus period of the Crz neurons, though they 

continue to require electrical activity to report agreement. 

D) Expression of a cAMP-insensitive PKA regulatory subunit (PKA-R*) prevents 

the activity of the Crz neurons, resulting in several-hour long matings. 

E) Optogenetic induction of cAMP elevation using bPAC results in a massive 

increase in intracellular calcium levels that requires PKA activity. 

F) cAMP signaling also induces a change in transmembrane voltage, arguing 

that PKA activity electrically excites the Crz neurons. 

G) Transmembrane calcium influx is required for the PKA/cAMP-mediated 

increase in intracellular calcium, as the GCaMP6s response is abolished by 

extracellular application of the Ca2+-channel blocker cadmium. 

H) PKA-induced transmembrane calcium influx requires membrane 

depolarization, as it is blocked by expression of the leak K+ channel Kir2.1. 

These data together implicate voltage-gated calcium channel signaling in the 

action of PKA. 
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(Figure 10 Continued) 

I) Knockdown of the β subunit of the voltage-gated calcium channel (putatively 

modified by PKA) lengthens the consensus period of the Crz neurons. 

 

To examine the relationship between cAMP, PKA and neuronal activity, we 

imaged calcium dynamics in the Crz neurons using GCaMP6s. Sustained 

stimulation of cAMP synthesis in the Crz neurons using bPAC resulted in large 

elevations in intracellular calcium that were dependent on PKA activity (Figure 

10E). This effect required influx through calcium channels in the cell membrane, 

as calcium responses were essentially eliminated by bath application of the 

calcium pore-blocker cadmium (Figure 10G). The voltage reporter ASAP2s 

showed that bPAC stimulation depolarized the Crz neurons for a comparable 

duration as calcium influx, indicating that the elevation in calcium is due to a 

sustained current, not just slow clearance (Figure 10F).  

 

Expressing Kir2.1 to hyperpolarize the Crz neurons blocked the change in 

intracellular calcium evoked by bPAC stimulation (Figure 10H). The joint 

requirement of voltage dynamics and membrane calcium channels for cAMP-

induced calcium elevation pointed to voltage-gated calcium channels (VGCCs) 

as mediators of the response to rising cAMP levels. Consistent with this notion, 

knockdown of the lone Drosophila β subunit of the voltage-gated calcium channel 

complex (Ca-β) lengthened the accumulative window (Figure 10I). In mammals, 

voltage-gated calcium channels are suspected to be modulated by PKA activity 
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to enhance currents (84, 85), and at least one putative PKA target site on Ca-β is 

conserved in flies (our observation). Several other neuronal populations showed 

no change in calcium levels in response to bPAC stimulation, and the neurons 

that did respond had much weaker changes in calcium compared to the massive 

influx observed in the Crz neurons. The ability of cAMP to excite neurons through 

a putative Gαs-cAMP-PKA-VGCC pathway is likely limited to specific cell types, 

and even then seems to operate with varying potency.   

 

cAMP and recurrent dynamics synchronize an eruption of network activity 

 

The above results suggest a model in which recurrent Crz activity causes cAMP 

production, which generates PKA-mediated calcium influx to drive the output of 

the system. Since the behavioral outputs are discrete events (a motivational 

switch and sperm transfer) we imagined that this system may employ an 

accumulate-to-threshold non-linearity, analogous to the action potential in single 

neurons. To look for evidence of such a phenomenon, we first checked whether 

electrical stimulation of the Crz could affect cAMP levels. Optogenetic excitation 

of the Crz neurons using CsChrimson decreased fluorescence using the reporter 

cADDis-Green-Down (86), a reflection of elevated cAMP (Figure 11A). Because 

we know that the Crz neurons recurrently excite each other, this argues that 

activity in one Crz neuron may be capable of driving elevating cAMP in the 

others. To mimic accumulation, we delivered a series of 500 ms pulses of bPAC 

stimulation. Each pulse caused only a modest increase in calcium, which 
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decayed back to baseline over ~1 minute (Figure 11B). In contrast, these 500 

ms pulses reliably evoked sizable changes in cAMP (as indicated by the green 

indicator cADDis-Green-Down (86)) and PKA activity (indicated using the FLIM-

reporter FLIM-AKAR (72, 87)) that were longer-lived (Figure 11C), supporting 

the existence of a thresholding mechanism between cAMP and calcium either at 

the level of PKA activity or downstream. When 500 ms pulses were applied in 

series with 1.7 minutes (100 seconds) intervening, every 3rd or 4th or 5th pulse 

triggered what we call an eruption, with massive ΔF/F values approaching the 

limit of what can be reported by GCaMP6s, and which were sustained for nearly 

a minute (Figure 11D,E). Eruptions were not associated with cell death, as many 

could be evoked per cell, always after several intervening non-erupting light 

pulses (Figure 12D-F). Eruptions were elicited with fewer pulses if the pulses 

were closer together in time, and became very infrequent if bPAC stimulation 

was separated by several minutes (Figure 11F), arguing for an accumulative 

phenomenon with a slow leak on timescales resembling the dynamics of our 

behavioral window experiments.  
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Figure 11: cAMP accumulates within the Crz neurons to drive a recurrence-

mediated eruption of Crz network activity 
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(Figure 11 Continued) 

A) Electrical excitation of the Crz neurons using CsChrimson drives increases in 

intracellular cAMP levels. 

B,C) Brief optogenetic induction (500 ms pulse) of cAMP synthesis using bPAC 

elevates cAMP levels without dramatically changing intracellular calcium. 

D,E) Repeated induction of cAMP synthesis with bPAC eventually results in a 

massive increase in intracellular calcium levels that we term an “eruption.” 

F) cAMP accumulates to induce eruptions, as repeated pulses closer together in 

time reliably cause eruptions, while spacing stimulation farther apart in time 

makes eruptions considerably less consistent. 

G) Eruptions are synchronous across all Crz neurons, suggested they are 

coordinated across the network. 

H) Eruptions coincide with dramatic elevation of intracellular cAMP, possibly 

driven by recurrence-mediated cAMP synthesis. 

I) Pharmacological induction of an eruption using the adenylyl cyclase activator 

forskolin results in neuropeptide release measured by a fluorescent reporter 

NPRR-ANP (88), pointing to a possible unique readout of an eruption by 

downstream neurons. 

J) Prevention of vesicle release by knockdown of the active zone protein Unc13 

prevents accumulation of cAMP signaling to cause an eruption, arguing that Crz 

neuron signaling is required for an eruption. 

K) Knockdown of Gαs within the Crz neurons also prevents eruptions, suggesting 

that the recurrent signal induces cAMP synthesis in addition to electrical 
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excitation. This demonstrates a positive feedback loop between neuronal activity 

and cAMP synthesis in the Crz neurons permitting mass synchronous activity. 

The discrete nature of the outputs of the Crz neurons, together with recurrent 

excitation between the Crz neurons suggest the prediction that eruptions might 

be synchronized across the Crz network. Confirming this hypothesis, we found 

that eruptions in one neuron were a near perfect predictor of eruptions in the 

other Crz neurons (Figure 11G). Eruptions also co-occurred with large elevations 

in cAMP (Figure 11H), showing that when the network achieves criticality, 

recurrent excitation drives mass cAMP increases that sustain increased calcium. 

This synchronization likely corresponds to the end of the 6-minute interval and 

drives the motivational and behavioral responses to Crz activity, perhaps through 

release of a signal that requires sustained high-level calcium such as 

neuropeptides (Figure 11I). To show that eruptions and synchrony were a 

product of recurrent excitation, and its induction of cAMP synthesis, we 

performed comparable experiments but removed individual genes from the Crz 

neurons. Removal of essential active zone machinery (Unc13) (Figure 11J) or 

removal of Gαs (which would prevent recurrence-mediated cAMP synthesis but 

not that induced by bPAC) (Figure 11K) completely abolished accumulation to 

eruptions. Eruptions could still be elicited by sufficiently strong stimulation of 

bPAC (Figure 11J,K), showing that the neurons remain intact and capable of 

both cAMP-induced excitation and, potentially, recurrence. 

 

CaMKII delays cAMP-triggered eruptions 
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Optogenetic inhibition of CaMKII early in mating causes the motivational switch 

to be thrown immediately (Figure 5), while constitutive activation of CaMKII 

prevents the switch from being thrown for hours (Figure 2). We hypothesized 

that CaMKII might time the motivational switch by preventing cAMP-triggered 

eruptions. In this model, CaMKII activity serves as a neuron-specific estimation of 

elapsed time while cAMP levels reflect network-averaged evidence accumulating 

to threshold. Neurons with fast CaMKII timers would push the system to 

criticality, while neurons whose CaMKII levels remain high delay output. The 

network eventually reaches a consensus in the form of an eruption when the 

declining CaMKII inhibition can no longer hold it back. Consistent with this 

prediction, bPAC stimulation was much less effective at throwing the motivational 

switch when administered early in mating, when CaMKII activity is high (Figures 

12A,B). Also consistent with the model, artificially elevating CaMKII activity by 

expression of a constitutively-active mutant (CaMKII-T287D) dramatically 

weakened the behavioral effects of stimulating cAMP synthesis with bPAC 

(Figure 12C). The ability of electrical stimulation to throw the motivational switch, 

on the other hand, was relatively unimpaired by expression of CaMKII-T287D 

(Supplementary Figure 5C), consistent with the lack of effect of CaMKII on 

baseline membrane voltage (Figure 6), and further suggesting that CaMKII 

delays the switch by preventing the accumulation of cAMP signaling, which itself 

leads to changes in electrical activity.  
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Figure 12: CaMKII prevents cAMP-mediated eruptions, linking CaMKII to the 

electrical activity of the Crz neurons 

A) Data reproduced from Figure 6. A consensus period is only capable of 

inducing the Crz neuron-mediated switch in motivational state if provided at the 

end of the CaMKII timer. 

B) Optogenetic induction of cAMP synthesis is incapable of activating the Crz 

neurons at the onset of mating, demonstrating an active process opposing the 

action of cAMP at the beginning of mating. 

C) Expression of constitutively active CaMKII at the onset of mating dramatically 

reduces bPAC’s ability to activate the Crz neurons. 
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(Figure 12 Continued) 

D) Expression of constitutively active CaMKII prevents the eruption evoked by 

stimulation of bPAC, an effect which can be reversed by application of the 

CaMKII inhibitor KN93. 

E) Constitutively active CaMKII dramatically reduces baseline cAMP levels, but 

does not prevent bPAC from inducing cAMP synthesis. 

F) Impairing CaMKII signaling with KN93 enhances the reliability of eliciting an 

eruption, even with brief optogenetic excitation of bPAC. 

 

At the level of calcium dynamics, we found that imposing high levels of CaMKII 

activity with the T287D mutation substantially reduced the ability of sustained 

bPAC stimulation to evoke an eruption (Figure 12D), an effect that was reversed 

by addition of the pharmacological CaMKII inhibitor KN93 (Figure 12D) The 

prevention of eruptions required the kinase activity of CaMKII since a kinase-

dead-but-otherwise-active CaMKII (K43M, T287D) did not block eruptions 

(Figure 12D) and KN93 did not affect the ability of strong bPAC stimulation to 

cause eruptions in Crz neurons expressing CaMKII-K43M-T287D (Figure 12D). 

Additionally, expression of CaMKII-T287D dramatically increased the 

fluorescence lifetime of cADDis-Green-Down (Figure 12E), reflecting reduced 

baseline cAMP. CaMKII-T287D did not prevent cAMP synthesis by bPAC, but 

even the maximal level of cAMP achieved after intense stimulation was lower 

than the baseline observed in flies not expressing CaMKII-T287D (Figure 12E). 

This should reduce cAMP-mediated activation of PKA, preventing eruptions, as 
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observed with GCaMP6s. Application of KN93 caused a dramatic increase in the 

frequency of eruptions with periodic weak bPAC activation (Figure 12F), 

implicating CaMKII activity in reseting the system after an eruption. In 

mammalian cardiomyocytes, CaMKII has been shown to phosphorylate and 

activate the phosphodiesterase PDE4D (89), which degrades cAMP. Together, 

these results show that CaMKII allows the Crz neurons to measure time by 

suppressing cAMP signaling for the target interval’s duration. 

 

Dh44 neurons seed the eruption 

 

Up to this point, we have mostly ignored an essential component of the Crz 

system: how the recurrent network gets its start. It cannot rely on spontaneous 

activity of the Crz neurons, or else the network would continually rely on CaMKII 

to suppress accumulation. However inhibiting CaMKII outside of mating would 

then result in ejaculation, which it does not (Supplementary Figure 8). So 

somehow the neurons need to know when they are in the mating context, and 

this signal would provide the initial impulse that enables the recurrent circuitry to 

spiral towards criticality. We had previously performed a screen of ~20 Gal4 lines 

labeling peptidergic circuitry (90), looking for new neurons that affect motivation 

during mating. One of those with the most pronounced effects labeled neurons 

putatively expressing Dh44, a diuretic peptide with homology to CRF 

(corticotropin-releasing hormone) (91), for which stimulation and inhibition 

mimicked the effects of manipulating the Crz neurons. Silencing Dh44 neurons 



 

	 95 

throughout copulation dramatically prolonged copulation duration in half of flies 

(Figure 13A) as well as occluding fertilization and maintaining high motivation 

during mating. Silencing the neurons only after 10 minutes of mating had no 

effect (Figure 13A), much like the Crz neurons. Mysteriously, the lengthening of 

mating with silencing appeared to be a random effect – performing the same 

manipulation in flies one day later had a 50% likelihood of causing a long mating, 

independent of copulation duration one day earlier. Stimulating the neurons, in 

contrast, caused seizures and immediate termination of mating. The line labels 

neurons in the brain and ventral nervous system (Figure 13B), and decapitation 

preserved the long mating phenotype of silencing but abolished the stimulation-

induced termination (and accompanying seizures) (Figure 13C), arguing that the 

termination caused by optogenetic excitation is due to the activity of neurons in 

the brain. Instead, decapitated flies would ejaculate after stimulation, albeit 

usually ~1 minute after the onset of excitation (Figure 13D,E). Surprisingly, 

ejaculation occurs in every fly. 
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Figure 13: Dh44 neurons provide a constant push on the Crz neurons 

during mating. 

A) Silencing the Dh44 neurons lengthens copulation, but only when they are 

silenced before the Crz neurons become active. 

B-E) Stimulation of the Dh44 neurons of the ventral nerve cord induces 

ejaculation in isolated flies (though retaining signaling in the brain causes 

seizures). Ejaculation requires stimulation for a duration comparable to the 

consensus period of the Crz neurons during mating. 

F) TransTango putative transynaptic marking, restricted to neurons labeled by 

Crz-LexA, identifies the Crz neurons as potentially postsynaptic to the Dh44 

neurons. 

G) Silencing the Crz neurons immediately abolishes the ejaculation phenotype of 

stimulating the Dh44 neurons, though it quickly begins again after inhibition 

ceases. 

H) Putative model of Crz neuron function: At the onset of mating, the Dh44 

neurons begin to stimulate the Crz neurons, but elevated CaMKII prevents their 

activity by reducing cAMP levels. As CaMKII levels decrease, basal activity within 

the Crz neurons (driven by Dh44) leads to recurrence, elevating cAMP signaling 

and enhancing recurrent excitation of the neurons. The positive feedback loop 

eventually results in an eruption across the network, driving sperm transfer and 

the change in motivational state. 
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(Figure 13 Continued) 
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The phenotypes of both stimulation (of the ventral nervous system) and silencing 

are extremely similar to those of the Crz neurons, leading us to suspect that 

there may be an interaction between the two. Consistent with this hypothesis, the 

putative transynaptic labeling tool trans-Tango (92) labeled neurons resembling 

the Crz neurons based on morphology (Figure 13F). Silencing the Crz neurons 

while stimulating those expressing Dh44 blocked ejaculation induced by this 

stimulation (Figure 13G), while silencing the Dh44 neurons had no effect on the 

ability of Crz neuron stimulation to drive ejaculation (not shown). Likewise, 

stimulating the Crz neurons during mating prevented the long matings seen 

during silencing of the Dh44 neurons (not shown) while stimulation of the Dh44 

neurons in decapitated males did not prevent silencing the Crz neurons from 

extending mating (not shown). However, exciting the Dh44 neurons could 

shorten the period of relieving inhibition required for the Crz neurons to erupt at 

the end of the CaMKII timer (not shown). While a great deal of characterization of 

these neurons remains to be performed, both on the behavioral and physiological 

levels, these data together suggest that the Dh44 neurons are functionally 

upstream of the Crz neurons during mating, providing pressure that is necessary 

for the positive feedback loop that drives the Crz network to erupt. 

 

Discussion 

 

The transmembrane voltage of an individual neuron changes over milliseconds, 

while behaviors lasting seconds or longer are usually considered to arise from 
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the more slowly evolving dynamics of a network of neurons, as suggested in 

brain regions in which neurons ramp up electrical activity to reach a threshold 

before the initiation of an action. In this work, we reveal an additional layer of 

complexity in the accumulation and maintenance of information on these long 

timescales that is not only invisible to measures of electrical activity, but also to 

some extent operates separably from it. The computation of elapsed time 

emerges from interwoven intracellular molecular processes that use electrical 

activity to coordinate across neurons. These molecular processes implement a 

form of evidence accumulation, integrating two pieces of evidence about elapsed 

time: the within-cell evidence provided by immediate levels of active CaMKII, and 

external evidence provided by the electrical output of other Crz neurons. A stark 

thresholding operation implemented by PKA or voltage-gated calcium channels 

transforms this graded and distributed representation of evidence into a binary 

decision variable (the presence or absence of an eruption, synchronizing the 

activity of the neurons). 

 

This specific implementation for measuring interval time confers several benefits: 

the apparent linearity of cAMP accumulation means that evidence is continually 

evaluated equivocally, whether the system is near or far from its threshold. 

Recurrence driving cAMP production allows intracellular levels of cAMP to serve 

as a proxy for average evidence across all four Crz neurons. The partial 

separation of representation from electrical activity resolves the problem of 

attempting to convey information with activity while storing it at the same time. A 
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great deal remains to be discovered about this system (What triggers the CaMKII 

timer? How exactly do the neurons signal to each other? How does their activity 

trigger a motivational switch? Is there a role for other biochemical pathways?), 

but this work highlights an underappreciated form of neuronal computation 

controlling behavior. 

 

The single-celled organisms that predate all animal life survive in constantly 

changing and complex environments using impressively nuanced molecular 

processing pathways. Bacteria for example use a similar method employing 

positive-feedback-with-criticality to perform quorum sensing to estimate levels of 

similar bacteria in their immediate environment (93). Neurons have inherited an 

enormous collection of biomolecular tools for performing computations, and it is 

likely that they use them to process information in real time much like they use 

electrical activity. The entire pathway implicated here consists of highly 

conserved families of genes that are present in nearly all cells. Our 

measurements in other neurons suggest that the effects of cAMP vary depending 

on the neuron, meaning that while this module is ubiquitous, its use can change 

from one cell type to another dependent on its needs. 
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Intromission intermission: What do the Crz neurons actually do?5 

The decision of these four neurons not to become active can drive a fly to his 

death, and at the very least control his behavior for hours at a time. But to this 

point, we have focused on the Crz neurons themselves and their group decision 

to report an elapsed interval of time. At this point, it feels like time to address the 

elephant in the room: what are the Crz neurons actually doing? How do they 

control a fly’s motivational state? 

 

To answer this question, we looked more closely at their context during the 

actual mating. It has already been reported that the Crz neurons are responsible 

for sperm transfer (15), though it was argued that this was indirect through their 

interactions with serotonergic neurons that innervate the reproductive organs (15, 

23). We confirmed that the Crz neurons influence activity of the serotonergic 

neurons (labeled by expression of Tph2-Gal4, Figure 14A, using the promoter 

for a gene encoding a necessary enzyme for serotonin synthesis) by measuring 

calcium responses in the Tph2 neurons when the Crz neurons were stimulated 

using the purinergic receptor P2X2 (94) (Figure 14B). Manipulating the 

serotonergic neurons, however, does not recapitulate the effects of manipulating 

the Crz neurons: silencing them abolishes sperm transfer, just like with the Crz 

neurons, but does not appear to affect motivational state or copulation duration 

(Figure 14C-F). Additionally, while sperm transfer could be induced by their 

																																																								5 Much of the work in this section, especially on aedeagal oscilliations, was done with or by Mike Crickmore, Charlotte Auth, and Yue Fei. I only personally did the experiments on the serotonergic neurons, though I worked closely with all three on designing and analyzing the other experiments. 
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stimulation, this did not affect motivational state or copulation duration (Figure 

14G-I). Performing these same experiments in parallel with manipulations of the 

Crz neurons had the same effect: the motivation and copulation duration 

consequences were always predicted by the effects of the experiment on the Crz 

neurons, while sperm transfer was exclusively contingent on what was done to 

the Tph2 cells (Figure 14J-M). The Crz neurons appear to perform at least two 

parallel and separable roles – inducing sperm transfer through the Tph2 neurons, 

and the motivational consequences through some yet-unknown pathway (Figure 

14N-P). 
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Figure 14: The Crz neurons exert their effects on sperm transfer 

independently of their effects on motivation and copulation duration 
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(Figure 14 Continued) 

A) Left: The Crz neurons (green) and Tph2 (red) neurons (sending projections 

down the abdominal nerve to the reproductive organs) are closely interposed. 

Right: Putative Crz neuron synapses interdigitate with Tph2 neuron processes. 

B) Excitation of the Crz neurons using P2X2 and application of ATP results in 

subsequent excitation of the Tph2 neurons, but not vice versa, suggesting that 

the Crz neurons can functionally drive Tph2 neuron activity. 

C-E) Silencing the Tph2 neurons prevents sperm transfer (C), but does not affect 

copulation duration (D) or motivation (E) during mating. 

F) Transiently silencing the Tph2 neurons only during the putative time of a Crz 

neuron eruption (5-10 minutes into mating) prevents sperm transfer but does not 

affect the mating overall. 

G-I) Briefly stimulating the Tph2 neurons induces sperm transfer (G) but does not 

affect copulation duration (H) or motivation (I). 

J-M) Silencing the Crz neurons while stimulating the Tph2 neurons fails to rescue 

a normal copulation duration (J) or motivation (K) despite inducing sperm 

transfer (L). These results demonstrate that the Tph2 neurons do not directly 

control motivational state or duration, but do not establish them as necessarily 

between the Crz neurons and sperm transfer (M). 

M-P) Silencing the Tph2 neurons does not affect the ability of Crz neuron 

stimulation to change motivational state (M) but does occlude fertilization of the 

female (O), establishing two parallel outputs of the Crz neurons: the Tph2 
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neurons that drive sperm transfer, and other aspects of neural circuitry required 

for the motivational consequences of Crz neuron activation (P). 

A breakthrough in understanding the Crz neurons’ function came from closely 

examining copulation itself. We found that, for the first several minutes of mating, 

the male rhythmically inserts his aedaegus into the female’s vaginal cavity and 

withdraws it at a rate slightly less than 1 Hz, but that this motion slows and stops 

after around 6 minutes of copulation. Silencing the Crz neurons extends this 

period nearly indefinitely, while their abrupt optogenetic stimulation acutely 

terminates aedeagal oscillation (. The cessation of oscillations required an 

eruption – 60 seconds of permitted electrical activity within the Crz neurons was 

insufficient to halt the oscillator, while 90 seconds was always effective. 

Importantly, silencing the Tph2 neurons had no effect on the rhythmicity of 

oscillations nor the timing of their cessation, revealing that thrusting of the 

aedeagus is an output of the Crz neurons that operates in parallel to sperm 

transfer. 

 

Our first guess for neurons controlling oscillation of the aedeagus was that they 

would be sexually dimorphic. We screened a small collection of Gal4 drivers 

labeling subsets of neurons expressing the sex-specific transcription factor Dsx 

(27), and found one line (R42G02-Gal4) which allowed aedeagus oscillations to 

persist through the entire mating when silenced but had inconsistent effects on 

duration and motivation – sometimes immediately terminating the mating, 

sometimes resulting in long matings, and sometimes having no effect. R42G02-
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Gal4 labels many neurons in the abdominal ganglion with diverse morphology, 

and so we used an intersectional strategy to study the effects of manipulating 

individual subpopulations. This approach revealed several distinct 

subpopulations with highly reliable effects on mating. One set of neurons 

sustained aedeagus oscillation when silenced, with immediate cessation if 

silencing was paused after a Crz-neuron eruption. Another locked the aedeagus 

into one phase of the oscillation, leaving it extended even when the fly was not 

mating. A final subset was exclusively required to relay the motivational 

consequences of an eruption: silencing these neurons selectively during the 5th 

through 10th minute of mating extended copulation to over an hour, without 

affecting sperm transfer or oscillation of the aedeagus. The takeaway is that 

there are several independent functions that the Crz neurons serve, all of which 

are synchronized by their eruption but each of which can in principle be enacted 

in the absence of the others. 

 

This may even be the rationale for the eruption itself – to coordinate the Crz 

neurons’ several outputs in one massive behavioral and motivational event. 

Some of these are relatively easy to understand and at least generate 

hypotheses about their mechanisms: oscillators are among the best studied 

mathematical objects and a central focus in motor research (REFs), and sperm 

transfer simply seems to require the short-term activation of the Tph2 to neurons. 

But how the Crz neurons drive a change in motivational state is far more 

complicated, and requires an in-depth study of a separate set of neurons. 



 
 

 

 

PART III: REPRESENTATION OF MOTIVATIONAL STATE 

 

“At the present modest stage of our knowledge it is quite legitimate to choose the 
simplest cases possible for the study of drive conflicts...  
However, it is important to realize that behaviour determined by only two drive 
components is almost as rare as that caused by the impulse of a single instinct, 
acting alone and uninfluenced.” 

- Konrad Lorenz, On Aggression 
   



 

	 108 

 
INTRODUCTION 

Animals often have multiple unmet needs, and attempting to satisfy one generally 

precludes pursuing the others (95). No one drive is strictly dominant; under the 

right conditions the pursuit of nearly any goal may be suppressed by another 

(96). At some level behavior-specific drive states must therefore affect the 

circuitry underlying many other behaviors (97), and this information must be 

integrated to arrive at a consensus behavior. The ethologist Konrad Lorenz used 

the metaphor of a “great parliament of instincts” to describe the behavior of 

animals (96), and the philosopher and mathematician Bertrand Russell noted in 

his Nobel Prize acceptance speech that “If you wish to know what men [sic] will 

do, you must know…the whole system of their desires with their relative 

strengths.” (98). Nearly all studies on the interactions between competing drives, 

in contrast, focus on the resolution between just two drives in conflict. Here we 

establish an experimental and computational framework for examining the many 

interactions between simultaneous drive states that must be considered to 

understand naturalistic decision-making.  

 

The mating duration of Drosophila melanogaster provides a clear and 

quantitative readout of the interplay between competing drives: to switch 

behaviors the male must first terminate the mating. If undisturbed, copulation will 

last ~23 minutes; if a dangerous situation arises, the male may truncate the 

mating to flee, depending on both the severity of the threat and how far the 

mating has progressed. For the first several minutes after initiating a mating, he 
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will sacrifice his (and his partner’s) life in the face of a potentially lethal threat to 

ensure successful fertilization, but his persistence (or propensity to sustain the 

mating in the face of competing stimuli) decreases as time passes, reflecting the 

increasing likelihood that the goals of mating have been achieved. We previously 

identified eight male-specific GABAergic neurons (hereafter referred to as 

Copulation Demotivating Neurons, or CDNs) (Figure 15A) which are required for 

the gradual decrease in the male’s drive to sustain copulation (12). Here we 

show how the changing properties of the CDNs steer the resolution of multiple 

conflicting drives during mating. In examining the implications of our findings, we 

developed a computational model that assumes the interactions between all 

drives are mediated by scalable integration at behavior-specific demotivating 

neurons. The model makes the surprising, but experimentally verified, prediction 

that competing drives of comparatively weak intensity can suppress one another 

more potently than they combine to overthrow the dominant drive, paradoxically 

stabilizing the ongoing behavior. These results underscore the nervous-system-

wide impacts of individual drive states, while also suggesting a simple 

mechanism for choosing a single winner from a broad field of contender drives.   
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Figure 15: Copulation Demotivating Neurons (CDNs) control the decision to 

terminate mating 

A) Morphology of the CDNs. Left: The CDNs are restricted to the abdominal 

ganglion of the ventral nervous system. Middle: Individual CDNs together fill the 

abdominal ganglion. Scale bars in all figures are 20 µm. Right: The CDNs send  
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(Figure 15 Continued) 

their dendrites to a midline structure that receives descending input from the 

brain, while their synapses are distributed throughout the abdominal ganglion. 

B) Silencing the CDNs using ACR1 and green light results in extremely long 

matings. Error bars here and in all other figures (unless otherwise noted) 

represent 67% credible intervals. 

C) Electrical activity in the CDNs is only necessary around the time of termination 

to end the mating: silencing from the beginning until near the natural end of 

mating does not affect copulation duration (third column), while silencing that 

begins just before the natural time of termination prolongs the mating by hours 

(last column). Matings in which the CDNs are silenced through the normal ~23 

minute termination time are ended seconds after the light is turned off (fourth 

column).  

D-E) Acute silencing of the CDNs prevents termination in response to heat 

threats (D). Transiently silencing the CDNs during a heat threat prevents early 

termination but otherwise has no impact on the overall duration of mating (E).  

F) Acute optogenetic stimulation of the CDNs causes termination within seconds. 

Left: Two seconds of stimulation is sufficient to terminate copulation regardless of 

how far the mating has progressed. Middle and Right: ethograms and cumulative 

distribution plot demonstrating the response to 2 seconds of optogenetic CDN 

stimulation delivered at 10 and 15 minutes into mating. Each black stripe in the 

ethograms represents a single mating. 
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(Figure 15 Continued) 

G) Stimulation of the CDNs followed by immediate electrical silencing prevents 

the termination of mating during the period of silencing.  

 

RESULTS 

Copulation demotivating neurons (CDNs) control the decision to terminate 

mating 

We previously found that constitutively silencing the CDNs with tetanus toxin 

extends the average duration of mating from ~23 minutes to ~1.5 hours (12). To 

examine their moment-to-moment function during mating and in response to 

threats, we conditionally silenced the CDNs with GtACR1 (ACR1), a green-light 

gated chloride channel. While tonic optogenetic silencing extended copulation 

duration to a similar extent as tetanus toxin (Figure 15B), relaxing the inhibition 

at 30 minutes caused near-immediate termination of mating (Figure 15C). 

Inversely, turning on the light just before the normal time of termination (at 20 

minutes) most often caused matings to last well over an hour (Figure 15C). 

These results show that electrical activity in the CDNs is not required for tracking 

time during copulation but instead causes termination after the appropriate time 

has passed. Consistent with this interpretation, relaxing inhibition either shortly 

before the usual time of termination (20 minutes) or at 5 minutes into the mating 

did not induce immediate termination, but allowed matings to terminate at the 

appropriate time (Figure 15C). 
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The constitutive silencing and long-term stimulation experiments in our previous 

study (12) raised the possibility that CDN activity promotes the gradual decline in 

motivation to sustain the mating. This idea is overturned by the above conditional 

silencing experiments, showing that CDN activity is only required around the time 

of termination. Transient CDN inhibition during the presentation of a threat 

caused the male to persist through severe threats that would otherwise truncate 

nearly all late-stage matings (Figure 15D), but did not extend copulation duration 

beyond its natural termination time (Figure 15E). The CDNs are therefore 

specifically required to make the decision to terminate mating, as we confirmed 

using the heat-sensitive synaptic silencing tool UAS-Shibirets (53) 

(Supplementary Figure 11), ruling out tool-specific artifacts (e.g. due to 

changes in the chloride equilibrium potential (99)). We conclude that CDN activity 

is required for the termination of copulation in response to two types of triggering 

stimuli: (i) competing drives (e.g. survival in the case of heat threats); and (ii) the 

fulfillment of all mating goals at ~23 minutes. At the level of CDN activity, there 

appears to be little, if any, difference between these two classes of demotivating 

conditions. 

 

Using the red-light gated cation channel CsChrimson (Chr) (100) we found that 

acute stimulation with a two-second pulse of red light induced termination of 

nearly 100% of matings (Figure 15F) with a dismounting procedure resembling 

the response to threatening stimuli. Termination induced by brief optogenetic 

stimulation occurred regardless of time into the mating (Figure 15F), and with a 
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varying latency of up to 30 seconds after the stimulation pulse (Figure 15F), 

arguing against a startle or motor reflex. Importantly, this latency was due to the 

sustained activity of the CDNs: silencing the CDNs immediately after optogenetic 

stimulation prevented termination of mating after the optogenetic stimulation 

(Figure 15G). This finding underscores the need to update our earlier timing 

hypothesis for the CDNs. In our earlier experiments, tonic thermogenetic 

activation of the CDNs starting before copulation shortened matings, but did not 

cause immediate termination (12). This was likely due to habituation, as we see a 

similar effect following mild optogenetic stimulation that commences before the 

initiation of copulation (Supplementary Figure 12). The new, acute optogenetic 

activation and silencing experiments led us to name these neurons the 

Copulation Demotivating Neurons: instead of tracking time during mating, they 

are the means through which competing drives (such as self-preservation) 

demotivate copulation in order to effect a change in behavior. 

 

Demotivating stimuli integrate over an expanding time window as the 

mating progresses 

Behavioral decisions often rely on evidence accumulated over time and from 

diverse sources. In our heat threat paradigm, it generally takes ~20 seconds 

before we begin to see termination responses, much longer than the two 

seconds of direct CDN optogenetic activation that terminates nearly all matings. 

It is not clear how much of this time lag is due to the speed of warming of the 

chamber and threat detection by the male. We therefore searched for competing 
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drive stimuli that could be delivered more rapidly and precisely than temperature 

changes.  

 

Flies exhibit complex and hierarchical (and therefore suppressible) grooming 

behaviors. Many neuronal populations have been identified that drive grooming 

of various body parts when stimulated (101); we focused on one line (R45G01-

LexA, here referred to as the grooming neurons or as “Groom” for the LexA line) 

that promotes leg, thorax, and abdomen grooming. Inhibiting these grooming 

neurons had no noticeable effect on copulation or the response to heat threats 

(Supplementary Figure 13). Stimulating the grooming neurons promoted 

grooming in isolated males, but not in males that were mating. After 5 minutes of 

copulation, Groom>Chr males began to terminate the mating and commence 

grooming in response to acute optogenetic stimulation. This grooming-drive-

induced termination response was contingent on CDN output at all time points 

(Figure 16A).  
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Figure 16: Competing drives undergo temporal integration to oppose 

copulation 

A) Six seconds of optogenetic grooming neuron stimulation causes termination 

with increasing propensity as the mating progresses. Grooming-induced  
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(Figure 16 Continued) 

termination is prevented at all time points by blocking CDN output with tetanus 

toxin (Tnt). 

B) Three seconds of grooming neuron stimulation terminates the mating less 

effectively than six seconds at 10 and 15 minutes into mating. The briefer 

demotivating challenge does not show the same strong increase in effectiveness 

if delivered later in mating. 

C) The response to brief pulses (500 ms and 1 sec) of CDN stimulation also 

shows little, if any, potentiation at 10 vs. 15 minutes into mating. 

D) A schematized system that performs temporal integration shows how 

increasing the time constant can potentiate the output of sustained inputs. 

Leftmost: The output of this system is the summed response of every instant of 

input, where the effect of each moment decays with an exponential time constant 

of !. Left: Response of the system to input pulses of equal strength but varying 

duration (!). For pulses much shorter than !, the peak response is approximately 

the same, whereas for large ! the response of the system is dramatically 

changed by the value of !. Right: Both the peak and integrated outputs of the 

system are much more sensitive to changes in ! when ! ≪ !, whereas they are 

much more sensitive to changes in ! when ! ≫ !. 

E) Illustration of the probability of terminating the mating in response to two non-

interacting (top) and synergistically interacting (bottom) pulses. In the non-

interacting case, each pulse would terminate 30% of matings, and so the two 

acting together terminate 51% of matings (after subtracting the double-counted  
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(Figure 16 Continued) 

9% = 30%×30% that would have responded to either pulse). If the first pulse 

potentiates the second, then the overall proportion terminating the mating will be 

> 51% (in this example, 72% when the second pulse is augmented two-fold to 

60%). 

F) Two bouts of grooming neuron stimulation separated in time results in 

potentiation of the second pulse, but only if performed sufficiently close to the 

first pulse (5 seconds) and sufficiently late in mating (15 minutes). Left: 

Termination probabilities of the two-pulse experiment, colored by time in between 

pulses. Right: Inferred potentiation of the second pulse, assuming that the first 

pulse is the same across treatments. 

G) Silencing the CDNs during a first demotivating stimulus prevents the 

potentiation of later stimuli. 

H) Silencing the CDNs between two bouts of demotivating stimuli does not 

prevent the potentiation of later stimuli. 

I) Of 164 descending-interneuron-labeling lines screened, 16 were able to 

terminate the mating when optogenetically stimulated. 

J) 16 descending neuron lines showed varying efficacy in ending the mating 

when stimulated with a 15 second pulse of light at 15 minutes into mating. The 

control treatment is stimulation of CDN>GFP to control for the effect of the flash 

of light itself. 

K) DIAG (SS01593), the most potent demotivating line from this collection, sends 

projections to the abdominal ganglion. 
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(Figure 16 Continued) 

L) Paired pulses of DIAG stimulation in rapid succession results in a greater 

termination probability than would be expected by their independent action, with 

a time course reminiscent of that over which grooming pulses are potentiated 

(red). Stimulation at 10 minutes into mating consisted of two 700 ms pulses of 

red light, while stimulation at 15 minutes was done with 300 ms pulses of red 

light. 

 

Using this more controlled method of activating a competing drive, we began to 

experiment with delivering light pulses of various durations and at various times 

into mating. Like heat threats, a 6 second pulse of grooming stimulation 

terminated mating with increasing probability as mating progressed (Figure 

16A). As expected, reducing the duration of the grooming stimulation to 3 

seconds decreased the proportion of matings terminating at 10 or 15 minutes. 

However, we were surprised to find that the response to 3 seconds of grooming 

stimulation was not much stronger when presented at 15 (compared to 10) 

minutes into mating (Figure 16B). Similarly, brief stimulation of the CDNs (500 

ms or 1 second) did not result in any reliable difference in termination probability 

if delivered at 10 or 15 minutes into mating (Figure 16C). This led us to the idea 

that only longer-lasting stimuli, such as sustained heat threats, generate 

responses that are enhanced as the mating progresses. Such a phenomenon 

could arise if the demotivation circuitry accumulates inputs over a relatively short 

time window early in mating, with an expanding window as the mating 
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progresses. In models that integrate linearly over time (schematized in Figure 

16D), a short integration window gives rise to similar peaks and only slightly 

more cumulative activation for longer stimuli of fixed intensity. If the time constant 

of integration is increased, sustained input can integrate over a longer time, 

increasing activation levels for a stimulus of the same intensity. Increasing the 

time constant has a strong effect on cumulative and peak output only when it was 

previously shorter than the duration of the stimulus (Figure 16D). Vice versa, 

increasing the duration of a demotivating stimulus only substantially enhances 

the output when the time constant is comparatively long (Figure 16D). 

 

A temporal window of integration should potentiate responses not just to 

sustained challenges, but also to discrete inputs separated in time. When we 

supplied paired 3-second stimulations of the grooming neurons 10 minutes into 

mating, we found no evidence for potentiation of the response to the second 

pulse regardless of the intervening time interval. At 15 minutes into mating, 

however, the two pulses interacted to produce a termination probability well 

above that predicted by their independent action (Figures 16E and 16F, see 

Methods). The enhanced response (which we refer to as augmentation by 

analogy to synaptic augmentation (102)) was roughly 2-fold if the pulses were 

separated by 5 seconds, but the effect was no longer clearly discernable if the 

inter-pulse interval was increased to 10 seconds. This augmentation was 

dependent on CDN activity, as silencing the CDNs during the first pulse of 

grooming stimulation prevented the increased response to the second pulse 
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(Figure 16G). Silencing the CDNs only during the interval between two grooming 

pulses did not affect integration (Figure 16H), demonstrating that CDN voltage 

dynamics are required only for the receipt of demotivating input, not for its 

lingering effects.  

 

The requirement for CDN activity not only for the response to demotivating 

stimuli, but also for the potentiation to a second stimulus indicates that the 

augmentation process occurs at or downstream of the CDNs. Since CDN activity 

appears necessary for the response to all demotivating stimuli during mating, we 

expect these results to hold for any type of demotivating stimulus. To identify 

other optogenetically activatable demotivating inputs, we screened a collection of 

split-Gal4 lines that label small sets of neurons with cell bodies in the brain and 

that send projections to the ventral nervous system (VNS) (103). Of the 164 lines 

examined, none caused termination at 5 minutes into mating, but 16 caused 

varying levels of termination afterward (Figure 16I), similar to real-world 

challenges (12). The most effective line was SS01593 (here called Descending 

Interneuron projecting to the Abdominal ganglion, DIAg) (Figure 16J), which 

labels a pair of neurons innervating several regions of the VNS, including the 

abdominal ganglion (which houses the CDNs) (Figure 16K). The termination 

response to prolonged stimulation of DIAg was much stronger later in mating 

(Figure 16L), and paired pulses of stimulation showed augmentation over a time 

course that resembled that seen with the grooming neurons (Figure 16F). These 

results support and generalize the conclusion that the temporal window over 
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which demotivating inputs accumulate to make behavioral decisions expands 

over time. This novel mechanism allows incremental adjustment of the response 

to incoming stimuli without otherwise altering how the stimuli themselves are 

represented and processed. 

Integration of demotivating stimuli over time occurs within the CDNs 
 
The above results predict that direct CDN stimulation would show a similarly 

changing integration time as the mating progresses. We therefore stimulated the 

CDNs with paired 500 ms excitatory pulses separated by 0-to-30 seconds at 10 

or 15 minutes into mating (Figure 17A). When the two CDN pulses were 

supplied in near-immediate succession, we found an augmentation of the second 

pulse at both 10 and 15 minutes (Figure 17A). When the pulses were spaced 

out, augmentation was evident at longer inter-pulse intervals later in mating, 

closely matching the effects seen with demotivating stimuli such as grooming 

(Figures 16F, 16L, and 17A). Also as with grooming stimulation (Figure 17H), 

transiently silencing the CDNs between two stimulatory light pulses had no effect 

on augmentation, suggesting a biochemical signal that accumulates with CDN 

activity, rather than persisting voltage dynamics, underlying the expanding 

temporal window of integration.  



 

	 123 

 

Figure 17: The CDNs increase their time constant of integration as the 

mating progresses 

A) A first pulse of optogenetic CDN stimulation potentiates the response to a 

second pulse, with an intervening timescale that increases with the progress of 

the mating. Left: The probability of terminating the mating in response to two 

pulses of CDN stimulation is greater than expected if the pulses did not interact  
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(Figure 17 Continued) 

(estimated using the single pulse response value as in Figure 16E), with a longer 

interaction time at 15 minutes into mating than at 10 minutes. Right: The extent 

to and timescale over which the second pulse of CDN stimulation is potentiated 

mirrors that of grooming stimuli (data replotted from Figure 16F for comparison). 

B) If the instantaneous probability of terminating the mating in response to 

sustained stimulation ramps up as an exponential (left), then the cumulative 

probability of a mating ending by a particular amount of time into a sustained 

stimulation follows the function ! ! = 1− exp −!!! ! − ! 1− exp − !
!  

(right). 

C) Sustained optogenetic stimulation of the CDNs results in an exponentially-

ramping instantaneous termination probability that plateaus at values determined 

by the intensity of stimulation and time into mating. The horizontal black lines in 

the ethograms are individual matings. The orange lines in the instantaneous 

probability plots represent the maximum likelihood fit of the equation in Figure 

17B. The large fluctuations in instantaneous probability toward the end of highly 

demotivating pulses are caused by the small number of matings that endure to 

that point. Error bars on every point in the instantaneous probability plots 

(lumped into 1 second bins) are estimated independently from each other. 

D) Fitting the cumulative distribution of termination times to the model in Figure 

17B reveals a close fit with a time constant that increases as the mating 

progresses and a !! that is only sensitive to the intensity of optogenetic 

stimulation, not time into mating (also see E and Supplementary Figure 14).  
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(Figure 17 Continued) 

Solid black line: maximum likelihood fit. Error bars: pointwise 95% coverage 

intervals sampled according to estimated covariance of the parameters 

(Supplementary Figure 14). 

E) Parameter estimates for ! and !! across timepoints and conditions. !! is 

sensitive to stimulation intensity but not time into mating, while ! is sensitive to 

time into mating, but not stimulation intensity. Error bars show the square root of 

the estimated parameter variance using the Cramér-Rao bound. 

F) Temporal integration is necessary to explain the behavior of flies during 

sustained optogenetic stimulation, as a model predicting no temporal integration 

(no !) ascribes a much lower likelihood to the data sets observed (top plot). 

Temporal integration is also needed to explain the increasing probability of 

termination as the stimulus goes on (bottom plot, data fit with a kernel density 

estimate). 

 

The finding that the expanding integration window is a feature of the CDNs 

themselves allowed us to model and test the interplay of temporal integration 

with perceived stimulus intensity by directly stimulating the CDNs using light of 

varying intensity and duration. In the simplest such model, the instantaneous 

probability of responding to a stimulus behaves like a linear dynamical system 

with time constant !, where the instantaneous probability of ending the mating 

!(!) at time ! is the output of a system that accumulates an input of strength !! 



 

	 126 

over time while leaking at a rate proportional to its current value (!(!)). The 

corresponding differential equation is  

!"
!" = !! −

1
! ! 

The constant of proportionality, then, is 1/!, and can be used as a descriptor of 

how long information is retained before disappearing due to leak. The solution to 

this equation gives the instantaneous probability of terminating the mating at time 

!term after the onset of sustained stimulation, given that a fly was still mating at 

time !, as  

! !term = ! !term ≥ !) = !!!(1− !!
!
!) 

where the term !! is the intensity of demotivating inputs received by the CDNs 

(Figure 17B). This enabled us to fit the cumulative distribution of actual times of 

termination to the equation 

! ! =  1− exp −!! ! − ! 1− !!
!
!   

to estimate the parameters of the model (Figure 17B, see Methods for more 

information). We could then infer both the intensity of input felt by the CDNs (!!) 

and the time constant of integration (!) in response to sustained optogenetic 

stimulation. We reduced the strength of optogenetic activation by using green 

light, which penetrates tissue less effectively than red (104), allowing us to 

stimulate the CDNs for longer durations without immediately ending the mating. 

A shorter ! caps the peak CDN output for long threats of fixed intensity, whereas 

extending integration to longer timescales leads to an increased output and, 

therefore, increased termination probability. If our model is accurate, the 



 

	 127 

instantaneous probability of ending copulation should gradually increase as 

information accumulates after the onset of stimulation, plateauing at a lower 

value earlier in mating (Figure 17B). This prediction was borne out for various 

intensities of green light: the time to reach the maximum termination probability 

increased at later times into mating, as did the maximal value achieved (Figure 

17C). 

 

The data was well fit by this linear integration process in time, with ! ≈ 1-2 

seconds at 10 minutes and ≈3-10 seconds at 15 minutes (Figures 17D and 17E, 

Supplementary Figure 14). Importantly, without either constraint being explicitly 

imposed, the model fit did not predict a change in the overall strength of input 

when the intensity of the light did not change (!! ≈ 10-3 for low intensity light, 

0.02 for medium intensity, and 0.1 for high intensity) and did not predict a change 

in time constant with different light intensities at the same point in mating 

(Figures 17D and 17E). The fit is orders of magnitude better when temporal 

integration is included (Figure 17F). This analysis provides quantitative 

estimates for the expanding time constant as mating progresses and joins other 

lines of evidence in showing that the response to competing drives is increased 

as the mating progresses by lengthening the integration time of the CDNs. We 

emphasize that this model is descriptive: it does not claim that the parameters ! 

and !! truly exist in some physical form. Instead, it provides a means to describe 

and analyze how the CDNs integrate information over time, and allows us to 
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assess the demotivating impact of a memory-like component within this decision-

making circuitry.  

Motivating inputs limit the ability of competing drives to activate the 

CDNs 

 

We used this quantitative analysis to ask whether inputs that motivate sustained 

copulation act by preventing stimulation of the CDNs, either by decreasing the 

perceived intensity of the challenges or by shortening the time constant of 

integration. During the first five minutes of a mating, males will almost never 

terminate in response to even the most severe threats (12). The duration of this 

period of insurmountably high motivation is determined by a molecular timer 

housed in four male-specific neurons that produce the neuropeptide corazonin 

(Crz) (105). The Crz neurons signal at 6 minutes into mating, simultaneously 

driving sperm transfer and causing a switch in motivation that allows termination 

in response to threats. Silencing the Crz neurons dramatically extends the period 

of high motivation, causing matings to last over an hour (15). The CDNs are 

functionally downstream of this switch in motivation, as two seconds of strong 

optogenetic CDN stimulation overrides Crz silencing and terminates matings 

whenever it is applied (Supplementary Figure 15A). Inversely, optogenetic 

activation of the Crz neurons very early in mating renders the male immediately 

responsive to threats, but this effect is prevented by silencing the CDNs, and Crz 

stimulation cannot prevent the long mating duration caused by CDN silencing 

(Figures 18B and 18C). Sustained low-intensity CDN stimulation at 3 minutes 
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into mating revealed an inferred time constant of ~1.0 seconds (Supplementary 

Figure 15B), the smallest value resolvable by our approach (Supplementary 

Figure 19) and shorter than that seen at 10 minutes, indicating that the ability of 

the CDNs to integrate inputs over time increases from the beginning to the end of 

the mating. The increasing integration time as the mating progresses does not 

require the Crz neurons, since silencing them had no effect on the time constant 

(Figure 18D), but reduced !!  by nearly a factor of 10 (Figures 18D and 

Supplementary Figure 15C), rendering the CDNs effectively inaccessible to 

demotivating inputs before the activity of the Crz neurons (Figure 18E). These 

results reveal two independent systems that control motivation by altering 

properties of the CDNs: a time constant of integration that increases over the 

entire 23-minute mating, and a superimposed restriction on other drives’ ability to 

access the CDNs for the first 6 minutes.  
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Figure 18: Motivating inputs increase persistence by restricting integration 

within the CDNs 
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(Figure 18 Continued) 

A) The Crz neurons project throughout the abdominal ganglion, with processes 

closely apposed to those of the CDNs, both near their axons (left) and dendrites 

(right), though synaptic connectivity cannot be concluded. 

B Silencing the CDNs prevents Crz neuronal stimulation from reducing the 

motivation to sustain matings. 

C) Stimulating the Crz neurons does not prevent the long mating durations seen 

with CDN silencing. 

D) Silencing the Crz neurons reduces the response to sustained stimulation of 

the CDNs by selectively decreasing the gain on the input (~8-fold), leaving the 

time constant of integration largely unaffected. Stimulation used corresponds to 

the “medium intensity” condition in Figure 17D. 

E) Model: The Crz neurons gate access to the CDNs by permitting demotivating 

stimuli to access the CDNs only after ~six minutes into mating. Before Crz 

activation, the input intensity to the CDNs is so low that the male will persist 

through even lethal threats. After Crz activation, the persistence in mating 

continually decreases as a result of an expanding time constant of integration.  

F) Dopaminergic neurons (orange) send projections throughout the abdominal 

ganglion, often forming varicosities near the CDNs’ (green) processes (indicated 

by white arrowheads). Images are obtained from a single optical plane. 

G) Silencing the dopaminergic neurons does not affect overall copulation 

duration. 
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(Figure 18 Continued) 

H) Acutely silencing the dopaminergic neurons enhances the response to 

threatening stimuli. 

I) (Left) Sustained stimulation of the dopaminergic neurons with TrpA1 protects 

the mating against optogenetic stimulation of the CDNs at 15 minutes into 

mating. (Right) Flies in which the dopaminergic neurons are not stimulated show 

little change in their response to optogenetic stimulation. 

J) Dopamine reduces both the time constant of integration and the input intensity 

experienced by the CDNs. Fitting is restricted to the first 60 seconds of 

optogenetic stimulation due to the habituation described in Supplementary 

Figure 12. 

K) (Left) Overlaid maximum-intensity projections of the CDNs (magenta), 

dopaminergic neurons (orange), and Crz neurons (cyan) show the extent to 

which each population innervate the abdominal ganglion. (Right) Schematized 

effects of the Crz and TH neurons on temporal integration by the CDNs. The 

dopaminergic neurons’ activity reduces both ! and !! to diminish the ability of 

competing drives to demotivate the mating. The Crz neurons acts to permit 

competing drives to access the CDNs by dramatically increasing the value of !! 

after becoming active ~6 minutes into mating. 

L) Calcium levels within the CDN axons remain elevated for tens of seconds after 

500 ms optogenetic stimulation of the neurons. (Left) Individual (black) and 

averaged (blue) response to a single pulse of optogenetic stimulation using 

CsChrimson. (Right) Almost all flies show long-lasting elevations in calcium  
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(Figure 18 Continued) 

corresponding to approximately 1/6 the observed maximal response to 

stimulation. 

M) Application of dopamine results in more rapid clearance of calcium in 

response to optogenetic stimulation. (Left) Example trace of fluorescence 

increase summed across the imaged region (Right) Absolute intensity of 

individual pixels (measured as number of photons detected within a 250 ms 

image acquisition) before (pre), immediately after (peak), and 20 seconds after 

(residual) the second optogenetic stimulation shown on the left. 

N) Summary of residual calcium experiments as in M, shown for varying intervals 

between pulses. Measurements are taken as an average value between 15 and 

20 seconds after the second pulse. (Left) Residual calcium of the second pulse 

was diminished by dopamine application (orange). (Right) The ratio of residual 

calcium after the first pulse to that after the second pulse in the 20 second ISI 

case. In the absence of dopamine, the residual-calcium mediated fluorescence of 

the second pulse is approximately double that of the first pulse (black), while 

after dopamine application the ratio shrinks to approximately 1. 

O) The peak response of the second pulse, in contrast, is not affected by the 

application of dopamine (left), and is comparable in size to that of the preceding 

pulse (right), arguing against potentiation of the initial influx of calcium after 

stimulation. 
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Stimulating the dopaminergic neurons of the VNS (Figure 18F) increases the 

male’s propensity to sustain the mating in the face of threats and extends mating 

duration (12). Acute optogenetic silencing of the dopaminergic neurons during a 

heat threat increased termination probability but sustained inhibition did not affect 

overall copulation duration (Figure 18G), indicating a real-time contribution to the 

response to threats (Figure 18H). To test the idea that the activity of 

dopaminergic neurons adjusts temporal integration, we stimulated them 

thermogenetically while optogenetically supplying pulses of demotivating 

grooming input. Consistent with a role in reducing !, dopaminergic stimulation 

had its strongest protective effect on demotivating stimuli of longer duration 

(Supplementary Figure 15D). To ask whether dopaminergic signaling acts at 

the level of the CDNs, as opposed to adjusting representations at earlier 

processing stages, we thermogenetically stimulated the dopamine neurons while 

providing weak and prolonged optogenetic CDN stimulation. Elevating 

dopaminergic activity at 15 minutes dramatically reduced the sensitivity to CDN 

stimulation, causing males to persist through several minutes of CDN stimulation 

that would normally cause termination after only a few seconds (Figure 18I). 

Fitting the cumulative distribution function revealed a 55% reduction in the time 

constant of integration, and a similar decrement in the intensity of input perceived 

by the CDNs (Figure 18J, Supplementary Figure 15E). The anatomy of the 

dopaminergic neurons shows some amount of overlap with that of the CDNs 

(Figure 18F), but we cannot definitively conclude whether their modulation of the 

properties of the CDNs is due to direct innervation or indirect effects. While our 
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understanding of the neurons and signaling systems that motivate the male to 

sustain copulation remains rudimentary, these results support a model in which 

motivating inputs promote the stability of the ongoing behavior by adjusting two 

properties of demotivating nodes: decreasing their accessibility to competing 

drives and decreasing the time over which inputs can integrate to promote 

behavioral switching (Figure 18K). 

 

The simple linear integrator model presented in Figure 17 could be implemented 

in many ways, but because direct optogenetic stimulation of the neurons could 

be integrated across time, (Figure 17A), we focused on axonal (rather than 

dendritic) mechanisms by which the CDNs could potentiate their response to 

stimuli. Nearly all known presynaptic potentiation phenomena involve changes in 

axonal calcium levels during or after excitation (102). In many models of 

presynaptic augmentation, elevations in residual calcium result in modest 

changes in baseline calcium levels that translate into substantial changes in 

synaptic release properties during action potentials, either due to the highly 

nonlinear calcium sensitivity of vesicle fusion machinery or due to low-threshold 

calcium sensing proteins at the synapse (106). We expressed the high-sensitivity 

fluorescent indicator jGCaMP7f (107) in the CDNs to measure changes in 

intracellular calcium in their axons after optogenetic stimulation. A single 500 ms 

pulse of excitation transiently evoked a large response in the neurons (Figure 

18L), but also resulted in a sustained increase in axonal calcium (Figure 18L) 

that persisted for tens of seconds, much longer than the off-kinetics of the 
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reporter itself (107). jGCaMP7f fluorescence was elevated for longer than the 

integration time of the CDNs discerned behaviorally, but this may be due to the 

capacity of GCaMP (and all calcium-binding molecules) to act as a calcium buffer 

(108, 109). Sustained elevations of calcium were dramatically enhanced after a 

second stimulating pulse (Figure 18M, N). Application of dopamine to the bath 

nearly abolished the sustained elevations in calcium after optogenetic excitation 

(Figure 18M, N) as well as slightly increasing the apparent response of the 

CDNs as measured by the typical dF/F. This increase is due to a decrease in 

basal fluorescence following dopamine application (Figure 4N), rather than a 

discernible increase in the levels of calcium influx immediately after stimulation. 

As has long been the case with synaptic augmentation, the causes and 

consequences of this lingering calcium are difficult to test without knowledge of 

the underlying mechanisms. Nevertheless, these results point to residual calcium 

as a promising candidate for the shifting, memory-like effects of temporal 

integration in the demotivating neurons.  

 

The CDNs synergistically pool demotivating inputs across modalities 

 

Every threatening, damaging, or otherwise demotivating stimulus to which we 

have subjected a mating pair (short of forcible separation) requires the activity of 

the male’s CDNs to elicit a termination response. Since demotivating stimuli of a 

single modality integrate over time, and since paired CDN stimulations produce a 

synergistic response greater than the sum of their independent probabilities, we 
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predicted that multimodal demotivating inputs would combine to generate a 

stronger termination response than when delivered alone, or even than their 

independent sum, when delivered together. Confirming this prediction, combining 

optogenetic activation of either DIAg (Figure 19A) or the grooming neurons 

(Figure 19B) with a heat threat at 10 minutes into the mating, revealed 

termination probabilities far higher than predicted if the two stimuli were acting 

independently. We then examined whether the enhancement of the termination 

probability resulted from convergence of drive inputs anywhere upstream of the 

CDNs by combining heat threats with brief grooming stimulation and silencing the 

CDNs selectively during the stimulation of the grooming neurons (Figure 19C). 

This returned the termination probability to that of the heat threat alone (Figure 

19C) arguing, together with the above results, that the integration across 

modalities is likely to occur at the CDNs.  

 

Figure 19: The CDNs integrate input across modalities 
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(Figure 19 Continued) 

A) Pairing optogenetic stimulation of DIAG with heat threats potentiates the 

response more than would be expected if the two pathways did not interact. 

B) Stimulation of grooming neurons during a heat threat likewise results in a 

higher probability of terminating the mating than would be expected if the 

pathways did not synergistically interact. 

C) Silencing the CDNs selectively during stimulation of the grooming neurons 

prevents any potentiation of the response to a threat that would be seen if the 

CDNs were not silenced, ruling out integrative effects upstream of the CDNs. 

D) Direct optogenetic stimulation of the CDNs synergizes with heat threats to 

terminate mating, but only after the time of Crz activation, ruling out thermal 

effects on CsChrimson itself. 

 

We next performed a series of experiments pairing direct CDN stimulation with 

heat (Figure 19D). When heat and CDN stimulation were paired before the Crz-

neuron mediated switch in motivation at ~6 minutes into mating, we saw no 

contribution of a strong heat threat to termination probability (Figure 19D, also 

see Supplementary Note). This rules out any enhancing effect of temperature on 

CsChrimson activation itself (110), and corroborates our finding that access to 

the CDNs by real-world demotivating stimuli is blocked before the Crz switch is 

thrown. After the activity of the Crz neurons, we supplied heat and light stimuli 

that, when applied individually, terminate ~50% of matings. At 10 minutes into 

mating, a 37ºC threat gave a similar termination probability as a 33ºC threat at 15 
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min (Figure 19D), reflecting the increasing responsiveness to real threats later in 

mating. Simultaneous presentation of real-world and optogenetic stimulation of 

the CDNs at either 10 or 15 minutes caused higher termination probabilities than 

would be expected from their summed independent action (Figure 19D). These 

experiments show that competing inputs from diverse stimuli are pooled at the 

CDNs, where they synergize to promote behavioral switching.  

 

High-order interactions between drives can stabilize or destabilize the 

ongoing behavior 

 

The data presented above suggest three novel principles of motivational control: 

i) synergistic integration of multimodal competing drive information at 

demotivating neurons; ii) adjustable long-timescale integration at demotivating 

neurons; and iii) prevention of integration by motivational inputs. In this section 

we explore the implications of these principles assuming they hold across many 

behaviors.  

 

We generated a demotivation-based mathematical model for high-order (i.e. 

supralinear) interactions between multiple drives. Drives are represented as 

evolving variables in a dynamical system using the principles described above, 

which we assessed both numerically and analytically (see Methods). The 

dominant (highest) drive is taken as the ongoing behavior, which is switched if 

surpassed. Each drive has a demotivating node, like the CDNs, that integrates 
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inputs from all other drives using a time constant adjusted by its motivational 

input. Excitation of the demotivating node is a monotonic function of the other 

drives, increasing as a single nonlinear function of a weighted sum of the inputs. 

Each drive in isolation acts in a consistent (linear) way, but changes in all drives 

synergistically impact all other drives. This is clearly an overly simplistic 

implementation of synergy and behavioral transitions, but it leads to interesting 

and testable predictions. 
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Figure 20: Synergistic interactions at demotivating neurons control the 

decision to switch behaviors 

A) Left: In an integrative circuit architecture, demotivating neurons (red) pool 

information from many or all other drives (black). Motivating neurons prevent 

demotivation of their associated behaviors and stimulate the demotivating 

neurons controlling competing behaviors. Right: Parallel computations would pit 

individual pairs of drives against each other, requiring a quadratically expanding 

number of nodes and connections as the number of drives increases.  

B) Synergistic integration can, depending on the full motivational state of the 

animal, either enhance or weaken the stability of the current behavior, illustrated 

in the following simulations using a computational model of three drives 

schematized in Figure 20A and Supplementary Figure 16. Top: A near-

threshold stimulus exciting Drive 2 (pink) is not capable of outcompeting a 

relatively weak dominant drive on its own (left), but synergistic integration with a 

weaker third drive (blue) allows it to overcome the dominant drive (black) (middle 

panel), indicated by a change in the background color to that corresponding to 

the new dominant drive. Independent action of the drives with the same 

stimulation would be less capable of weakening the dominant drive (right). 

Bottom: A strong challenger drive (pink, left) cannot eclipse the dominant drive 

(black) when paired with another weak drive (blue, middle). If there is no 

synergistic integration (right), the suppression exerted by the dominant drive 

alone is insufficient to quash the challenger.  
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(Figure 20 Continued) 

C) The same model as in B, with varying levels of input to the challenger drives. 

The time to switch behaviors (i.e. when Drive 2 overcomes Drive 1) is plotted as 

a function of the input to Drives 2 and 3. When the dominant drive is relatively 

weakly dominant (left; as in the top row of panel B), most interactions destabilize 

the dominant behavior (blue regions). If the dominant behavior is relatively strong 

(right), challenger drives may suppress each other more effectively than they 

cooperate to overcome the dominant drive (red regions). 
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The model reproduces our experimental demonstration that synergistic 

integration of strong competing drives can produce behavioral switching in cases 

when merely additive effects would fall short (Figure 20B, top row). More 

interestingly, the model finds that weak competing drives are often predicted to 

enhance the stability of the dominant drive in the face of a strong competitor 

(Figure 20B, bottom row). This occurs when the integrative effects of weak and 

dominant drives suppress a challenger more effectively than integration between 

a challenger and weak drive can suppress the dominant drive. Importantly, the 

stabilizing effect follows from supralinear integration by other drives and is not 

predicted by supralinearity in only the dominant behavior. These conclusions 

hold across several complementary implementations: the numerical nonlinear 

dynamical system presented in Figures 20B, 20C, and Supplementary Figure 

16 (and examined analytically in the Methods); a rate-coding model of neurons in 

the presence of noise (Supplementary Figure 17) (showing robustness to noise 

and variability in exact wiring); and ensembles of spiking neurons 

(Supplementary Figure 18) (showing that our conclusions often hold even In 

models with complicated and unpredictable nonlinearities). 

 

To look for experimental validation for the surprising prediction of stabilizing 

effects of weak competing drives, we paired the brief stimulation of low 

termination probability inducing lines identified in Figures 16I and 16J together 

with strong heat threats. For all of these descending interneuron lines, combining 
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500 ms of optogenetic stimulation with a heat threat resulted in a lower 

termination probability than would be expected if the two stimuli acted 

independently—and in 3 of 4 cases the terminating impact was lower even than 

the heat threat alone (Figures 21A-21D). These results are consistent with the 

prediction from the model in Figure 6, showing that a weak challenger drive can, 

in fact, decrease the effectiveness of a strong challenger (the heat threat). Only 

our grooming line (Figure 21E) failed to show this stabilizing effect, but this may 

be explained either by our expected rate of false negatives (~20%, from choosing 

sample sizes with 80% power), or because 500 ms of light is not sufficient to 

trigger the stabilizing effect from this population. By increasing the duration of 

optogenetic stimulation, we found that if—and only if—increased stimulation 

turned these neuronal populations into strong challengers (i.e. substantially 

increased their termination-inducing potency when presented alone), they always 

synergized with heat to cause termination rates higher than would be expected 

from the independent action of the two stimuli (Figures 21A-21E). These results 

show that there is nothing intrinsically switch- or stability-promoting about 

individual competing drives; it is their relative intensities that determine their net 

influence on the ongoing behavior. That this prediction was derived from 

assuming the generality of our findings across behaviors provides support for the 

wide applicability of our primary conclusion: that motivational control over 

decision making is determined by integration at behavior-specific demotivation 

neurons. 
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Figure 21: Nonlinear interactions between drives can predictably stabilize 

or destabilize the ongoing behavior 

A-E) By pairing weak or strong optogenetic stimulation of neurons labeled by 

demotivating lines with strong heat threats, we find that challenger drives can 

either stabilize or destabilize mating in the face of a heat threat, dependent on 

their relative intensities. Weak optogenetic demotivating stimuli stabilize 

copulation behavior (light blue), while increasing the stimulation intensity of these 

same lines causes synergistic cooperation with the heat threat to oppose 

copulation (magenta). These findings hold for multiple lines and at either 10 (left) 

or 15 (right) minutes into mating. The 15 minute condition for panel B was not 

tested because this line had a shorter-than-usual copulation duration (~16 min) in 

the absence of heat or red light and so we would be unable to discern whether 

the fly terminated due to the stimuli provided. We did not find a stabilizing effect 

for the grooming neurons with 500 ms of stimulation in panel E. While other 

stimulation durations may reveal a stabilizing effect for these neurons, searching 

parameter space would require much higher sample sizes to avoid increasing the 

probability of obtaining a false positive with repeated testing. A condition was 

labeled as “stabilizing” if the “both” condition showed a termination probability 

below the 95% credible interval of “independent” condition, “switching” if the 

termination probability was above the 95% credible interval, and “neither” if within 

the credible interval. 



 

	 149  



 

	 150 

Discussion 

 

The great parliament of instincts 

 

Our results argue that Lorenz’s metaphor of a parliament of instincts may be 

useful beyond the immediate mental imagery it conjures: “it is a more or less 

complete system of interactions between many independent variables” in which 

“all imaginable interactions can take place between two impulses” (96). 

Legislative decisions are not determined solely by the party with the largest 

representation, but often involve cooperation and antagonism between multiple 

factions whose allegiances may reverse with changes in context. Minority parties 

can be disruptive through the formation of coalitions or can reinforce the 

dominant party by uniting to suppress strong challengers. The parliamentary 

framework for understanding the interactions between drives that emerges from 

our work has several appealing features that we discuss below.  

 

In addition to enforcing the selection of a single winner, an integrative circuit 

architecture permits more compact neural circuitry than implied by modern 

investigations of behavioral choice. Most studies of selection and suppression 

between two opposing behavioral states focus on local, behavior-specific 

inhibitory networks in which one state excites the inhibitory population 

corresponding to the other (111–113) and selection between the two states 

arises from the interplay between excitation and inhibition of the inhibitory 
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neurons. This design requires dedicated circuitry for every pairwise comparison 

(!! − ! comparisons for ! drives), each of which need to reliably choose the 

correct winner. In contrast, the integrative demotivating neurons require only ! 

comparisons, one for each behavior. The fact that the integrating nodes are 

demotivating enables stability by disinhibition (114, 115), which avoids the risk of 

runaway excitation that accompanies self-stimulation, especially with synergistic 

integration. 

 

Our proposed mechanistic instantiation of the parliamentary model for behavioral 

selection rests on the assumption that demotivating neurons like the CDNs will 

be found to regulate many behaviors. The clearest analog that we see in the 

literature consists of the CGRP neurons in the parabrachial nucleus of the 

mammalian hypothalamus. These neurons prevent feeding behavior when 

activated, are stimulated by a wide variety of aversive cues, and are themselves 

suppressed by the AgRP neurons that motivate feeding behavior (116–118). 

Silencing the CGRP neurons leads to extended bouts of feeding (118) arguing 

that they are required to demotivate feeding not just in response to competing 

drives, but also with the onset of satiety. Hunger is the most intensively studied 

mammalian motivation, and we expect that the ongoing circuit-level 

investigations into other behaviors will uncover demotivating nodes with 

converging inputs from many opposing drives. 
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The parliamentary model may help explain several, apparently conflicting, recent 

studies of subcortical structures that receive converging inputs from all over the 

brain. Manipulating the same neuronal populations within these structures has 

different impacts on different behaviors, depending on the experimental context. 

For example the glutamatergic neurons in the medial preoptic area control 

parental behaviors (119) and hunting (120), GABAergic neurons in the zona 

incerta control feeding (121), sleep (122), and hunting (123) and GABAergic 

neurons in the central amygdala drive defensive or fear behaviors (124), hunting 

(125), feeding (126), sleep (127), and more (113, 128). Some of this functional 

and contextual diversity may be explained if manipulating these populations 

shifts the relative intensities of latent drives—with indirect consequences for the 

tendency to perform the behavior for which a motivating stimulus is 

experimentally provided. Similarly, the all-to-all network connectivity in our model 

may help explain why roughly half of the neurons across many brain regions 

respond to tasks designed to investigate only a tiny fraction of the animal’s 

motivational, perceptual, and behavioral repertoires (129).  

 

 

Temporal integration by demotivating neurons 

 

Most adjustments to circuit functions over time and with experience have been 

found, or assumed, to result from changing synaptic weights. Here we show that 

a demotivating node makes use of long motivational and decision-making 
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timescales to implement a different mechanism for altering the response to fixed 

input: changing the time constant of integration. This mechanism has several 

theoretical advantages. For example, the representations of stimuli shorter than 

the timescale of integration are preserved, avoiding a potentiation of the 

response to noise and acting as a tunable low-pass filter. Adjusting the 

integration time window at the level of the demotivation neurons also abrogates 

the need for changes in downstream processing, as demonstrated by the finding 

that the behavioral response to brief pulses of optogenetic CDN stimulation is 

consistent across times that show different responses to real-world demotivating 

stimuli.  

 

While we cannot yet provide a detailed mechanistic description of the changing 

time constant of integration in the CDNs, we find it useful to think about it in 

terms of the well-known phenomenon of synaptic augmentation (102). Though 

not mechanistically understood itself, synaptic augmentation is thought to 

emerge from lingering calcium after an initial stimulus, generating a seconds-long 

period of increased transmitter release probability that decays as localized 

calcium is buffered or cleared. We also observe lingering calcium in the CDNs, 

and find that the augmentation persists through electrical silencing, indicating 

that the memory-like trace is stored and adjusted biochemically. Synaptic 

augmentation lasts up to tens of seconds (130), with a time constant that is 

independent of the strength of the initiating stimulus, also similar to the effects we 

observe here. In the CDNs, augmentation is tuned by motivational inputs like 
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dopamine to alter the impact of diverse contemporaneous or long-lasting 

challenges as the male progresses through the mating. The facility of targeted, 

functional genetic screening in the CDNs should reveal the mechanisms that 

adjust this signal and implement its effects, information that may bring us to the 

verge of a thorough molecular explanation of motivation in this system.  

 

Motivation in the ventral nervous system 

 

Many sensory and motor neurons relevant to copulation likely reside in, or project 

to, the abdominal ganglion, so only by comparison to the spinal cord is it 

surprising to find motivational circuit elements in the ventral nervous system. The 

spinal cord contains ~1% of human neurons, while the VNS contains ~20% of the 

fly’s neurons (131)—and this percentage becomes much higher if the large optic 

lobes are not considered. We suggest that the presence of an exoskeleton in 

invertebrates may loosen neuronal packing constraints within the thorax, 

allowing, for example, ~1% of brain neurons to project to the VNS (103) 

compared to the <0.1% of mammalian brain neurons that descend to the spinal 

cord. We therefore believe that the invertebrate central nervous system should 

be considered as a functional continuum, with, for example, motor neurons for 

mouthparts located in the brain, and neurons that control the drives associated 

with lower-body functions residing in the VNS.  
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We are eager to identify the VNS neurons that are functionally downstream of the 

CDNs for many reasons. One is practical: we are currently unable to monitor the 

activity of the CDNs during mating because any invasive recording preparation 

would expose the male to extreme danger and cause termination. Silencing the 

downstream neurons that execute the termination of mating should remove this 

experimental constraint and allow a deeper understanding not just of the CDNs 

themselves, but also of the motivating inputs such as the dopaminergic and Crz 

neurons that adjust the properties of the CDNs to effect changes in decision 

making. Another reason is that we would like to know how the CDNs effect the 

change in behavior; we suspect the answer will be more than simply triggering a 

motor command. Computationally, we model the demotivating nodes as de-

motivating: inhibiting the inputs that motivate the associated behavior. This 

allows the dominant challenger to transition the animal into the next phase in the 

“continuous stream (of) change from one activity to another without pause from 

birth until death” (132). 

 

SUPPLEMENTARY NOTE 

 

In Figure 19D we use a 0.5 s pulse of CDN stimulation at 5 minutes to terminate 

~50% of the matings, whereas later in mating we use 1 s pulses to achieve 

roughly the same effect. The increased sensitivity to intense stimulation early in 

mating is surprising since the response to real world threats increases over time 

and is essentially zero before ~6 minutes (see heat threat data in Figure 19D). 
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This inconsistency is only apparent for brief red light pulses (intense stimulation), 

and not for sustained green light (weaker stimulation; compare to Figures 18D). 

While we do not understand this discrepancy, the low input intensity perceived by 

the CDNs before the Crz neurons signal at ~6 minutes (Figure 18D) likely means 

that the CDNs never naturally receive intense stimulation very early in mating.  

 

METHODS 

 

Fly stocks 

 

Flies were maintained on conventional cornmeal-agar-molasses medium under 

12 hour light/12 hour dark cyclesxs at 25 °C. Unless otherwise stated, males 

were collected 0-6 days after eclosion and group-housed away from females for 

3-6 days before testing. Flies expressing CsChrimson and all experimental 

controls for experiments involving CsChrimson were housed with rehydrated 

potato food (Carolina Bio Supply Formula 4-24 Instant Drosophila Medium, Blue) 

coated with all-trans-retinal (Sigma Aldrich R2500) diluted to 50 mM in ethanol 

for at least 3 days, unless marked as “no retinal.” These vials were kept inside 

aluminum foil sheaths to prevent degradation of the retinal due to light exposure. 

Virgin females used as partners for copulation assays were generated by heat-

shocking a UAS-CsChrimson-mVenus stock with a hs-hid transgene integrated 

on the Y-chromosome (Bloomington stock #55135) in a 37 °C water bath for 90 

minutes. This stock was selected for mating partners because the females are 
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highly receptive to courtship, resulting in a large number of mating pairs shortly 

after initiation of assays, and because it has been shown that copulation duration 

is robust to variations in the female’s genetic background (16). Virgins were 

group-housed for 3-13 days before use. Experiments with CsChrimson-

expressing flies were not performed at specific times relative to the light-dark 

cycle of the incubator because these animals were housed in constant dark 

conditions to preserve all-trans-retinal integrity. We did not observe any 

dependency of time of day on any of the behaviors described here, but all flies 

experiencing light-dark cycles were tested between ZT (zeitgeber time) 2 and ZT 

14 (lights are turned on at ZT 0 and off at ZT 12). Flies containing TH-LexA and 

LexAop-TrpA1 (or flies used as controls for TH>TrpA1 experiments) were raised 

at 19°C and collected as adults before being stored at 25°C. Detailed genotypes 

of all strains used in the paper are listed in the supplement. 

 

Evaluation of mating 

 

A pair of flies was scored as “mating” when they adopted a stereotyped mating 

posture for at least 30 seconds. This posture consists of the male mounting the 

female and propping himself up on her abdomen using his forelegs, while curling 

his own abdomen and keeping the genitalia in contact. The posture is starkly 

different from anything exhibited during other naturalistic behaviors and is rarely, 

if ever, sustained for 30 seconds during unsuccessful attempts to initiate a 

mating. If the flies are physically pulled apart without disengaging the genitalia 
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(such as if the female falls or if they collide with an obstacle), the male is able to 

climb back into place. This posture is also maintained in the presence of threats, 

unless the male elects to terminate the mating differentiating it from a “stuck” 

phenotype. When stuck, the male dismounts the female, orients himself away 

from her, and attempts to walk away, but cannot decouple their genitalia. In the 

rare cases when we see a male become stuck in response to a threat, we record 

the copulation as having terminated. Occasionally in extremely long (>1hr) 

mating males, the male will become stuck, possibly because the seminal fluids 

harden and adhere the flies together. In this case too, the onset of the stuck 

posture is scored as the end of mating.  

 

Assessing fertility 

 

Mating pairs were manually separated by forcefully and repeatedly aspirating the 

flies through a narrow opening until the mating was forcefully disrupted, and then 

the female fly was collected and placed in isolation in the above-described 

cornmeal food vials. One week later, the vial was visually inspected for the 

presence of larva as an indicator of successful fertilization. An exception to this is 

when the experiment involved CDN/NP2719>CsChrimson males, in which case 

the separation was performed by using a single two-second pulse of red light. 

 

Optogenetic stimulation during behavior 
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For CsChrimson experiments: One male and one virgin female fly was placed in 

each of .86” diameter 1/8” thick acrylic wells sitting 4” above 655 nm LEDs 

(Luxeon Rebel, Deep Red, LXM3-PD01-0350) driven using 700 mA constant 

current drivers (LuxDrive BuckPuck, 03021-D-E-700) and passed through frosted 

collimating optics (Carclo #10124). This spot of light was scattered using a thin 

diffuser film (Inventables, 23114-01) under the wells to ensure a uniform light 

intensity of ~0.1 mW/mm2. The LEDs were controlled using an Arduino 

Mega2560 (Adafruit) running a custom script, which itself was controlled by a 

Raspberry Pi (either 2 or 3, running Raspbian, a Debian variant). Flies were 

observed by recording from above using the Raspberry Pi with a Raspberry Pi 

NoIR camera (Adafruit) and infrared illumination from below using IR LED arrays 

(Crazy Cart 48-LED CCTV Ir Infrared Night Vision Illuminator reflected off the 

bottom of the box) while streaming the video to a computer for observation. 

For ACR experiments: The set-up was as above except using the green Luxeon 

Rebel, LXML-PM01-0100, and a pulse-width modulated signal to set the time-

average intensity of the light to ~5 μW/mm2 (approximately six times brighter 

than the ambient light) unless otherwise noted. 

 

Thermogenetics (with and without optogenetics) and heat threats 

A similar device to the one described above was constructed, with the addition of 

a ¼” thick water bath underneath each well. Room temperature water was 

continually passed through this bath, except when thermogenetic (TrpA1 or 
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Shibire-ts) or heat threat manipulations occurred, when water of the temperature 

described in each experiment was used (controlled by a separate stopcock for 

each well). The LEDs above were driven with 1A BuckPucks controlled by a 

pulse-width modulated signal selected to ensure the average intensity of 

illumination is the same as in the other behavioral experiments (~0.1 mW/mm2 

for red light, ~ 5 µW/mm2 for green) despite having to pass through the water 

bath. 

Additional notes about acute optogenetics and heat threat experiments 

In most CDN/NP2719>Chr experiments, flies which did not terminate in response 

to the light pulse were usually probed with a four-second pulse of light 30-60s 

after the original light pulse to ensure that they expressed Chrimson. In almost 

every mating pair, this was sufficient to induce termination, and in the few cases 

(<0.1%) in which it was insufficient, a subsequent 15 second pulse was likewise 

insufficient to terminate the mating, suggesting that these flies did not express 

CsChrimson (likely parental flies), and thus were not included in the reported 

data. 

CDN/NP2719>Shibire-ts experiments were performed using only the second 

matings of flies whose first mating was of a normal duration (15-30 minutes). This 

was because a subset of males showed long (>1 hour) mating durations at room 

temperature, and so this protocol ensured that we only used flies in which 

expression of Shibire-ts did not induce any developmental defects that may have 

affected their response to heat threats. All control experiments in any plot 
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containing CDN/NP2719>Shits were thus performed using the male fly’s second 

mating. We did not observe any noticeable differences between the first and 

second matings in control flies, either in terms of heat threat responsiveness or 

copulation duration, and so express confidence that findings using the second 

mating are informative about the first mating. 

All reported termination probabilities are technically conditional: they are only the 

subset of flies which persisted in mating until the noted time of the stimulus. For 

the 15-minute and earlier time points, this accounts for 100% of experimental 

flies, but data at the 20-minute time point should be considered in this light, 

rather than as a cumulative termination probability that includes the flies that 

terminated without intervention.  

Calcium imaging 

Images were acquired using a modified Thorlabs Bergamo II. Samples were 

excited using a Coherent Chameleon Vision II Ti:Sapphire laser emitting a 920 

nm beam and emission was detected using cooled Hamamatsu H7422P-40 

GaAsP photomultiplier tubes, with light collected through a 16x water immersion 

objective (Olympus). The PMT signal was amplified using Becker-Hickl fast PMT 

amplifiers (HFAC-26) and passed to a PicoQuant TimeHarp 260 photon counting 

board, which was synchronized to the laser emission by a photodiode (Thorlabs 

DET110A2) inverted using a fast inverter (Becker-Hickl A-PPI-D). The TimeHarp 

signal was acquired by custom software (FLIMage, Florida Lifetime Imaging) 

which was also used to control the microscope. For intensity imaging, all 
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detected photons within a pixel were summed together, regardless of arrival time 

relative to the excitation pulse. 

Images were processed by simply taking the sum of all photon counts across the 

image, and then subtracting the background (estimated as the median pixel 

value, which was almost always 0 photon counts). Because our driver does not 

label any other neurons in the abdominal ganglion, we did not use ROIs or image 

segmentation to restrict our analysis to specific pixels. All data were likely entirely 

due to functioning GCaMP molecules, as opposed to aggregates of GCaMP or 

autofluorescence, as their empirically-estimated fluorescence lifetime was always 

2.6-2.8 nanoseconds. !"/!  was computed as !"
! ! = ! ! !!!

!!
 where !! =

 !(!)/6!!
!!!!  with ! = 0 corresponding to the first frame of optogenetic excitation. 

Analysis was performed using custom Python3 code. 

Antibodies and immunohistochemistry 

All samples were fixed in PBS with Triton X-100 and 4% paraformaldehyde for 20 

minutes, then washed three times with PBS/Triton X-100 for 20 minutes each 

before application of antibodies. All samples were incubated with the primary 

antibody for two days, washed three times with PBS/ITriton X-100 for 20 minutes 

each, incubated with the secondary antibody for two days, then washed three 

times as before and mounted on coverslips using VectaShield (Vector Labs). The 

exception is for MCFO staining, in which we followed the protocol of Nern et 

al.(52) Antibodies used are as follows: 
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Rabbit anti-GFP (A-11122, Invitrogen, 1:1,000 dilution) 

Chicken anti-GFP (GFP-1010, Aves Labs, 1:1,000 dilution) 

Mouse anti-GFP (A11120, Invitrogen, 1:2,000 dilution) 

Rabbit anti-DsRed (323496, Clontech 1:1000 dilution) 

Mouse anti-nc82 (Developmental Studies Hybridoma Bank) 

Donkey anti-chicken 488 (703-545-155, Jackson ImmunoResearch, 1:400) 

Donkey anti-rabbit 488 (A11008, Invitrogen, 1:400 dilution) 

Donkey anti-mouse 488 (A21202, Invitrogen, 1:400 dilution) 

Donkey anti-rabbit 555 (A-31572, Invitrogen, 1:400 dilution) 

Donkey anti-mouse Cy3 (715-166-150, Jackson ImmunoResearch, 1:400 

dilution) 

Donkey anti-rabbit 647 (711-605-152, Jackson ImmunoResearch, 1:400 dilution) 

Donkey anti-mouse 647 (711-605-151, Jackson ImmunoResearch, 1:400 

dilution) 

Confocal microscopy 
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Confocal images were collected using a Zeiss LSM 710 through a 20x air 

objective (Olympus PLAN-APOCHROMAT) controlled by Zen software, and 

analyzed using ImageJ. 

Statistics 

General framework: Throughout this manuscript, we take a Bayesian approach to 

parameter estimation because it more closely corresponds to the inference 

procedures we are performing, and as such all reported windows and intervals 

correspond to the mass of the posterior distribution for the inferred model 

parameter. This is because the Bayesian approach corresponds to inference 

about the values of descriptors of our model (e.g. in our data, the probability of 

terminating the mating in response to some stimulus), rather than consistency of 

a data set with a particular value that the model might take. With this approach, 

we can make statistical claims about our belief in the magnitude of effects, rather 

than simply reporting their deviation from that produced by a null hypothesis. We 

do, however, recognize that the frequentist approach is more commonplace, and 

so present our data in a manner that is as consistent as possible with typical 

frequentist reporting and hypothesis testing. We use noninformative priors (74), 

so this trivially corresponds to the usual Central Limit Theorem statistics in the 

case of estimating the variability of means, but a slightly different estimator on 

proportions. Our results and their interpretation do not hinge, in any case, on 

precise statistical methodology, as our effects tend to be very large, and so this 

decision is more philosophical than effectual. 
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Credible intervals for proportions: All proportions are modeled as Bernoulli 

random processes with probability ! and presented as the sample estimate ! for 

the proportion p (! = ! ! with ! the number of observed successes and ! the 

total number of observations, the maximum likelihood estimate, rather than the 

maximum posterior estimate, for consistency with standard data presentation). 

This point is surrounded by a 68% credible interval (selected to be similar to the 

broadly familiar SEM metric, which is itself a 68% credible interval on the mean 

under a uniform prior), generated by sampling from the posterior distribution 

using Markov Chain Monte Carlo (MCMC, Metropolis-Hastings algorithm) with 

the noninformative Jeffreys prior ! ! = 1/ ! 1− !  and selecting the 16-84% 

window of this empirical estimate of the posterior. The Jeffreys prior was selected 

because it gives a posterior that is in a sense invariant under reparameterizations 

(76), and thus gives a consistent result between our posterior distributions even 

when we invert or transform the inference problem. The window generated by 

this method is also a numerical approximation of a 68% confidence interval with 

the corresponding frequentist properties. 

 

The Bayesian framework becomes important when we perform inference on the 

distribution of probability of at least one of two Bernoulli random variables 

succeeding. If we know exact values for the probability of success of each 

random variable, the probability ! of at least one of the two, with probabilities !! 

and !! respectively, succeeding is simply ! =  !! + !! − !!!!. But because we 
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only have estimates of the true probabilities, we estimated the probability of at 

least one success by using our previously generated estimates of the posterior 

distributions of !! and !!, and then sampling our estimate of the above quantity ! 

using MCMC. The credible intervals reported correspond to the 16-84% window 

of the estimated posterior distribution as above, with the reported sample 

estimate corresponding to ! = !! + !! − !!!!. All code for these analyses (and 

corresponding hypothesis testing) was written using the freely available Python 

packages numpy and pymc and is available on Github at 

https://github.com/CrickmoreRoguljaLabs. 

 

Hypothesis testing on proportions: To test the hypothesis that two sample 

proportions were drawn from the same Bernoulli process, we used Fisher’s exact 

test. When testing whether a sample of size !  was consistent with two 

collections of independent draws from two separately estimated Bernoulli 

processes, we used a Monte Carlo approach to generate samples of size ! from 

randomly generated Bernoulli processes whose success probability !  was 

selected according to the posterior distribution described above. We then 

reported the fraction of samples whose number of successes was at least as 

high as that which we observed as the p-value (a one-tailed test that our 

experimental proportion was greater than would be expected if generated by the 

two independent Bernoulli processes estimated elsewhere). 
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Credible intervals on means: We use the standard SEM estimator for variability 

of sample means !"# =  ! !  with !!  the unbiased estimator of sample 

variance and ! the sample size, which corresponds to the 68% credible interval 

for the sample mean using the “improper” uniform prior. 

 

Hypothesis testing on distributions: We use the nonparametric Mann-Whitney U 

test on rank sums for differences in distributions of copulation duration. We then 

correct for multiple comparisons by using the Holm-Bonferroni correction on our 

criteria for statistical significance (with the number of hypotheses being the 

number of unique pairs of comparisons, !(! − 1)/2). 

 

Modeling 

 

General nonlinear dynamical system: 

 

The model in Figure 6 is formalized using a system of 2! differential equations. 

The first ! (!!) correspond to the drive terms, while the second ! (!!) correspond 

to the demotivating neurons: 

!!!
!" =  ! !!(!)− !(!!(!)) − !!(!) 

!!!
!" =  ! ! !!(!) !!" + !!"#! !!(!)

!!!,!!
− !!(!)/!! 
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with !(!)  a monotonically increasing nonlinearity bounded below by 0 with 

!(!) → 0 as ! → −∞ and !(!) a nonlinearity bounded both above and below 

such that ! 0 = 0. Each !!(!) is any positive function of time. These correspond 

to a system of coupled “motivating” neurons, each of whose activity is given by 

! !!  and whose activity increases when their inputs, !!(!) , exceed their 

inhibition !!(!), and decrease when the opposite is true. The purpose of the 

negative limit of the nonlinearity !(!) is to ensure no population’s activity drops 

below 0. !(!) reflects the transformation from the strength of synaptic input into 

changes of activity of the neuron, and requiring that the function saturate 

imposes the condition that, when a neuron is already driven sufficiently forcefully, 

additional excitatory drive has minimal effect on the rate of increase in activity. 

The weights, !!", !!"#, and !!, are nonnegative constants (or at least vary over 

timescales much slower than ! and ! – we do not account for !! changing as a 

function of !! in this analysis). This produces a model which, while fairly general, 

is not the only imaginable way to implement the system. However, we find that 

this model produces generally interesting phenomena which can be sought and 

tested experimentally. The parameter values in Figure 20B,C can found in 

Supplementary Table 3. 

 

The argument of ! in the equation for the inhibitory signals is motivated as the 

lowest-order Taylor expansion for any function of the drives ! !!(!)  which 

increases “synergistically” as multiple drives co-vary. Setting the weights !!"# = 0 

for all ! , ! , !  corresponds to “independent” (linear) integration. While the 
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illustrations in Figure 6 use the forms in Table 1 and are approximated using the 

NDSolve function in Mathematica, we prove a few results that are only weakly 

dependent on the forms of ! and ! when the system operates in the regime in 

which the drives compete (i.e. are stimulated at levels comparable to their 

inhibition) by a series of approximations and linearizations. 

 

First, we note that when one !! is sustained and much stronger than the others, 

and provided that the other !! are not too strong so that the inhibitory term !(!!) is 

drowned out, the system tends to an equilibrium. In this equilibrium, !! ≈

! −!!! ! !!"!(! !! ) < 0 for all ! ≠ !, while !! ≈ ![!!] > 0, corresponding to 

pursuing drive !, as would be expected. Of course, when all drive inputs are 

strong enough to drown out their inhibitory input, the system converges to the 

equilibrium !! ≈ ![!!] for all !. It is difficult to interpret this scenario, in which 

every drive is entertained at once. 

 

Clearly the interesting dynamics occur when all of the drives are within the 

“physiological” range (i.e. within the dynamic range of ! ) and stimulated at 

somewhat comparable levels. In these conditions the argument of !  in the 

equations for the drives is near zero, and we approximate it with the first order 

Taylor expansion ! ! ≈  !′ 0 !. We then have a simplified system of equations 

!!!
!" =  ! !!(!)− !(!!(!)) − !!(!) 
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!!!
!" =  ! ! !!(!) !!" + !!"#! !!(!)

!!!,!!
− !!(!)/!! 

with ! =  !′ 0 . We make another simplifying assumption motivated by the 

findings in Figures 15 and 16, claiming that the inhibitory system “equilibrates” 

more slowly than the drive system (is quasi-static) so that {!!} is in equilibrium 

before {!!} has had time to change much, i.e. we treat !(!! ! ) as approximately 

constant. This gives a simple linear equation for !!! !"  whose solution is 

!! ! =  !!!/! !!!/!! !! !′ − !(!!(!′)) !"′!
! + !!(0) . For our purposes, we even 

ignore much of the messy dynamics of this solution and opt for the equilibrium 

value of !! ! ≈ ![!!(!)− !(!!(!))] . The question is really to determine the 

dynamics of {!!}. 

 

We now approximate ! !!(!)  by !! + ! !!(!)− !(!!(!))  with !! = !(0)  and 

incorporate the coefficient in the first order Taylor expansion into !  (i.e. ! =

!! 0 !′(0)). We additionally assert that ! = !!" ≈ −!!!!!!  and that !!" ≈ !!" 

when !, ! ≠ ! so that if all drives have equal input, they suppress each other to 

the same extent (or that ignoring the synergistic effects, each inhibitory input is 

driven by a value proportional to the average of the opposing drives). When one 

drive dominates, this average is a large value for every inhibitory population 

except for the dominant one, for which it is small. 

 

We will use two approaches for approximating the solution to the system. The 

first examines explicit solutions after linearization but does not allow for detailed 
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analysis of the system’s behavior, while the second employs a perturbative 

approach to introducing the synergistic term, but while the perturbative analysis 

permits more thorough analysis, it provides a less exact solution to the dynamics. 

 

Explicit solution in the pairwise case: 

 

In the absence of synergy, we have the equations 

 

!!!
!" =  ! !"( ! − ! ! − !! − ! !! ) − !!(!)/!!   

where ! − ! !  is the average difference of input and inhibition to all of the 

alternative drive neurons !! with ! ≠ !. When many drive values are comparable, 

! − ! ! is approximately the same for all !, and so we treat it as a constant. 

When there are only two populations with substantial input, each one 

experiences a ! − ! !  to which the other competing input predominantly 

contributes. All others experience a much stronger average input that forces their 

inhibitory terms up and thus suppresses the drive, and thus we only consider the 

competing drives. Using the same first order Taylor expansions around !(0) and 

!(0), we obtain a solution for the linearized equation for !!(!) 

!! ! ≈  !!!!!!! !!!!!!!!
!

!
! − ! ! − (!! !! − !!)  

with !! = !! 0 !′(0) !!"!  and !! = !! + 1 !!. Thus in order for the drive input !! 

to even briefly overcome the inhibition from the rest of the circuit,  
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! !!!
!

!
!!!!! ! − ! ! + !! ≤ !! 0 +  !! +  !!!!!! !!!

!

!
!!! !!!!(!!) 

where the rightmost term generating an apparent boost in the ability to switch 

behaviors comes from the drive disinhibiting itself by weakening the other 

demotivating neurons. 

 

If we reintroduce synergistic integration and return to the equation for !!!/!" in 

which !(!!) has been linearized we obtain 

!!!
!" = ! ! ! − ! ! −  !! − ! !! +  !! !!"#

!!!,!!!!
!! + ! !! − !(!!

+  !! !!"#
!!!,!!!!

!! − !(!! !! − !(!! − !!(!)/!!   

We once again assume approximate balance to linearize ! yet again and obtain 

!! ! ≈  !!!!!!! !!!!!!!!
!

!
! − ! ! − (!! !! − !!)

+  !! !!"#
!!!,!!!!

!! + ! !! − !! − !′(0 !!

+ !! !!"#
!!!,!!!!

!! − !! − !′(0)!! !! − !! − !′(0)!!   

so our new inequality for switching behaviors is 
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!!!!!!! !!!!!!!
!

!
! − ! !+!! +  !! !!"#

!!!,!!!!
!! + ! !! − !! − !′(0 !!

+ !! !!"#
!!!,!!!!

!! − !! − !′(0)!! !! − !! − !′(0)!!  

≤ !! 0 +  !! +  !!!!!! !!!
!

!
!!!!!!!(!!) 

These additional terms promote switching in favor of behavior ! when negative 

and stability when positive. If behavior ! is relatively dominant, then !! and !! will 

have high values relative to the !’s and the system will favor behavior ! even in 

cases that it would switch if the !!"# were all 0. However, when the two are of the 

same order, the overall sign of the subtraction may switch and the system will 

make behavior !  less stable than otherwise. Thus we see that synergistic 

integration promotes both stability and switching, dependent on the full 

complement of motivational inputs. 

 

Perturbative analysis: 

 

We rewrite the preceding equation in the notation of linear algebra (after some 

nondimensionalization to get ! and ! to have the same units, i.e. after multiplying 

by !′(0) and absorbing it into the other constants) as  

 

!!
!" = ! ! !(!− !) + ! !"#$ !" !− ! ! !− ! ! − !/! 

where ! is defined to be the matrix 
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! = !

0 1 1
1 0 1
1 1 0

… 1 1
1 … 1
1 … 1

⋮ 1 1
1 ⋮ ⋮
1 1 1

⋱ … 1
1 ⋱ 1
1 1 0

= !(!!! − !) 

with ! the identity matrix and ! a constant (that may dependent on !) so that the 

diagonal of !" ! ! ! ! produces each of the synergistic terms and ! is defined 

to be the matrix of weights 

! = !
!

−(! − 1) 1⋯
1⋯ −(! − 1)

1⋯ 1
1⋯ 1

1⋯ 1⋯
1⋯ 1⋯

−(! − 1) 1
1 −(! − 1)

= !
! !!! − !"  

Now we assume the solution !(!) can be expressed as a perturbation series in 

the term !  describing the relative contribution of the synergistic term, 

approximating it as an infinite series of simplified linear cases (133) 

! !  ~ !!!!(!)
!

!!!
(! → 0) 

and linearize the ! and ! terms as before:  

!!
!" = !′(0) ! !! + ! !− ! + ! !"#$ ! !! + ! !− ! !! + ! !− !

! − !/! 

We then group the solution series in order of ! 

!!!
!" = −!!! +  !! 0 ! !! + !!  

!!!
!" = −!!! + !"#$ ! !! + 2! !− !! !! !  

!!!
!" = −!!! +  !"#$ ! −2!! !! + !! ! + !!!!!!!  

and generally 
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!!!
!" = −!!! + !"#$ ! −2!!!!! !! + !! ! +  !! !!!!!!!!!

!!!

!!!
 

where ! combines the linear dynamical terms 

! = !
! + !

! 0 !"  

  

which highlights the need that !! 0 !" < 1/!, or else the system is unstable. 

Each of these relations is a driven linear dynamical system, with the drive 

corresponding to nonlinear terms that are lower orders in the expansion. We can 

then iteratively solve this system to arbitrary order. 

 

The solution to equations of this form are 

!! ! = !!!! !!"!! ! !"
!

!
 

where !! !  is the driving term for each equation. Only !!(0) and !!(0) have 

nontrivial initial conditions, so that   

!! ! = !!!"!! 0 + !! 0  !!!" !!"! !! + !!(!) !!
!

!
 

 

The initial condition we will assume is that !!(0) is at equilibrium, i.e. 

!!! 0 = !! 0 ! !! + !!(0)  

or 

!! 0 = !!!!! 0 ! !! + !!(0)  

We may then use the Sherman-Morrison formula 
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! + ! !! = !!! − 1
1+ !!

!!!!!! 

where ! = !"#$% !!!!  to compute !!! = !
! + !

! 0 !"
!!

 : 

!!! = !"− 1
1+ !! 0 !" !"#$%(!) !"!

! 0 !"#$ 

!!! = ! !− !
1

!!! 0 ! − !(! − 1)
 

so that 

!! 0 = !! 0 ! !− !
1

!!! 0 ! − !(! − 1)
! !! + !!(0)  

 

We then observe that !!! = 0 to simplify this equation to 

!! 0 = !"#! 0 !− !
1

!!"! 0 − !(! − 1)
!!(0) 

which we further abbreviate by introducing the constants ! = !!! 0 !  and 

!! = !
!!!!(!!!) to obtain 

!! 0 = ! !− !!! !!(0) 

 

We may perform a similar analysis to find the initial conditions of !!: 

!! 0 = ! !− !!!  !"#$ ! !! + 2! ! 0 − !! 0 !! !  

!! 0 = ! !− !!! !!! ! − 1 !+ 2!! !"#$ ! !(0 − !!(0) !!  
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Now we have the initial conditions and may analyze the dynamics of the system 

for arbitrary !(!). 

 

We assume that one drive begins as dominant (without loss of generality, the first 

basis vector of !) due to a greater value of !!(0) = !! + !! and that all others 

begin with a fixed drive value !! 0 = !!,, 1 < ! ≤  !. The initial conditions of this 

system are: 

! 0 = !"!!
! 1+ !!! !− !!!

+ !!!!" !!(! − 1

+ 2! !! ! − 1 + !"!! 1+ !!! ! − 2− 1
! 1+ !!!

− !!!! !! !− 1+ !!! !! 1+ !" 1+ !!! !!  

where !! is the first basis vector and the corresponding drive vector is 

 

! 0 = ! 0 − !! − !!(0) 

This equilibrium goes to ∞ as ! grows unless !" decays at least as fast as 1/!, 

and so we will assume that to be true. We can discern a few interesting features 

of the integrative term (the one of order !) from this equilibrium. First, we see that 

there is a uniform increase to the inhibition experienced by each drive that scales 

with the dominance of the primary drive. This inhibition is diminished in the 

dominant drive by the nonlinear interaction term. 



 

	 178 

 

If the system then changes so that other drives are incremented by values !!  

then we may analyze the dynamics of the system as described above. To do so, 

we first need to evaluate the matrix exponential 

!!" = !
!
!!! !! ! !" ! = ! !!! !/!"!

!"#
!" !!

!
 

 

Note that !!! ! = !!!!!!⋯!!! = !!!!!!! = !!!!!!! for ! ≥ 1. Then 

!
!"#
!" !!

! = !+
!"#
!" !!!

!

!! = !+ 1
!

!"#/! !

!! −  1
!

!!!
!!!

!

!!!

= !+  (!
!"#/! − 1) 

! !!! 

giving us our propagator 

!!" = ! !!!" !/! !!"#/! − 1
! !!! − ! = !

!
!
1− !!!"#/!

! !!! + !!!"#/!!  

We then find that the zeroth order solution (noting that !!! = 0) is: 

!! ! =  !!!"!! 0 + !! 0 !!!" ! !!!" !!/!!!! !! !!!
!

!
 

!! ! =  !!!"!! 0 + !! 0 !!!" !!!
! !− !!! ! !!!" !/!!"

!

!

!

!!!
 

!! ! =  !!!"!! 0 + !
! 0 !" ! !!!" !/! − 1 !

1− !" ! !!!" !! !− !!!
!

!!!
 

!! ! =  !"!!! 1+ !!! !! !!!" !/! !− !!! +
!" 1− !!

!!!" !
!

1− !" ! !! !− !!!
!

!!!
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Let’s take a moment to discuss these dynamics, which are purely linear. The 

system moves along axes of the form !− !!!, indicating a shared component 

(the !) and a single insulating component for each drive !!! (! and !− !! are 

eigenvectors of !). The extent to which each drive is protected from the others is 

proportional to its input drive !!, as is the force it exerts on the rest of the system. 

As the system moves to the new equilibrium, each inhibitory population is active 

approximately at the level of !!!  –!!!. If !! is above the average of all drives, 

its inhibitory population is relatively quiescent. But all of the drives adjust 

themselves with the same overall dynamics: moving as a linear system with time 

constant !/(1− !"). 

 

The frequency with which we encounter these terms leads us to define !! = !−

!!! so that we may describe !! !  in terms of {!!}: 

!! ! =  !!! ! !!
!

= !"
! !! 1+ !!! !!

!!!"
! !!! +

1
1− !" 1− !!

!!!"
! ! !!

!
!!  

The terms !! are not all linearly independent, with !! = 0! , so we add the vector 

!! = !, which we will call !! and now {!!} ∪ !! forms a basis. These !! serve as 

something of a proxy for the corresponding drive !!, since they represent the 

extent to which each inhibitory population avoids some common input (the 

coefficient of !!). 
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The vectors !!  (when we use this notation, ! ≠ 0 ) have several convenient 

properties for our analysis. We note that that !!! = −!!! ,!"#$ !!!! = !! ,!!! =

−!!! , and !!! = !!!"
! !!. Also note that !!! = !

! !!  

 

To change bases, we observe that !! = !
! !! − !!  so that ! ! = !! +

!
! !!! !! − !

! !!! !! 

 

The next step is to solve for the first order solution of the perturbative expansion: 

!! ! = !!!"!! 0 + !!!" !!"!"#$ ! !! + 2! !− !!(! !! ! !"
!

!
 

We first evaluate the driving force  

 

!"#$ ! !! + 2! !− !!(! !! !

= !!! ! − 1 !! + 2! !! +
1
! !!

!
!!

+ 1
! !! + !!!!(!) !!!

 

 

Then we apply our propagator 
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!!"!! ! =  !!! ! − 1 !! + 2! !! +
1
! !!

!
!!/!!!

+ 1
! !

!!!"
! ! !! + !!!!(!) !!!

 

Performing the integral yields 

!!"!! ! !"
!

!
= !!!" ! − 1 !! + 2! !! +

1
! !!

!
!
!
! − 1 !!

+ 1
!

!!
1− !" !

!!!"
! ! − 1 + !! !

!!!"
! !!!! !

!

!
!" !!

!
 

= !!!" ! − 1 !! + 2! !! +
1
! !!

!
!!/! − 1 !!

+ 1
!

!!
1− !" 1+ !" !

!!!"
! ! − 1 + !"! ! !!,! − 1 !!

!
 

Finally we apply !!!" to get 
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!! ! = !!!"!! 0

+ !!!" ! − 1 !! + 2! !! +
1
! !!

!
1−!!!/! !!

+ 1
!

!!
1− !" 1+ !" 1− !!

!!!"
! !

!

+ !"! !!!
!!!"
! ! !!! − 1 !!  

where !!"  is the Kronecker delta function, which is 1  when ! = !  and 0 

otherwise. This solution is somewhat more interesting due to the transient term 

!!!
!!!"
! ! inhibiting the non-dominant drives, but still does not show mixing terms 

of the form !!!! , and so does not reveal how interactions between drives 

contribute to the system’s dynamics. However the transient term is important in 

that it contributes substantially to the solution early on, when ! < !
!!!" . 

Understanding these interactions requires going to the second order perturbative 

solution, where the linear zeroth order system has had a chance to move through 

two layers of processing and the effects of other drives can begin to mix. This 

term is given by 

!! ! = !!!" !!"!"#$ ! −2!!(!) !! + !! ! + !!!!(!)!!!(!) !"
!

!

= !!!" !!"!! ! !"
!

!
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where the !  term forces mixing between the drives. !"#$ !!!!! = !!  and 

!"#$ !!!!! = !! + !! − !! + !!!!", so we can plug in the above formulae to get 

the driving term: 

!! ! = −! 2 ! − 1 !!! ! !! + ! !! +
1
! !!

!

+ 2
! ! !!!!! ! + !!!!! ! !!! !!!

!!

+ ! !!! ! 2 −!! − !!! + !! !!! ! !!!(!)!
+ !!!!" !!

!
 

where !!! (!) refers to the !th component of !!(!) in the {!!} basis. This term finally 

contains the mixing effects of integration by demotivating neurons, evident in the 

entry of terms relating to !!!(!) in the !! component. Now we can enter this term 

into the integral to get 

!! ! = !"!!" − !
!
! 2 ! − 1 !!! ! !! + ! !! +

1
! !!

!

!

!

+ 2
! ! !!!!! ! + !!!!! ! !!! !!!

!"!!

+ !
!!!"
! ! −2!!! ! !! + !!!

!

!

!

+ !! !!! ! !!!(!)!
+ !!!!" !"!!  

Now that we have reached the lowest order mixing term, we will focus on the 

individual drive components !! . Recall that !!! ! = !"
!

!
!!!" 1− !!

!!!"
! ! !!  so 
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that !!! ! !!! ! = !!
! !!!"

!
1− 2!!

!!!"
! ! + !!!

!!!"
! ! !!!! ≥ 0 , except for any 

component involving interaction with !! , which will introduce an additional 

!!!! 1+ !!! !!
!!!"
! ! term. Whether a drive is stabilized or destabilized by the 

interactions between drives is dependent on whether this synergistic component 

can overcome the −2!!! ! !! + !!!  term, which is itself suppressive of the 

corresponding behavior and in the dominant drive lacks the transient 

− !
!!!" !!

!!!!"! ! . Then if !
!!!" !! > !! 1+ !!! , i.e. !!  is comparable in 

magnitude to or greater than !!, the drive will act in a switch-promoting capacity 

to destabilize Drive 1. Otherwise, the greater values of !!!! in the synergistic 

term for Drive 1 will overpower the destabilizing influence of its competitors and 

the system will behave in a stability-promoting regime. The dependence on !! 

shows that this regime’s size changes with the number of relevant drives, and 

once ! > 2+ !
!" switch-promoting is the only paradigm. The !!" =

!
!! ! !! ! !" term 

reflects the how nonlinear the system is; when the nonlinearities are sharp and 

the derivatives are high, the supralinearity of the system is dominant and the 

inhibitory neurons act to strongly amplify any competing drives. In our 

simulations, the parameters were such that  !
!" ≈ 8 , and we see in 

Supplementary Figure X that the stabilizing regime was much smaller and 

much less effective at suppressing challengers when ! = 10 . Reducing the 

steepness of the nonlinearities sustained the stabilizing regime even with larger 

numbers of competing drives. 
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Other nonlinear formulations: 

 

In the following sections, we explore a number of other nonlinear frameworks that 

incorporate stochasticity. These analyses are purely numerical. 

 

Probabilistic rate network: 

 

We implemented a network of 200 neurons per drive with probabilistic inputs at 

every time step for a total of 2! neurons: ! motivating and ! demotivating. The 

firing rate vector ! obeyed the stochastic differential equation 

!!
!" =!" ! + ! ! ∘ !" ! − !!+ ! 

where bolded capitalized symbols represent vectors in ℝ!! and non-bold 

capitalized symbols represent matrices in ℝ!!×!!. The symbol ∘ represents the 

Hadamard product, i.e. ! ∘ ! ! = !!!!. ! = !+ !N where the elements of ! at 

every time step are drawn from a Gaussian random variable with variance 1 and 

! is the value in Table 1. !! = 0 for demotivating neurons.  ! ! =  max(0, !) /! 

where ! is the total number of motivating neurons in the network.  This acted to 

block input from neurons whose activity was below “threshold.” The first half of 

the components of ! correspond to the rates of the motivating neurons, while the 

second half correspond to the rates of the demotivating neurons. ! was defined 

as 4 block matrices: 
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! =  0 ! → !
! → ! 0  

with 

! → ! =  
−!… 0…
0… −!…

0… 0…
0… 0…

0… 0…
0… 0…

−!… 0…
0… −!…

! → ! =   
−!… !…
!… −!…

!… !…
!… !…!… !…

!… !…
−!… !…
!… −!…

 

with every element ! sampled from an exponential distribution of mean 1. This 

corresponds to every demotivating neuron inhibiting only the 100 motivating 

neurons corresponding to its own specific drive, while being stimulated by every 

motivating neuron not corresponding to its own drive. Motivating neurons protect 

their demotivating neurons. The supralinearity ! took a similar block form: 

! =  0 0
!"# 0  

 

with the block matrix 

!"# =  
0… !…
!… 0…

!… !…
!… !…

!… !…
!… !…

0… !…
!… 0…

  

This matrix produced supralinear integration of all other drives at the 

demotivating neurons alone. The time-constant matrix ! was defined as 

!!" =  
1 for the first half of components (motivating neurons, ! ≤ !)

1
1.0+ log(1+ !!!)  with ! =  ! − ! (demotivating neurons, ! > !) 

for ! = ! and 0 otherwise. This let the time constant of demotivating neurons grow 

as their corresponding motivating neurons increased in strength. 
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The system was run for 1000 time steps, with inputs to Drives 2 and 3 increasing 

by the value described in Supplementary Table 3 during steps 500 – 600. The 

plots in Supplementary Figure 17 show the outcomes of 100 separate runs of 

the system. The plots in Supplementary Figure 17C represent an individual run 

in each of the stabilizing, switching, and no-tertiary-drive conditions. “Drive 

output” was generated by taking the softmax of the mean of each motivating 

neuron population. The system was considered to have “switched” behaviors 

when the drive output value of Drive 1 was no longer the greatest value and 

never succeeded the now-dominant drive thereafter (i.e. !!"#$%! = sup!(!! ! >

!!  ∀ ! ≠ 1)). 

 

We observed that, as the number of drives in the system increased, we needed 

to lower the relative noise of each drive’s input in order to see a strong stabilizing 

regime, though there always was a stabilizing regime to some extent. We 

speculate that the random noise onto the demotivating neurons ensured that they 

were always operating near the destabilizing regime even in the absence of 

manipulation of the tertiary drive.  

 

Spiking neurons: 

We implemented a network of  2!  spiking neurons connected as in the rate 

network, with ! and ! as before, except with ! multiplied by a factor of !∗ and 

! by a factor of !∗ (see Table 2). The vector of neuronal voltages ! obeys the 

differential equation 
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!!
!" =!!+ ! ∘ !!+!− !! 

with 

!!" =  
! for the first half of components (motivating neurons, ! ≤ !)

!"
1.0+ log 1+ !

!!!
3

 with ! =  ! − ! (demotivating neurons, ! > !) 

 

when ! = ! and 0 otherwise. 

A neuron !  is said to spike when !! > ! , after which !!  is set to !! . ! and ! 

correspond to “postsynaptic currents” after a neuron fires a spike, obeying the 

differential equations: 

!!
!" = − !

!!
+ !

!!"#$%
(! − !!"#$%)

!!
!" = −!!+ !

!!"#!"
(! − !!"#$%) 

with each component !!  of ! a Dirac delta function whenever neuron ! fires a 

spike. This gives a different decay rate for the nonlinear effects than the linear 

ones. The input vector !(!) = !(!)+ !! as before, except the noise is applied to 

the input current of all neurons.  

 

Spiking neural networks can be notoriously tricky to control. We found that our 

results did not hinge critically on particular parameter values, but that either the 

stabilizing or switching condition could be more difficult to elicit depending on the 

parameters. Networks with a greater !∗ tended to stabilize the dominant drive, 

while networks with a greater !∗ generally operated in the switching regime. The 

values listed in Table 3 seemed to elicit both behaviors without a great deal of 
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hand-tuning the input levels, and so we use these to demonstrate both 

phenomena in the Figures.  

 

 

Temporal integration:  

 

Estimation of parameters and their variance: The instantaneous probability of 

termination, given that a fly has not yet terminated the mating by time !, was 

modeled as  

! !!"#$ = !  ¬ !!"#$ < !) = !!!(1− !!
!
!) 

with !! the intensity of the stimulus and ! the time constant of integration, two 

model parameters we wish to fit. Each moment in time gives an approximate 

estimate of this value, which can be pooled together using the cumulative 

distribution ! ! =  !(!!"#$ ≤ !), which can be derived by noting that 

!"
!" = ! !!"#$ = ! ¬!!"#$ < !) 1− ! ! =  !!!(1− !!

!
!)(1− ! ! ) 

this can trivially be solved to yield 

− log 1− ! = !!! ! + !!!
!
! + ! 

with ! the constant of integration. Because ! 0 =  0, we can immediately see 

that ! =  −!!!! and solve to get 

log 1− !(!) = !!! !(1− !!
!
!)− !  

finally yielding 
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! ! =  1− !!!!! !!! !!!!!/! . 

The probability !!!,! !  of any particular observation !, given parameters, !! and 

! is then 

!!!,! ! = !"
!" !!!

= !!! 1− !!!/! !!!!! !!! !!!!!/!  

 

We can now attempt to fit our data to this model to obtain estimates of the 

parameters !! and !. One form of estimate is the maximum likelihood estimate, 

the values of the parameters “least surprised” by the data (those which predict 

the greatest likelihood of generating the data set). The likelihood ℒ ! (!!, !) of any 

particular data set {!}, assuming all samples are independent, is 

ℒ ! (!!, !) =  !!!,!(!)
!

 

and we choose as our estimates !!, ! =  argmax!!,! ℒ ! (!!, !). 

Any values !! and ! that maximize ℒ ! (!!, !) also maximize logℒ ! (!!, !), or 

logℒ ! (!!, !) =  log !!!,!(!)
!

 

However, our data is subject to an additional constraint: the stimulation is 

terminated at some upper bound value !. Thus, rather than consisting of 

termination times ! , the data takes the form ! ∪ ∅ !!"# with !!"# the number 

of data points that persevere through the threat. The probability of observing ∅ is 

the probability that the corresponding sample ! would be greater than !, or 

1− ! ! . Then we can then account for this constraint in the likelihood function 

by re-writing ℒ ! (!!, !) as 
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ℒ ! !!, ! =  !!!,! !
!∈ !

1− ! ! !!!" 

and thus  

logℒ ! (!!, !) =  log !!!,!(!) + !!"# log 1− ! !
!

 

We can then maximize this expression to obtain our estimates !! and !. 

To do so, we take the gradient of logℒ ! (!!, !) and find where it equals 0. 

! logℒ ! (!!, !)
!!!

=  ! log !!!,!(!)  
!!!

+ !!"#! log 1− ! !
!!!!∈{!}

  

=  !
!!!

log !!! 1− !!!/! !!!!! !!! !!!!!/!

!∈{!}
− !!"!! ! − ! 1− !!

!
!  

=  !
!!!

log !!! + log 1− !!!/! − !!! ! − ! 1− !!!/!
!∈{!}

 

− !!"#! ! − ! 1− !!
!
!   

! logℒ ! (!!, !)
!!!

=  1
!!
− ! ! − ! 1− !!

!
!

!∈{!}
− !!"#! ! − ! 1− !!

!
!  

 

Similarly,  

! logℒ ! (!!, !)
!" =  ! log !!!,!(!)  

!" + !!"#! log 1− ! !
!"

!∈{!}
  

Splitting into two pieces: 

!!"#! log 1− ! !
!" = !!"#!! 2! 1− !!!/! − ! 1+ !!!/!  
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and 

 

! log !!!,! !  
!" = !

!" log !!! + log 1− !!
!
! − !!! ! − ! 1− !!

!
!

!∈{!}
 

!∈{!}
 

=  1
τ−

!!!!/!
!! 1+ !!!/! − !! 2! !!

!
! − 1 + ! 1+ !!!/!

!∈{!}
 

=  ! 1+ !!! 2! − ! − ! + ! + 4!!!! !!
!
! + !!!!!!

!!
! ! + 2!

!! 1− !!!/!
!∈{!}

 

At the maximum likelihood values !! and !, both of these are 0, so 

0 = 1
!!
− ! ! − ! 1− !!

!
!

!∈{!}
− !!"#! ! − ! 1− !!

!
!  

or 

!!"#$
!!

= ! ! − ! 1− !!
!
!

!∈{!}
+  !!"#! ! − ! 1− !!

!
!  

where !!"# is the number of flies which terminate the mating in response to the 

stimulus. If ! is the total number of flies in the experiment, so that !!"#$! = !!"#$ 

and !!"#! = 1− !!"#$ then we have 

!! =
!!"#$/!

1− !!"#$ ! − ! 1− !!
!
! +

! − ! 1− !!
!
!!∈{!}

!  

 

which is the exact maximum likelihood estimate for !! given !. 
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Similarly, we have (after dividing by !) that 

0 = (1− !!"#$)!! 2! 1− !!
!
! − ! 1+ !!

!
!

+ 1
!

1
τ−

!!!!/!
!! 1+ !!!/! − !! 2! !!

!
! − 1 + ! 1+ !!!/!

!∈{!}
 

 

We were unable to find an analytical solution to this equation, and so to estimate 

! we performed grid search to maximize the log-likelihood, for each value using 

the analytical value for !! given the current estimate for !. We used a step size of 

0.001, and searched parameters ranging from 0.01 to 40. 

 

Likewise, for the model in which there is no !, the maximum likelihood estimate 

for !!,!"## is 

!!,!"## =
!!"#$

1− !!"#$ ! + 1
! !!∈{!}

 

 

To estimate the variance of the parameter fits, we use the Fisher Information and 

Cramér-Rao bound, which says 

!"# ! ≥ ℐ ! !! 

for any consistent estimator of a parameter vector ! where ℐ !  is the Fisher 

Information matrix defined as 

ℐ ! !" =  −! !! log! ! !
!!!!!!

 

For our model, 
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ℐ !
!! = −!

!! log! ! !,!!
!!!

!! log! ! !,!!
!"!!!

!! log! ! !,!!
!"!!!

!! log! ! !,!!
!!!!

  

 

The bottom right element is simply 

!! log! ! !,!!
!!! =  −!!"#$!!!

 

so that the expectation is ! !! !"#! ! !,!!
!!! = − !" !

!!!
 

The diagonal terms are 

 

!! log! ! !,!!
!"!!!

= !!"# 2! 1− !!!/! − ! 1+ !!
!
!

+ 2! 1− !!
!
! − !

!∈ !
1+ !!

!
!  

The expectation of the terms on the left (those resulting from the truncation) is  

! 1− !(!) 2! 1− !!!/! − ! 1+ !!
!
!  

 

The top left term of the Fisher Information is a little messy. The contribution from 

the values above the cutoff ! is 

! 1− !(!) !!
!! + 2!" !!

!
!

!! − 2 1− !!!/!  
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while the contribution from the values within the range of the assay (without 

taking the expectation) are 

!!!/!

 !! !
!
! − 1

!
!∈{!}

−!!!! !! + 2!" + 2!! + !
!!
! !! 2!!! − 1

+ !
!
!! −2! − ! + 2!!!!! + 4!!!!! + 6!!!!

− !!!/! −2!! + 6!!!! + 2!" !!! − 1 + !! 1+ !!!!  

For those elements of the Fisher Information for which we did not find a closed 

form solution of the expectation, we used the value at the maximum likelihood 

estimate (essentially assuming that the probability density of those values is 

peaked near our estimate, Supplementary Figure 14). We then computed the 

Fisher Information and took the inverse to find the Cramér-Rao bound, which we 

used as our estimate of the covariance matrix. The plotted variances of the 

parameters correspond to the diagonal of this matrix. 

 

The standard error of !!,!"##, likewise, is 

 

!" !!,!"## = !!,!"##
!

1

1− !!!!,!"##! − !!!,!"##!!!"!,!"##
!

 

 

Termination probability of a stimulus and its relation to the model parameters: 
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The above analysis is of a stimulation that begins at time ! = 0 and is sustained 

forever. Figure 16D focuses on stimuli that last a finite duration. To analyze the 

case of a short stimulus, especially one much shorter than !, we replaced the 

expression for ! !!"#$ = !  ¬ !!"#$ < !) with ! !!"#$ = !  ¬ !!"#$ < !) = !(!) 

where 

! ! =
!!! 1− !!

!
!                           ! < !

!!! 1− !!
!
! !

! !!!
!             ! ≥ !

 

with ! the duration of the stimulus. The peak of this function is ! ! = !!! 1−

!!
!
! . Then to plot the change in the peak of this function as ! and ! are adjusted, 

we plotted !!!(!) and !!!(!): 

 

!!! ! =  !!!!!/! !!! ! = !! 1−  !! − 1  !!!/!  

For the plot, we divided both equations by the maximal value of each, which is !! 

for !!!(!) and !!(1− !!!) for !!!(!). The integral of ! ! , as below, is !!!", 

which was used to plot the “differential change in integrated output.”  

 

To analyze how this translates to the termination probability, we have to again 

solve the differential equation 

!"
!" = ! !!"#$ = ! ¬!!"#$ < !) 1− ! !  

!"
!" = !(!) 1− ! !  

whose solution is 
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−log 1− ! ! = ! !′ !"′
!

!
+ ! 

or 

! ! =  1− !! ! !! !!!!
!  

as before. We wish to evaluate Φ = lim!→ ! !(!), which we can find from 

! !′ !"′!
! . 

! !′ !!! = ! !′ !!! +
!

!
! !! !"′

!

!

!

!
 

 

= !!! 1− !!
!!
! !"′+

!

!
1− !!

!
! !

! !!!!
! !"′

!

!
 

 

= !!! ! − ! 1− !!
!
! + ! 1− !!

!
! 1− !

!(!!!)
!  

so then 

! =  1− lim
!→ !

!!!!! !!! !!!!
!
! !! !!!!

!
! !!!

! !!!
!

 

= 1− lim
!→ !

!!!!! !!! !
!
!!! !

!!
!

= 1− !!!!!" 

If !!!" ≪ 1 (as is the case for our short pulses, where ! ≈ 1 sec, !!! ≪ 1 sec-1) 

then 

! ≈ !!!" 
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so if ! ≪ !, then !!!" ≪
!"
!" and the termination probability grows much more 

quickly with changes in ! than changes in !. 

However, when ! ≫ !, as in our sustained stimuli and some grooming stimuli, 

then !"!" ≫
!"
!" and the termination probability grows much more quickly with 

changes in ! than changes in !. 

 

Robustness of the fitting algorithm: 

 

The cumulative distribution consists of 60 data points (albeit with correlational 

structure), while the model has only two parameters, making it relatively robust to 

overfitting. We evaluate the ability of our statistical model to capture temporal 

integration in Supplementary Figure 19. In this figure, we generate synthetic 

data sets following the distribution of the model as described above (by sampling 

from a uniform distribution between 0 and 1 and then inverting the cumulative 

distribution function), varying the model parameters, and then applied our 

maximum likelihood estimate. The inverse cumulative distribution is  

!!! ! = ! 1+  ! 1− !
!

!!!!

! − log 1− !!!!
 

where !(!) is the Lambert W-function, so that ! !!! = !, evaluated on the 

main branch (which is well-defined, since 0 ≤ 1− !
!

!!!! ≤ 1).  

 

Measuring augmentation: 
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The data was assumed to follow a model in which the termination probability 

!!(!) of a second pulse ! units of time after an initial pulse (with termination 

probability !!) is potentiated by a factor !!.,so that !! ! =  !!!!. If two pulses are 

applied in succession, then the probability of terminating the mating !!"#$ follows 

the relation 

!!"#$(!) = !! + !! ! −  !!!!(!) 

which may be rewritten as 

!!"#$(!) = !! 1+ !! 1− !!  

 

To infer !!, we performed two sets of experiments – one in which a single pulse 

was provided, to estimate !!, and one in which two pulses were provided, to use 

our estimate of !! to estimate !!. The likelihood was modeled as arising from the 

following probabilistic model: 

!!~!"#$%"&' !!,!!  

!!~!"#$%"&' !!,!! 1+ !! 1− !!  

with !! and !! fixed and corresponding to the sample size of the single pulse and 

paired pulse experiments respectively. We then estimated the posterior 

probability distribution of !! by using Hamiltonian Monte Carlo sampling with a 

log-normal prior on !! so that 

log!! ~!(0,1) 
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and the Jeffrey’s prior on !! as above. The analysis code was written using the 

TensorFlow-Probability package edward2. The data presented in the graphs 

correspond to the 16%-84% credible interval and the mean posterior value.



 

 

 

PART IV: SYNTHESIS 
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Each of these projects highlights the diversity of representations in the nervous 

system. Within the Crz neurons, cell biology instructs two forms of representation 

(of elapsed time, and of averaged evidence that the target interval has elapsed) 

that have a dramatic effect on the immediate behavior of the animal. And 

perhaps the most informative representation of the fly’s motivation to sustain 

copulation is the propensity of the CDNs to retain elevations in calcium after 

stimulation. All three of these forms of representation do not emerge on their own 

– they come from the complex interplay of electrical and biochemical processes, 

and the constant passing of signals back and forth between the two. That fact is 

not new to this work; what may be new, however, is the idea that the most useful 

representations of these things in the context of cognitive phenomena may be 

biochemical. The physical embodiment of what we sense as motivation, or any of 

a number of internal phenomena, may not be the population activity of an 

ensemble of neurons, as is nearly universally assumed. 

 

The distinction is not merely semantic in light of the present focus of systems 

neuroscience. The vast majority of such studies focus on encodings of sensory 

or cognitive variables, a term that generally closely aligns with the use of 

“representation” in this thesis: variables that are informative about some property 

or phenomenon (11, 129, 134–136). These encodings take the form of spike 

rates or intracellular calcium levels measured during a behavioral task or sensory 

exposure. The Crz neurons, the CDNs, and the other more peripheral 

populations studied in this work do often relay the conclusions of their 
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computations in this form. But an external observer attempting to understand, for 

example, the moment-to-moment representation of how much time had elapsed 

since the onset of mating in this way would never find such an encoding. The Crz 

neurons would appear to spontaneously become active 6 minutes into mating. 

The CDNs might not even be detected – during an unthreatened mating, the 

neurons only seem to become active at its cessation. Despite this fact, they 

appear to have intimate knowledge of how long the fly has been mating, and this 

knowledge is the primary determinant of whether or not he will respond to 

threats. 

 

We have found that these same principles seem to extend to another behavioral 

system, albeit one similar to the male’s motivation to mate: female Drosophila 

receptivity. Shortly after copulation, female flies become reluctant to mate, and 

this reduction in receptivity is sustained for over a week (26). For much of this 

time, her receptivity is controlled by the sex peptide pathway – a protein called 

sex peptide is transferred along with the male’s sperm, and 24 hours after 

copulation it silences the activity of sex peptide receptor-expressing neurons to 

downregulate receptivity (137–139). However, it has been known for decades 

that her diminished receptivity for the first 24 hours is independent of sperm 

transfer, though no mechanism for her change in state has been established 

(140). Here I will briefly describe a few highlights of our work to identify the 

molecular and circuit underpinnings of this transformation of motivational state.6 

																																																								
6	This section describes work done together with Anya Hsu.	
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We began by characterizing her changing behavioral state. We paired individual 

females with several males expressing CsChrimson in the CDNs so that we 

could abruptly terminate copulation one minute (or any fixed duration of time) by 

application of a three second pulse of red light (Figure 22A). This protocol did 

not affect the courtship behavior of the males, who courted persistently 

throughout the assay. Females would mate several times before abruptly 

rejecting all further attempts at copulation, with a uniform probability of switching 

receptivity state through each minute of mating (Figure 22B). Two minutes of 

mating was equivalent to two independent one minute bouts, and three minutes 

of mating was equivalent to three independent one minute bouts (Figure 22B). 

This relation held for all patterns of copulation, and the first one-minute mating 

had the same probability of preventing her shift in behavior as the second, third, 

fourth, or fifth (Figure 22B). So long as a female remained receptive, her 

tendency to copulate remained static (Figure 22B,C). Importantly, females 

remained unfertilized (as individual bouts that are shorter than 6 minutes fail to 

induce sperm transfer (141)), and so became receptive again a day later, and 

mated with several males throughout the assay. These data support a number of 

conclusions: 1) short term sexual satiety is anticipatory, rather than reflecting 

detection of some physiological variable, reminiscent of observations in the 

feeding and drinking fields (4, 142, 143); 2) the switch in behavior is abrupt and 

lasting; and 3) the female’s change in behavior is spontaneous, rather than an 
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accumulating process (since each bout is equally likely to induce the change in 

behavior). 

 

Figure 22 
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(Figure 22 Continued) 

Figure 22: Short-term female sexual satiety relies on the interplay of 

electrical and biochemical signaling to maintain a persistent change in 

motivational state: 

A) Ethogram of an experiment probing the female’s change in receptivity. Males 

express CsChrimson in the CDNs so that optogenetic stimulation immediately 

terminates mating. (Right): Individual rows represent single females in one 

experiment, with red bars indicating a single one-minute mating. Females mate 

repeatedly, an unpredictable number of times (ranging anywhere from once to 16 

times). 

B) The likelihood that a female will become unreceptive after an individual bout of 

copulation is fixed – whether she has mated several times before or never. (Left): 

Condition probability of mating again given that a female has already mated the 

amount of time indicated on the x-axis across experimental condition. (Middle): 

The proportion of flies willing to mate again follows the same exponential 

distribution regardless of the experimental paradigm, demonstrating that every 

minute of copulation is treated identically, with a fixed probability of switching the 

female’s receptivity state. (Right): Females that mate again take a consistent 

duration of time to mate again, whether they’ve mated many times before or 

never. 

C) Individual mating latencies from panel B. Latency is approximately static 

across flies and across matings, except perhaps for between the penultimate and  
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(Figure 22 Continued) 

final bout (note flies that show a dramatic increase just before the end of the 

assay). 

D) Stimulation of the R42G02-Gal4 neurons emulates copulation by preventing 

virgin flies from mating even an hour after stimulation. 

E) Silencing the R42G02-Gal4 population reverts the reduction of receptivity of 

recently-mated flies in addition to the sex-peptide-mediated effect days later. 

F) Large neurons near the abdominal nerve show increased electrical activity 

after copulation. 

G) Expression of constitutively active CaMKII in the R42G02-Gal4 population 

causes virgin females to become unreceptive, but this effect can be reversed by 

silencing the neurons. 

  

We screened the sexually dimorphic circuitry of the fly to identify neurons that 

might underlie her sudden change in behavior, identifying a Gal4 line that could 

emulate the effects of copulation. Stimulation of the R42G02-Gal4 population 

resulted in a long-lasting switch in the female’s behavior, inducing rejection of 

courtship for over an hour after stimulation (Figure 22D), indicating that the 

activity of these cells is sufficient for induction of a satiety-like state. Inversely, 

silencing these neurons could revert short-term sexual satiety (as well as long-

term sexual satiety) (Figure 22E). However, relieving inhibition causes 

immediate reversion to the satiated state, arguing that the switch in motivation is 

not sustained exclusively by the electrical activity of these neurons. Despite this 
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fact, we observe putative elevations in intracellular calcium (as measured using 

the ratio of GCaMP6s fluorescence between fluorescence at a calcium-

dependent excitation wavelength to an isosbestic wavelength) in several cells 

located at the posterior-most end of the abdominal ganglion specifically in the 

mated condition (Figure 22F). These same cells showed elevations in CaMKII 

activity after mating using the FLIM reporter green-Camuiα (not shown), 

suggesting that the switch in state (and perhaps electrical activity) may be 

maintained by sustained CaMKII activity within the neurons, even after their 

inhibition. Consonant with this hypothesis, expression of constitutively active 

CaMKII prevented mating in virgin flies, and this suppression could be reverted 

by silencing the neurons with GtACR1 (Figure 22G). Together these data (in 

conjunction with many experiments not shown here) point toward a model in 

which electrical activity within the R42G02 population induces CaMKII activity, 

and this elevated CaMKII activity is capable of maintaining increased electrical 

activity even after temporary inhibition of the population. The switch in 

motivational state is not purely determined by the neurons’ molecular or electrical 

conditions, but rather the interplay between the two.  

 

But are these just niche findings? Is it possible that the simpler nervous system 

of Drosophila makes greater use of biochemical computation because it doesn’t 

have enough neurons to offload computation to circuit mechanisms? One 

example similar to the accumulation of evidence in the Crz neurons may be 

present in the preparatory activity of mouse cortical area ALM, implicated in 
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tongue control (144) and motor planning (145). In a short-term memory task, 

excitatory neurons within ALM show action-specific preparatory activity that 

accumulates to a bound, and this activity is necessary for the animal to perform 

the task. ALM shows recurrent connections with the thalamus, pons, and 

cerebellum, and disruption of any of these regions affects preparatory activity 

within ALM (and cerebellum) (146, 147). However, manipulations shorter than 

the delay period result in near-instantaneous recovery of population activity to a 

pattern similar to unperturbed trials (136). Most of this work explains these 

dynamics as arising from inter-areal connections, so that transient perturbation 

results in recovery to the consensus of the rest of the network, but this 

explanation is inadequate because manipulation of single regions scrambles 

population dynamics across the entire circuit (146). Our work inspires an 

explanation in which the persistence of population coding through electrical 

silencing is implemented by intracellular representations of preparatory activity 

that is read out by the circuit dynamics. 

 

The Crz neuron eruption, too, seems as though it may be a fly-specific 

phenomenon. It relies on recurrence between neurons that presumably represent 

the same information (whether or not the 6 minute interval has elapsed), after 

which they reach a consensus and drive mass synchronous activity over long 

time scales. But even this shows parallels to other well-studied regions of the 

vertebrate brain. One well-studied example is in area LIP, a parietal cortical 

region in macaques that shows trial-averaged ramping activity duration a 
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perceptual evidence accumulation task (148–150). It was recently demonstrated 

that a substantial subpopulation of LIP neurons with shared action coding show 

“step-like” responses on single trials, in which neurons exhibiting a low firing rate 

spontaneously jump to levels several times their previous baseline (151) (but see 

(152, 153)). These analyses lack any mechanistic description for implementing 

jumps, and their contemporaneity on single trials is not described, but eruption-

like mechanisms could be one means of synchronizing network activity in this 

fashion. 

 

On the other end of the spectrum, our data indicates that truly understanding 

representations of motivational state requires not only understanding the drive in 

question, and not only understanding the most salient challengers, but also 

considering all tertiary competitors that may bias the interactions between 

ongoing comparisons. In this instance, the system may be best represented by 

itself – simplified abstractions necessarily remove essential details. This is further 

complicated by the fact that the determining factor of the strength of inhibitory 

input may have to do with the tendency of the CDNs to retain intracellular 

calcium, an understanding of which would also be essential for determining the 

motivational state of a mating fly. This system evidently illustrates that, in some 

cases, there may not be a single appropriate level of analysis to understand the 

brain. 
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Representations of time in the nervous system are even more rare. Some of this 

may have to do with the challenge of finding a reliable task that plays out on 

interval time scales that is repeatable enough to analyze in detail. But to some 

extent, it may simply reflect the fact that we’ve been looking for it in the wrong 

ways – representations on the level of electrical activity. Even very rapid learned 

timing tasks in the cerebellum may use intrinsic mechanisms that are not 

dependent on classical synaptic plasticity (154, 155). The field seems poised for 

molecular neurobiology to rejoin the electrophysiological and network 

perspectives in developing a holistic understanding of the real time function of 

the nervous system. There seems no reason, a priori, to assume any particular 

form for the emotions and mental processes we think and feel – it may well be 

that the appropriate representation to explain our cognitive state is only naturally 

expressed by a description across many strata. 
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Supplementary Figures 
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Supplementary Figure 1. Related to Figure 1. High-throughput screening of 

genetic manipulations affecting motivation and interval timing in male flies 

 

(A) Several mating duration assays run in parallel. Here we show one light pad 

with 5 slates, each containing 32 individual wells. Each well contains one female 

and one male fly. We generally test 8 mating pairs per genotype. Videos are 

recorded using commercially available cameras placed above each slate, and 

are processed afterward. 

(B) A sample mating duration assay containing 32 male-female pairs. The blue 

box highlights a non-mating pair, whereas the red box highlights a mating pair. 

The centroids of mating flies are close together (<1.7 mm) for a sustained period 

of time, allowing automated identification and scoring. 

(C) Examples of the distance between mating (top) and non-mating (bottom) 

flies. During the mating, the inferred distance between the centroids drops below 

the set threshold (red) for 25.3 minutes. 

(D) Copulation duration is controlled are controlled in large part or in whole by 

male physiology, as paralyzing the female using pan-neuronal expression of the 

heat inducible silencer shits has no effect on copulation duration. Note that 

copulation duration is not temperature-compensated so both experimental and 

control durations decrease at the higher temperature. 

(E) The decline in motivation over time is also controlled predominantly by the 

male, as paralyzing the female during a 1-minute heat threat does not affect the 

ability of a male fly to terminate the mating. 
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Supplementary Figure 2. Related to Figures 1 and 3. Expression of CaMKII-

T287D in Crz neurons does not cause significant structural or 

developmental defects 

(A) Using Gal80ts to conditionally activate T287D expression in the Fruitless 

neurons of adults (by raising the temperature to 30°C for 7 days) lengthens 

matings. 

(B) The morphology of the Crz neurons is grossly normal (their projections are 

dense along the sides of the abdominal ganglion and only infrequently cross the 

midline) with constitutive expression of CaMKII-T287D, as compared to a control 

(Crz>Chr). 

(C) Stimulation of the Crz neurons induces ejaculation even when they express 

CaMKII-T287D, showing that the Crz neurons can still release signaling 

molecules upon injection of inward current, and these signals can reach the 

appropriate downstream targets (i.e. the serotonergic ejaculation neurons). 
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Supplementary Figure 3. Related to Figures 1-3. The Crz-expressing 

neurons in the central brain are not responsible for any phenotypes 

described in this work 

 

(A) Expression pattern of Crz-Gal4 (left) and CrzNoAG (31) (short for “no 

abdominal ganglion expression”) used here to show that the Crz-expressing 

neurons in the central brain do not produce the phenotypes of the full Crz line.  

(B) Silencing only the Crz-expressing neurons of the central brain does not 

extend copulation duration, while including those of the abdominal ganglion 

dramatically lengthens copulation. This is consistent with the earlier finding that 

mating duration is not altered if the male is decapitated shortly after initiation of 

copulation (12, 15).  

 



 

	 218 

(Supplementary Figure 3 Continued) 

(C) Optogenetic stimulation of only the Crz-expressing neurons of the central 

brain does not induce the shift in response to heat threats. 

(D) Expression of CaMKII-T287D in only the Crz-expressing neurons of the 

central brain does not prevent the shift in motivation. 

(E) Expressing CaMKII-T287A in only the Crz-expressing neurons of the central 

brain does not hasten the response to heat threats. 
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(Supplementary Figure 4 Continued) 

Supplementary Figure 4. Behavioral arenas for studying motivation and 

time in mating flies 

(A) Left: Flies were placed into wells which could be independently addressed for 

optogenetic stimulation (via illumination by LEDs) or temperature control (by 

changing the temperature of the individual water bath under each well). 

Experiments were recorded from above using a Raspberry Pi computer. Wells 

were illuminated from below by infrared LEDs on the sides of the box. Right: side 

view of each well. Each well has an individual tube for water to come in (with 

multiple water baths as possible sources, controlled by adjusting a stopcock) and 

a separate one to exit, allowing the temperature of each well to be individually 

controlled. Illumination for optogenetic stimulation was provided from below. 

Wells were insulated from light from the adjacent well by tubes surrounding the 

LEDs. 

(B) Photo of an example setup. Two water baths, one at room temperature and 

one at a warm temperature, supply each well to control the temperature. Each 

well has an input and an output tube which directs water into (and out of) the well 

from either the room temperature or warm water bath. Infrared LEDs on either 

side illuminate the behavioral arenas from below. 

(C) Example frames from the camera during an experiment. Left: Courting and 

mating flies are clearly visible and distinguishable. Right: experiment in which a 

44°C heat threat was applied at 10 minutes into mating in the well on the left. The  
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(Supplementary Figure 4 Continued) 

threatened flies terminate the mating in response to the threat (middle panel), but 

those in adjacent wells are unaffected.  

 

 
Supplementary Figure 5. Related to Figure 2. Brief stimulation of Crz 

neurons is sufficient for fertilization 

(A) Stimulating otherwise silenced Crz neurons using CsChrimson causes sperm 

transfer. 

(B) Stimulating CaMKII-T287D expressing Crz neurons using CsChrimson 

restores fertility, demonstrating that the Crz neurons remain sufficiently functional 

to signal despite constitutively active CaMKII. 

(C) Stimulating CaMKII-T287D expressing Crz neurons using CsChrimson 

restores copulation duration, showing that CaMKII-T287D does not in principle 

prevent the release of the signal that triggers the motivational switch in the 

presence of sufficient electrical stimulation. 

(D) Electrically silencing the Crz neurons does not further increase mating 

duration over CaMKII-T287D expression alone. This supports a model in which 

CaMKII and electrical activity act in the same pathway towards signaling from the 

Crz neurons. 
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Supplementary Figure 6. Related to Figure 4. Green-Camuiα lifetime 

changes reflect CaMKII activity in various Drosophila neurons  
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(Supplementary Figure 6 Continued) 

(A) Expression of CaMKII-T287D increases the baseline measured fluorescent 

lifetime of green-Camuiα, showing that it is capable of forming complexes with 

Drosophila CaMKII and thus ensuring our FLIM measurements read out 

endogenous CaMKII activity. 

(B) Individual green-Camuiα responses to a 5 second optogenetic stimulation of 

the Crz neurons using ChR2-XXM (blue, same data as plotted in Figure 4A). We 

saw a slight, but consistent, change in fluorescence lifetime in response to the 

light alone (with no ChR2-XXM), plausibly due to reversible photobleaching of the 

acceptor fluorophore (see discussion in the Methods). 

(C) Calcium-obligate green-Camuiα (green-Camuiα-T286A in blue) is unable to 

sustain activity in the absence of calcium and is less readily activated by 

optogenetic stimulation than green-Camuiα using wildtype CaMKII (black). 

(D) Crz-expressing neurons in the brain (arrows on left) sustain activity for ~2 

minutes after optogenetic stimulation, arguing that the dynamics of CaMKII 

activity in the abdominal ganglion neurons are tuned to measure 5-7 minutes. 

The structure of the dynamics appear to differ as well, with a response 

resembling a monoexponential decay. 

(E) Comparison of the average response to 5 seconds of stimulation in the 

abdominal ganglion Crz neurons and those in the brain (left). Time to decay to 

1/e of the maximal deflection from baseline (~37%) compared to the size of the 

maximal deflection in individual recordings (right). Note that the size of the 

deflections was comparable between the abdominal ganglion and the brain  
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(Supplementary Figure 6 Continued) 

indicating comparable maximum levels of CaMKII activity, but the decay is 

approximately twice as slow in the abdominal ganglion, suggesting that 

intracellular environment is an important contributor to the duration of calcium-

independent CaMKII activity. 

(F-H) Expression of CaMKII-T287A does not diminish the peak of CaMKII activity 

after stimulation using ChR2-XXM, but reduces the capacity of CaMKII (even the 

green-Camuiα reporter, which retains a phosphorylatable T286) to sustain 

activity after calcium levels return to baseline. F: Individual responses to 

optogenetic stimulation with co-expression of CaMKII-T287A. G: Individual 

responses to optogenetic stimulation without any additional CaMKII expression. 

H: Comparison of the average responses to each pulse shows that expression of 

CaMKII-T287A specifically diminishes the sustained phase of CaMKII activity 

(several minutes after stimulation). 

I: Optogenetic stimulation of the Crz neurons with ChR2-XXM results in calcium 

transients that generally last for less than a minute, much shorter than CaMKII 

activation. Individual traces of the same data from Figure 4D. 
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Supplementary Figure 7. Related to Figure 5. Inhibition of CaMKII activity in 

the Crz neurons induces sperm transfer, but only during mating 

(A) Light-mediated inhibition of CaMKII activity using paAIP2 in the Crz neurons 

causes premature sperm transfer during mating, demonstrating that active 

CaMKII blocks the output activity of the Crz neurons in real time. 

(B) Optogenetic inhibition of CaMKII activity using paAIP2 does not reduce 

copulation duration. 

(C) Light-mediated inhibition of CaMKII activity using paAIP2 in the Crz neurons 

in isolated males does not cause sperm transfer, suggesting that basal levels of 

CaMKII activity are not suppressing the activity of the Crz neurons when the 

male is not mating. 

 

 
Supplementary Figure 8  
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(Supplementary Figure 8 Continued) 

Supplementary Figure 8. Related to Figure 6. The ~75 seconds of 

membrane voltage changes required to throw the motivational switch also 

induce sperm transfer and do not rely on calcium-independent CaMKII 

activity 

(A) Left: Schematic of “relief from inhibition” experiments. The Crz neurons are 

silenced using GtACR1 at the onset of mating, and then inhibition is removed by 

turning off the light at 10 minutes. The light is turned back on, and the duration 

for which the light was off is referred to as the period of “relief from inhibition.” 

The copulation duration of flies exposed to the paradigm is then measured and 

sorted into “long” or “short” matings (see Methods). Right: Fertility after relief from 

inhibition perfectly correlates with the induction of the motivational shift, arguing 

that the latency between removal of inhibition and the shift is due to the absence 

of signaling from the Crz neurons (compare to Figure 6A). 

(B) Introduction of calcium-obligate CaMKII, knockdown of CaMKII levels, and 

overexpression of wildtype CaMKII does not dramatically alter the amount of time 

required to induce the shift in motivation, suggesting that the ~75 second voltage 

requirement is largely CaMKII-independent. 

(C) The Crz neurons rapidly return to baseline voltage (measured by ASAP2s) 

after optogenetic inhibition using GtACR1, arguing that the ~75 seconds of relief 

from inhibition does not reflect slow closing kinetics of GtACR1. 
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Supplementary Figure 9. Related to Figure 6. Additional details of absolute 

voltage measurements 

(A) Validation of FLIM measurements of the fluorescence lifetime of ASAP2s 

(156), a fluorescent reporter of membrane voltage, as a measure of changes in 

membrane voltage. ΔF/F is known to reflect changes in transmembrane voltage; 

fluorescent lifetime measurements in ASAP2s are commensurate with changes 

in absolute fluorescence. Lifetime measurements here closely correspond to 

those measured using ASAP1 (60), supporting the use of ASAP2s fluorescence 

lifetime as an absolute measure of membrane voltage. 

 

(B) The log-linear relationship of ASAP2s equilibrium fluorescent lifetime with 

extracellular potassium is consistent with ASAP2s functioning as an 

approximately linear measure of membrane voltage, as seen previously for 

ASAP1 (60) (assuming all other conductances and concentrations remain 

approximately equal). The slope of the log-linear relationship between ASAP2s  
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(Supplementary Figure 9 Continued) 

and extracellular potassium is proportional to the potassium conductance of the 

cell relative to its other conductances (!!!"#) (see Methods). This measure can 

be performed without modifying the intracellular composition of the Crz neurons, 

thus preserving biochemical signaling and ion concentrations.  

 

Supplementary Figure 10 
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Supplementary Figure 10: Accumulation and degradation of cAMP behaves 

like a linear dynamical system 

A) Schematic of the analysis in this figure. The copulation duration of many flies 

is measured to estimate the time at which the Crz neurons reached a consensus 

using a Bayesian analysis. 

B) Posterior distribution of the parameters of the Gaussian distribution describing 

the latency between the time of Crz neuron consensus and the termination of 

mating. 

C) Schematic of the experiments performed. The Crz neurons are silenced for 

the first 10 minutes of copulation, and then flies are exposed to repeated bouts of 

inhibition and relieved inhibition for varying durations. 

D) Short bouts of inhibition result in more rapid consensus, especially if the 

period of permitted electrical activity is longer, pointed towards a voltage-

dependent accumulative process. 

E) The relationship between cumulative inhibition and cumulative activity is fixed, 

with a ratio of ¼, demonstrating that 4 seconds of inhibition effectively erases 1 

second of electrical activity throughout the consensus period. This advocates for 

a linear dynamical system underlying the accumulation of evidence, until the 

inescapable eruption at its conclusion. 
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Supplementary Figure 11: Effects of silencing the CDNs are not specific to 

GtACR1 

A) Expressing the temperature-sensitive synaptic silencing tool Shibire-ts (Shits) 

in the CDNs abolishes the response to heat threats (41°C heat), but mechanical 

stimulation (manipulating the vial in which the flies are mating) that does not 

induce the silencing effects of Shits.can successfully cause termination  

B) Acutely silencing the CDNs with Shits does not affect overall copulation 

duration (middle column), but sustained silencing (right column) dramatically 

extends the mating. 

 

 

Supplementary Figure 12: Prolonged optogenetic stimulation of the CDNs 

results in eventual habituation to stimulation, explaining previous 

thermogenetic results 
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(Supplementary Figure 12 Continued) 

A) Optogenetic stimulation of the CDNs using CsChrimson preceding the onset 

of mating does not affect copulation duration if only supplied during courtship 

(pink), but shortens copulation by several minutes if continued into the mating 

(i.e. flashing red lights throughout the duration of the experiment, “tonic”, red). 

These results closely resemble the results of thermogenetic activation in previous 

work that did not attribute immediate termination of the mating to CDN activation 

(12). Providing the same optogenetic activation only after mating begins results 

in near-immediate termination of copulation (purple). 

B) Habituation sets in within a few minutes of optogenetic stimulation, as there is 

no clear relationship between duration of optogenetic stimulation that induces 

habituation and the extent to which it shortens the mating. 

 

 

Supplementary Figure 13: Grooming neurons are dispensable for 

copulation behaviors 

A) Silencing the grooming neurons with Kir2.1 does not affect copulation 

duration. 

B) Silencing the grooming neurons with Kir2.1 does not affect the response to 

heat threats. 
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Supplementary Figure 14: Variance and covariance of parameter estimates 

from the data 

A) Likelihood of the observed data under the assumption of each ! (x-axis), 

assuming the maximum likelihood estimate for !!  for that ! , relative to the 

likelihood of the maximum likelihood estimate of !. These plots give a sense of 

how well our data is described by ! values other than the maximal one we 

present in Figure 16. A log likelihood of −1.301 = log (0.05) corresponds to a ! 

value that assigns the data we observed 5% of the likelihood that the maximum 

likelihood estimate does. 
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Supplementary Figure 15: Controls for data presented in Figure 17 

A) Optogenetic stimulation of the CDNs while the Crz neurons are silenced 

results in termination of the mating, demonstrating that the CDNs operate 

downstream of the Crz neurons in determining the motivational state of the fly. 

B) The time constant of integration inferred from optogenetic stimulation of the 

CDNs is shorter at 3 minutes into mating than at later times (compare to Figure 

16E). High intensity green stimulation was used in these conditions to obtain a 

more reliable estimate of the anticipated shorter !, see Supplementary Figure 

19 for more details. 

C) Warming the CDNs does not reduce ! or increase !! 
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Supplementary Figure 16: Schematic of the nonlinear dynamical system 

implemented in Figure 19 

A) Each drive receives its own drive input, !, which is summed against inhibitory 

input (in red) and passed through a nonlinearity ! to generate the drive value. 

Each drive value is passed through a synaptic nonlinearity ! to determine its 

input onto the demotivating neurons (in red). The input to the demotivating 

neurons is the sum of all opposing drives minus the value of each demotivating 

neuron’s corresponding drive. In addition, each demotivating neuron receives a 

synergistic (circled X) term that is the product of the opposing drives. This input is 

passed through the same nonlinearity ! to determine the level of demotivating 

inhibitory input onto each drive (which is passed through the synaptic nonlinearity 

! to produce the inhibitory input experienced). In Figure 19, ! is a sigmoid, while 

!(!) takes the form log (! + !exp (!)) to prevent “negative” input from a synapse. 
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Supplementary Figure 17: Synergistic integration can destabilize or 

stabilize dominant drives in a probabilistically-connected linear rate-code 

network with noise 
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(Supplementary Figure 17 Continued) 

A) The model is implemented as suggested in Figure 19, with a population of 

demotivating and motivating neurons for each drive. Noise is on the scale of ~1/4 

the magnitude of the input drives. 

B) Left: In a three-drive system (as in Figure 19), the linear network recapitulates 

the stabilizing and switching regimes, with weak tertiary drives stabilizing the 

dominant behavior (as measured by a longer time to switch behaviors) or 

destabilizing the dominant behavior (as measured by a shortened time to switch 

behaviors). The values of Drive 1 and Drive 2 input are not adjusted across the 

three conditions. Right: Increasing the number of drives reveals the same 

phenomenon, though the system operates closer to the switching regime, 

because it constantly receives input from many drives. 

C) Individual trials under the switching” and stabilizing paradigms, in this instance 

using 3 drives. The top row represents the average drive output, normalized by a 

softmax function. The bottom row shows the firing rates of 10 motivating neurons 

for each drive. 

D) Explicit mathematical form of the model. The linear weight matrix !  is 

sampled from an exponential distribution, while the synergistic matrix ! is fixed. 
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Supplementary Figure 18: Synergistic integration can destabilize or 

stabilize dominant drives in a spiking neural network 

A) The spiking neural network model is implemented like the linear rate-coding 

model, except the noise is of the order of the strength of the dominant drive to 

ensure substantive spontaneous activity. 

B) Demotivating neurons experience linear and non-linear currents that sum to 

produce spikes when the voltage crosses a threshold, while motivating neurons 

receive only linear input currents. 
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(Supplementary Figure 18 Continued) 

C) The dynamics of the membrane voltage are determined entirely by the sum of 

the currents each neuron experiences. 

D) Both the linear input current weights (represented by !) and the synergistic 

current weights (represented by !) are probabilistic, drawn from an exponential 

distribution and divided by either the total number of neurons (in the case of !) 

or the square of the total number of neurons (in the case of !). 

E) A single example trial in each of the paradigms: no tertiary drive, stabilizing, 

and switching. Top row shows the average spike rate for motivating neurons in 

each drive. The bottom row shows spike rasters for all 600 neurons in the trial. 

F) Latency to switch behaviors across 100 trials in each condition. All trials use 

the same average input for Drive 1 and Drive 2, and each condition fixes the 

average input to Drive 3 (but across each trial, each input has added Gaussian 

noise). The network can enter a stabilizing or destabilizing regime, dependent on 

the input to tertiary drives. 
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Supplementary Figure 19: Analysis of the methodology for fitting temporal 

integration and sensitivity to sample size 

A) Sampling scheme for generating data sets. !  samples were generated 

according to the given cumulative distribution function, !!!,!, and these were  
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(Supplementary Figure 19) 

used to fit estimates for the generating ! and !! . The value of ! was varied 

logarithmically from 10 to 1000 to evaluate what sample size would be necessary 

to accurately estimate the parameters of the distribution. 

B) The cumulative distribution function can be qualitatively reconstructed with 

samples of size ~ 100 across a wide range of cumulative distribution function 

shapes. Smaller sample sizes (e.g. ~30) are highly variable, especially when the 

overall number of flies terminating the mating during the stimulation is low (top 

row). 

C) The sensitivity of the inference of the value of ! to sample size across a range 

of !! values. The closer a point is to the diagonal, the more likely the fitting 

procedure is to capture the correct !. The fitting procedure overestimates ! at low 

sample sizes, especially when the true value for ! is small. This may, to some 

extent, be explained by the fact that termination times are rounded to the nearest 

second (we find it is impossible to judge the time of termination more precisely 

than this value, given the complex motor sequence of terminating the mating). 

For larger sample sizes, the estimate is much better, so long as a large number 

of flies terminate the mating during the stimulation. When !!  and !  are both 

small, however, the inference is considerably less reliable, because these 

conditions correspond to cases in which very few flies terminate the mating 

during the stimulus, providing very little information about !. 

D) As in C), but instead examining the sensitivity of the estimate of !!. The 

parameter !! is easier to estimate, because even flies that do not terminate the  
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mating during the stimulation are still informative about its value to some extent 

(see Methods). However, we find that !! is systematically underestimated due to 

the bias towards overestimating !  and the fact that the two estimates show 

substantial anticovariance (elaborated on in Supplementary Figure 14). 

E) Covariance of !! and ! for various sample sizes. Dashed lines indicate the 

true parameter values, while independent points show individual sample 

estimates. The two parameters always anticovary, as indicated by the diagonal 

slant of each distribution. This reflects the fact that !! only appears in the 

cumulative distribution with ! in the form !!!, and so this term is easier to fit than 

either value alone. Thus, if ! is overestimated, !! will tend to be underestimated 

to compensate. The multiplicative relationship is clear from the approximately 

linear covariance of the logarithm of the two parameters. When the data is more 

informative about !, i.e. many flies terminate the mating during the experiment, 

the cluster is much smaller (e.g. the orange data set). We therefore restricted our 

experiments to those conditions that would generate reliable estimates of the 

parameters, especially in cases where we expected ! or !! to be very small (e.g. 

Supplementary Figure 15).



Supplementary Tables 

Supplementary Table 1: Genotypes and number of flies in Part I 
 

Fig. Label Genotype Conditio
n 

N 
(matin
g 
pairs) 

Fig. 1 
    

A) 
 

Dicer-2; Elav-Gal4 or Fru-
Gal4 or Dsx-Gal4 crossed 
into various RNAi and 
UAS effector lines 

 
36557 

C) T287D/+ w+;+/+;UAS-T287D/+ 
 

19 
 Fru>Wildtype CaMKII w-;+/+;Fru-Gal4/UAS-WT-

CAMKII 
 11 

 
Fru>GFP w-;+/+;Fru-Gal4/UAS-GFP 

 
24 

 
Fru>T287D w-;+/+;Fru-Gal4/UAS-

T287D 

 
15 

D) T287D/+ w+;+/+;UAS-T287D/+ 
 

15 
 Fru>Wildtype CaMKII w-;+/+;Fru-Gal4/UAS-WT-

CAMKII 
 15 

 
Fru>GFP w-;+/+;Fru-Gal4/UAS-GFP 

 
11 

 
Fru>T287D w-;+/+;Fru-Gal4/UAS-

T287D 

 
13 

E) Crz>T287D w-;Crz-Gal4/+;UAS-20x-
CaMKII-T287D/+ (see 
note in Fly Stocks section) 

 
32 

 Crz>Wildtype CaMKII w-;Crz-Gal4/+;UAS-WT-
CaMKII/+ 

 16 

 
Crz>T287D, K43M w-; Crz-Gal4/+;UAS-

K43M,T287D/+ 

 
10 

 
Crz>GFP w-;Crz-Gal4/+;UAS-

GFP/+ 

 
15 

F) Fru>T287D w-;+/+;Fru-Gal4/UAS-
T287D 

 
14 
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Fru>T287D, 
Crz>Gal80 

w-;Crz-LexA/LexAop-
Gal80;Fru-Gal4/UAS-
T287D 

 
18 

Fig. 2 
    

A) Crz>GFP w-;Crz-Gal4/+;UAS-
GFP/+ 

  

 
Crz>MCFO pBPhsFlp2::PEST; Crz-

Gal4/+; pJFRC210-
10XUAS-
FRT>STOP>FRT-
myr::smGFP-OLLAS, 
pJFRC201-10XUAS-
FRT>STOP>FRT-
myr::smGFP-HA, 
pJFRC240-
10XUASFRT>STOP>FRT
-myr::smGFP-V5-THS-
10XUAS-
FRT>STOP>FRT-
myr::smGFP-FLAG/+ 
(MCFO-2 from Nern et al., 
heat shocked twice for 15 
minutes each at 37°C as 
an adult fly, separated by 
one day, and dissected at 
least three days later to 
allow for expression of the 
tags) 

  

B) Crz>GFP w-;Crz-Gal4/+;UAS-
GFP/+ 

1 min 10 

   
3 min 10 

   
5 min 15 

   
7 min 13 

   
10 min 12 

 
Kir2.1/+ w+;UAS-Kir2.1/+;+/+ 1 min 8 

   
3 min 8 
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5 min 10 

   
7 min 11 

   
10 min 10 

 
Crz>Kir2.1 w-;Crz-Gal4/UAS-

Kir2.1;+/+ 
1 min 10 

   
10 min 17 

   
20 min 10 

   
30 min 24 

   
40 min 25 

   
60 min 24 

C) 44°C, Light w-;Crz-Gal4/+;UAS-
CsChrimson-tdTomato/+ 

1 min 14 

   
3 min 22 

   
5 min 28 

   
7 min 14 

   
10 min 8 

 
44°C, No light w-;Crz-Gal4/+;UAS-

CsChrimson-tdTomato/+ 
1 min 10 

   
3 min 12 

   
5 min 9 

   
7 min 16 

   
10 min 10 

 
44°C, No retinal w-;Crz-Gal4/+;UAS-

CsChrimson-tdTomato/+ 
1 min 9 

   
3 min 11 

   
5 min 15 

   
7 min 8 
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10 min 7 

 
41°C, Light w-;Crz-Gal4/+;UAS-

CsChrimson-tdTomato/+ 
1 min 9 

   
3 min 16 

   
5 min 21 

   
7 min 13 

   
10 min 6 

 
41°C, No light w-;Crz-Gal4/+;UAS-

CsChrimson-tdTomato/+ 
1 min 9 

   
3 min 11 

   
5 min 10 

   
7 min 19 

   
10 min 15 

 
41°C, No retinal w-;Crz-Gal4/+;UAS-

CsChrimson-tdTomato/+ 
1 min 10 

   
3 min 9 

   
5 min 6 

   
7 min 19 

   
10 min 20 

 
37°C, Light w-;Crz-Gal4/+;UAS-

CsChrimson-tdTomato/+ 
5 min 7 

   
7 min 9 

   
10 min 15 

   
15 min 9 

 
37°C, No light w-;Crz-Gal4/+;UAS-

CsChrimson-tdTomato/+ 
5 min 8 

   
7 min 7 

   
10 min 21 
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15 min 11 

 
37°C, No retinal w-;Crz-Gal4/+;UAS-

CsChrimson-tdTomato/+ 
5 min 6 

   
7 min 5 

   
10 min 12 

   
15 min 8 

D) Crz>Chr w-;Crz-Gal4/UAS-
CsChrimson-
tdTomato;+/+ 

No light 31 

   
30s 15 

   
15 min 15 

   
Tonic 14 

E)  Crz>Chr w-;Crz-Gal4/+;UAS-
CsChrimson-tdTomato/+ 

No light 30 

   
Light 10 

 
Crz>GFP w-;Crz-Gal4/+;UAS-

GFP/+ 
No light 14 

   
Light 12 

 
Crz>Chr,Kir2.1 w-;Crz-Gal4/UAS-

Kir2.1;UAS-CsChrimson-
tdTomato/+ 

No light 23 

   
Light 33 

 
Crz>Kir2.1 w-;Crz-Gal4/UAS-

Kir2.1;+/+ 
No light 19 

   
Light 14 

 
+/Chr,Kir2.1 w+;UAS-Kir2.1/+;UAS-

Chr-tdTomato 
No light 12 

   
Light 20 

F) Crz>Chr,Kir2.1, No 
light 

w-;Crz-Gal4/UAS-Kir2.1; 
UAS-CsChrimson-

5 min 12 
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tdTomato 
   

10 min 14 
   

15 min 11 
 

Crz>Chr,Kir2.1, Light w-;Crz-Gal4/UAS-Kir2.1; 
UAS-CsChrimson-
tdTomato 

5 min 19 

   
10 min 17 

Fig. 3 
    

B)  Crz>GFP w-;Crz-Gal4/+;UAS-
GFP/+ 

1 min 10 

   
5 min 11 

   
10 min 14 

 
T287D/+ w+;+/+;UAS-T287D 1 min 8 

   
5 min 11 

   
10 min 12 

 
Crz>T287D w-;Crz-Gal4/+;UAS-

T287D/+ 
5 min 11 

   
10 min 13 

   
20 min 16 

   
30 min 21 

   
40 min 11 

   
60 min 11 

C) 44°C, Crz>GFP w-;Crz-Gal4/+;UAS-
GFP/+ 

1 min 8 

   
3 min 15 

   
5 min 11 

   
7 min 14 

   
10 min 12 
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44°C, T287A/+ w+;UAS-T287A/+;+/+ 1 min 10 

   
3 min 12 

   
5 min 12 

   
7 min 14 

   
10 min 11 

 
44°C, Crz>T287A w-;Crz-Gal4/UAS-

T287A;+/+ 
1 min 13 

   
3 min 22 

   
5 min 33 

   
7 min 20 

   
10 min 19 

 
41°C, Crz>GFP w-;Crz-Gal4/+;UAS-

GFP/+ 
1 min 13 

   
3 min 11 

   
5 min 14 

   
7 min 21 

   
10 min 13 

 
41°C, T287A/+ w+;UAS-T287A/+;+/+ 1 min 12 

   
3 min 11 

   
5 min 10 

   
7 min 11 

   
10 min 10 

 
41°C, Crz>T287A w-;Crz-Gal4/UAS-

T287A;+/+ 
1 min 12 

   
3 min 7 

   
5 min 15 

   
7 min 16 
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10 min 14 

 
37°C, Crz>GFP w-;Crz-Gal4/+;UAS-

GFP/+ 
1 min 10 

   
3 min 11 

   
5 min 8 

   
7 min 7 

   
10 min 22 

   
15 min 15 

 
37°C, T287A/+ w+;UAS-T287A/+;+/+ 1 min 10 

   
3 min 11 

   
5 min 9 

   
7 min 8 

   
10 min 11 

   
15 min 16 

 
37°C, Crz>T287A w-;Crz-Gal4/UAS-

T287A;+/+ 
1 min 13 

   
3 min 13 

   
5 min 10 

   
7 min 12 

   
10 min 16 

   
15 min 31 

D) T287A/+ w+;UAS-T287A/+;+/+ 1 min 16 
   

3 min 12 
   

5 min 32 
   

7 min 14 
 

Crz>GFP w-;Crz-Gal4/+;UAS-
GFP/+ 

1 min 8 
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3 min 13 

   
5 min 9 

   
7 min 12 

 
Crz>T287A w-;Crz-Gal4/UAS-

T287A;+/+ 
1 min 16 

   
3 min 20 

   
5 min 20 

   
7 min 7 

 
Fru>T287A w-;UAS-T287A/+;Fru-

Gal4/+ 
1 min 19 

   
3 min 15 

   
5 min 15 

   
7 min 8 

 
Fru>T287A, 
Crz>Gal80 

w-;Crz-LexA/UAS-
T287A;Fru-Gal4/LexAop-
Gal80 

1 min 15 

   
3 min 14 

   
5 min 11 

   
7 min 9 

E) T287A/+ w+;UAS-T287A/+;+/+ 
 

29 
 

Crz>GFP w-;Crz-Gal4/+;UAS-
GFP/+ 

 
22 

 
Crz>T287A w-;Crz-Gal4/UAS-

T287A;+/+ 

 
25 

F) 
Crz>D2,CaMKII-RNAi UAS-Dicer2; Crz-

Gal4/Crz-Gal4; UAS-
CaMKII-RNAi/UAS-
CaMKII-RNAi 

1 min 21 

   3 min 21 
   5 min 20 
   7 min 17 
 Crz>D2,CaMKII-RNAi UAS-Dicer2; Crz- 1 min 0 
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+ mouse CaMKIIα Gal4/Crz-Gal4; UAS-
CaMKII-RNAi/UAS-green-
Camuiα 

   3 min 15 
   5 min 33 
   7 min 25 
   10 min 22 
 Crz>D2,CaMKII-RNAi 

+ mouse CaMKIIα-
T286A 

UAS-Dicer2; Crz-
Gal4/Crz-Gal4; UAS-
CaMKII-RNAi/UAS-green-
Camuiα-T286A 

1 min 8 

   3 min 17 
   5 min 26 
   7 min 9 

G) 
Crz>D2,CaMKII-RNAi UAS-Dicer2; Crz-

Gal4/Crz-Gal4; UAS-
CaMKII-RNAi/UAS-
CaMKII-RNAi 

 10 

 Crz>D2,CaMKII-RNAi 
+ mouse CaMKIIα 

UAS-Dicer2; Crz-
Gal4/Crz-Gal4; UAS-
CaMKII-RNAi/UAS-green-
Camuiα 

 10 

 Crz>D2,CaMKII-RNAi 
+ mouse CaMKIIα-
T286A 

UAS-Dicer2; Crz-
Gal4/Crz-Gal4; UAS-
CaMKII-RNAi/UAS-green-
Camuiα-T286A 

 13 

Fig. 4 
    

A) Crz>ChR2-XXM, 
green-Camuiα 

w-; Crz-Gal4/UAS-ChR2-
XXM; UAS-green-
Camuiα/+ 

+ChR2-
XXM 

7 

 
Crz>ChR2-XXM, 
GCaMP6s 

w-; Crz-Gal4/UAS-ChR2-
XXM; UAS-
OPGCaMP6s/+ 

 
9 

B) Crz>green-Camuiα, 
ChR2-XXM 

w-;Crz-Gal4/UAS-ChR2-
XXM;UAS-green-
Camuiα/+ 

Dendrite 1 

   
Soma 1 

C) Crz>green-Camuiα, 
ChR2-XXM 

w-;Crz-Gal4/UAS-ChR2-
XXM; UAS-green-
Camuiα/+ 

500 ms 8 
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1 s 9 

   
2 s 11 

   
5 s 13 

   
7 s 6 

   10 s 7 

D) 
Crz>ChR2-XXM, 
GCaMP6s 

w-; Crz-Gal4/UAS-ChR2-
XXM; UAS-
OPGCaMP6s/+ 

500 ms 8 

   1 s 8 
   2 s 8 
   5 s 8 
   7 s 8 
E) As in C,D    

Fig. 5 
    

A) Crz>paAIP2 w-;Crz-Gal4/+;UAS-
paAIP2/+ 

No light 29 

   
On at 0.5 25 

   
On at 1.5 21 

   
On at 2.5 18 

   
On at 0.5 
– 3 

18 

 
Crz>GFP w-;Crz-Gal4/+;UAS-

GFP/+ 
No light 32 

   
On at 0.5 30 

   
On at 1.5 10 

   
On at 2.5 11 

   
On at 0.5 
– 3 

16 

 
paAIP2/+ w-;+/+;UAS-paAIP2/+ No light 20 

   
On at 0.5 22 

   
On at 1.5 18 
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On at 2.5 31 

   
On at 0.5 
– 3 

15 

B) 
Crz>paAIP2 w-;Crz-Gal4/+;UAS-

paAIP2/+ 
Light 1 
min 

25 

   Light 3 
min 

21 

   Light 5 
min 

20 

   No light 1 
min 

19 

   No light 3 
min 

17 

   No light 5 
min 

17 

C) Crz>paAIP2, T287D w-;Crz-Gal4/+;UAS-
paAIP2/UAS-CaMKII-
T287D 

Light 18 

   
No light 20 

 
Crz>T287D w-;Crz-Gal4/+;UAS-

CaMKII-T287D/+ 
Light 13 

   
No light 16 

D) Crz>ACR1 w-;Crz-Gal4/+;UAS-
GtACR1-eYFP/+ 

No light 10 

   
0-End 19 

   
5-End 12 

   
7-End 14 

   
0-5 12 

   
0-5,7-End 10 

E) Crz>TA,ACR1 w-;Crz-Gal4/UAS-
T287A;UAS-GtACR1-
eYFP/+ 

No light 16 

   
0-End 12 

   
3-End 27 
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5-End 15 

 
Crz>ACR1 + CaMKII-
RNAi 

UAS-Dicer2; Crz-
Gal4/Crz-Gal4;UAS-
CaMKII-RNAi/UAS-
GtACR1-eYFP 

No light 
13 

   
0-End 14 

   
1-End 7 

   
3-End 23 

   
5-End 10 

   
7-End 15 

 Crz>ACR1 + 
Wildtype CaMKII UAS-Dicer2; Crz-

Gal4/Crz-Gal4;UAS-
CaMKII/UAS-GtACR1-
eYFP 

No light 15 

   0-End 10 
   1-End 10 
   3-End 12 
   5-End 15 
   7-End 19 

F) Crz>ACR1 (not 
including in D) 

w-;Crz-Gal4/+;UAS-
GtACR1-eYFP/+ 

6 – End 19 

   
7 - End 12 

 
Crz>TA,ACR1 w-;Crz-Gal4/UAS-

T287A;UAS-GtACR1-
eYFP/+ 

1-End 13 

   
7-End 6 

G) Crz>ACR1 w-;Crz-Gal4/+;UAS-
GtACR1-eYFP/+ 

Before 
mating 

17 

   
At start 13 

Fig. 6 
    

A) Crz>ACR1 w-;Crz-Gal4/+;UAS-
GtACR1-eYFP/+ 

0 seconds 15 
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30 
seconds 

9 

   
60 
seconds 

8 

   
90 
seconds 

23 

   
120 
seconds 

7 

B) Crz>ACR1 w-;Crz-Gal4/+;UAS-
GtACR1-eYFP 

Time: 10 
minutes 
(from 
Figure 
4G) 

 

   
Time: 45 
minutes, 
Relief: 0 
seconds 

10 

   
Relief: 60 
seconds 

8 

   
Relief: 90 
seconds 

6 

   
Relief: 
120 
seconds 

5 

C) Crz>ASAP2s w-; Crz-Gal4/+;UAS-
ASAP2s/+ 

[K] = 3 
mM 

7 

   
[K] = 9.93 
mM 

2 

   
[K] = 
27.32 mM 

5 

   
[K] = 
93.64 mM 

6 

 
Crz>ASAP2s, T287D w-;Crz-Gal4/+;UAS-

ASAP2s/20xUAS-CaMKII-
T287D 

[K] = 3 
mM 

6 
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[K] = 9.93 
mM 

4 

   
[K] = 
27.32 mM 

4 

   
[K] = 
93.64 mM 

5 

 
Crz>ASAP2s, Kir2.1 w-;Crz-Gal4/UAS-

Kir2.1;UAS-ASAP2s 
[K] = 3 
mM 

7 

   
[K] = 9.93 
mM 

5 

   
[K] = 
27.32 mM 

5 

   
[K] = 
93.64 mM 

4 

D) Crz>ChR2-XXM, 
green-Camuiα 

w-; Crz-Gal4/UAS-ChR2-
XXM; UAS-green-
Camuiα/+ 

 
13 

 
Crz>green-Camuiα w-; Crz-Gal4/+; UAS-

green-Camuiα/+ 

 
5 

 
Crz>Chr, green-
Camuiα 

w-; Crz-Gal4/UAS-
CsChrimson-tdTomato; 
UAS-green-Camuiα/+ 

 
3 

E) Crz>Chr, GCaMP6s w-; Crz-Gal4/UAS-
Chrimson-tdTomato; 
UAS-GCaMP6s/+ 

0s 2 

   
500 ms 4 

   
1s 4 

   
2s 4 

   
5s 4 

   
7s 4 

 
Crz>Chr, GCaMP6s, 
CaMKII-T287D 

w-; Crz-Gal4/UAS-
Chrimson-tdTomato; 
UAS-GCaMP6s/20x-UAS-

0s 3 
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CaMKII-T287D 
   

500 ms 6 
   

1s 6 
   

2s 6 
   

5s 6 
   

7s 6 

Supp
. Fig. 
1 

    

D) Males CS 
  

 
Elav>Shits w-,Elav-Gal4;UAS-

Shibire-ts/+;+/+ 
23°C 9 

 
Elav>Shits w-,Elav-Gal4;UAS-

Shibire-ts/+;+/+ 
30°C 9 

 
Elav>GFP w-,Elav-Gal4;+/+UAS-

GFP 
23°C 14 

 
Elav>GFP w-,Elav-Gal4;+/+UAS-

GFP 
30°C 7 

E) Males CS 
  

 
Elav>Shits w-,Elav-Gal4;UAS-

Shibire-ts/+;+/+ 
5 minutes 7 

   
10 
minutes 

11 

 
Elav>GFP w-,Elav-Gal4;+/+;UAS-

GFP 
5 minutes 9 

   
10 
minutes 

7 

Supp
. Fig. 
2 

    

A) Fru>T287D,tubGal80t

s 
w-;tubGal80ts/+;Fru-
Gal4/UAS-CaMKII-T287D 

30°C 32 
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23°C 17 

B) Crz>Chr,T287D w-;Crz-Gal4/UAS-
CsChrimson-
tdTomato;UAS-CaMKII-
T287D/+ 

  

 
Crz>Chr w-;Crz-Gal4/UAS-

CsChrimson-tdTomato 

  

C) Crz>Chr w-;Crz-Gal4/UAS-
CsChrimson-tdTomato 

 
10 

   
No retinal 10 

 
Fru>T287D, Crz>Chr w-;Crz-LexA/LexAop2-

CsChrimson-
tdTomato;Fru-Gal4/UAS-
T287D 

 
10 

Supp
. Fig. 
3 

    

A) Crz>Chr-mVenus w-;Crz-Gal4/UAS-
CsChrimson-mVenus;+/+ 

 
1 

 
CrzNoAG>Chr-mVenus w-;Crz#8-Gal4/UAS-

CsChrimson-mVenus;+/+ 

 
1 

B) CrzNoAG>ACR1 w-;Crz#8-Gal4/+;UAS-
GtACR1-eYFP/+ 

No light 6 

   
Light 6 

 
Crz>ACR1 w-;Crz-Gal4/+;UAS-

GtACR1-eYFP/+ 
No light 8 

   
Light 19 

C) CrzNoAG>Chr w-;Crz#8-Gal4/+;UAS-
CsChrimson-tdTomato/+ 

No light 10 

   
Light 10 

D) CrzNoAG>T287D w-;Crz#8-Gal4/+;20xUAS-
CaMKII-T287D/+ 

 
11 

 
Crz>T287D w-;Crz-Gal4/+;20xUAS-

 
15 
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CaMKII-T287D/+ 

E) CrzNoAG>T287A w-;Crz#8-Gal4/UAS-
CaMKII-T287A;+/+ 

 
19 

 
Crz>T287A w-;Crz-Gal4/UAS-

CaMKIIT287A;+/+ 

 
18 

Supp
. Fig. 
5 

    

A) Crz-Gal4:+ w-;Crz-Gal4/+;UAS-
GFP/+ 

 
10 

 
Kir2.1,Chr:+ w-;UAS-Kir2.1/+;UAS-

Chr-tdTomato/+ 

 
16 

 
Crz>Kir2.1,Chr w-;Crz-Gal4/UAS-

Kir2.1;UAS-Chr-
tdTomato/+ 

No light 17 

   
Light 12 

B) Crz>T287D,Chr w-;Crz-Gal4/UAS-Chr-
tdTomato;UAS-CaMKII-
T287D 

Light 
 

   
No light 

 

C) Crz>T287D, Chr w-;Crz-Gal4/UAS-
CsChrimson-tdTomato; 
UAS-T287D/+ 

No light 18 

   
Light 14 

D) Crz>ACR1,T287D w-;Crz-Gal4/+;UAS-
GtACR1-eYFP/20xUAS-
CaMKII-T287D 

Light 
14 

   
No light  16 

 
Crz>ACR1,Kir2.1 w-;Crz-Gal4/UAS-

Kir2.1;UAS-GtACR1-
eYFP/+ 

Light 8 

   No light 15 
 

Crz>Kir2.1,T287D w-;Crz-Gal4/UAS-
Kir2.1;20xUAS-CaMKII-

 9 
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T287D/+ 

Supp
. Fig. 
6 

    

A) Crz>green-Camuiα, 
T287D 

w-;Crz-Gal4/+;UAS-
green-Camuiα/20xUAS-
CaMKII-T287D 

Abdomina
l ganglion 

6 

   
Optic lobe 4 

 
Crz>green-Camuiα, 
T287D,K43M 

w-;Crz-Gal4/+;  UAS-
green-Camuiα/20xUAS-
CaMKII-K43M,T287D 

Abdomina
l ganglion 

5 

   
Optic lobe 3 

B) Crz>green-Camuiα, 
ChR2-XXM 

w-;Crz-Gal4/UAS-ChR2-
XXM;UAS-green-
Camuiα/+ 

 
7 

 
Crz>green-Camuiα, 
ChR2-XXM 

w-;Crz-Gal4/+;UAS-
green-Camuiα/+ 

 
5 

C) Crz>green-
Camuiα,ChR2-XXM 

w-;Crz-Gal4/UAS-ChR2-
XXM; UAS-green-
Camuiα/+ 

 
7 

 
Crz> green-Camuiα-
T286A,ChR2-XXM 

w-;Crz-Gal4/UAS-ChR2-
XXM; UAS-green-
Camuiα-T286A/+ 

 
5 

D) Crz>green-Camuiα, 
ChR2-XXM 

w-;Crz-Gal4/UAS-ChR2-
XXM; UAS-green-
Camuiα/+ 

+ChR2-
XXM 

6 

  
w-;Crz-Gal4/+; UAS-
green-Camuiα/+ 

No ChR2 5 

E) Crz>green-Camuiα, 
ChR2-XXM 

w-;Crz-Gal4/UAS-ChR2-
XXM;UAS-green-
Camuiα/+ 

Abdomina
l ganglion 

7 

   
Brain 6 

F) Crz>ChR2-XXM, 
green-Camuiα, 
dCaMKII-T287A 

w-;Crz-Gal4, UAS-
CaMKII-T287A/UAS-
ChR2-XXM; UAS-green-

2 sec 7 
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Camuiα/+ 
   

5 sec 7 
   

7 sec 7 

G) 
Crz>ChR2-XXM, 
green-Camuiα 

w-;Crz-Gal4/UAS-ChR2-
XXM; UAS-green-
Camuiα/+ 

2 sec 7 

   
5 sec 7 

   
7 sec 7 

H) Data as in F,G 
   

I) Data as in Figure 4D 
   

Supp
. Fig. 
7 

    

A) Crz>paAIP2 w-;Crz-Gal4/+;UAS-
paAIP2/+ 

Light 11 

   
No light 11 

B) Crz>paAIP2 w-;Crz-Gal4/+;UAS-
paAIP2/+ 

No light 10 

   
Light 11 

 Crz>GFP w-;Crz-Gal4/+;UAS-
GFP/+ No light 11 

   
Light 9 

C) Crz>paAIP2 w-;Crz-Gal4/+;UAS-
paAIP2/+ 

Light 10 

 
Crz>GFP w-;Crz-Gal4/+;UAS-

GFP/+ 
Light 10 

Supp
. Fig. 
8 

    

A) Crz>ACR1 w-;Crz-Gal4/+;UAS-
GtACR1-eYFP 

30 
seconds 

7 

   
60 
seconds 

8 
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90 
seconds 

6 

B) Crz>ACR1,T287A w-;Crz-Gal4/UAS-CaMKII-
T287A; UAS-GtACR1-
eYFP/+ 

0 seconds 10 

   
30 
seconds 

5 

   
60 
seconds 

12 

   
90 
seconds 

24 

   
120 
seconds 

9 

 
Crz>ACR1,CaMKII-
RNAi 

UAS-Dicer2;Crz-Gal4/Crz-
Gal4;UAS-GtACR1-
eYFP/UAS-CaMKII-RNAi 

No light 10 

   
At start 10 

   30 
seconds 

6 

   60 
seconds 

18 

   
90 
seconds 

17 

 
Crz>ACR1 + 
Wildtype CaMKII 

UAS-Dicer2; Crz-
Gal4/Crz-Gal4;UAS-
CaMKII/UAS-GtACR1-
eYFP 

No light 9 

   
At start 10 

   
30 
seconds 

10 

   
60 
seconds 

11 

   90 
seconds 16 

C) Crz>ACR1,ASAP2s w-;Crz-Gal4/+;UAS-
 

3 
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Supplementary Table 2: p-values and statistical tests performed in Part I 
 

ASAP2s/UAS-GtACR1-
eYFP 

Supp
. Fig. 
9 

    

A) Crz>ASAP2s w-; Crz-Gal4/+;UAS-
ASAP2s/+ 

 
1 

B) Crz>ASAP2s As above 
  

Figure + Test used Null hypothesis p-value (significant 
values in red at alpha = 
0.05 using Holm-
Bonferroni correction for 
number of comparisons) 

Fig. 1 
  

a) A genotype was 
considered a “hit” if its 
sample mean was greater 
than expected to be 
observed in this screen, in 
the sense that the mean and 
variance of sample means 
were estimated across 
genotypes, and the t-statistic 
for each genotype was 
computed and sorted from 
least to greatest. If the t-
statistic was greater than that 
corresponding to 1 – 1/(the 
rank of the genotype’s mean, 
from least to greatest) of the 
mass of the t-distribution, the 
genotype was considered a 
hit. This generally translated 
to a threshold average 
copulation duration of 64.9 
minutes. 

Sample mean 
greater than 
expected by 
chance, estimated 
by assuming 
sample means are 
normally 
distributed, with 
mean equal to the 
average of the 
sample means 
(across genotypes) 
and variance equal 
to the sample 
variance of the 
sample means 
(across 
genotypes). 

 

C) Pairwise Mann-Whitney U 
tests. Groups numbered from 

No difference in 
distributions 

1-2: <0.00001, 1-3: 
<0.00001, 1-4: <0.00001, 2-
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left to right (i.e. 1 = 
Fru>T287D, 2 = T287D/+, 3 
= Fru> wildtype CaMKII, 4 = 
Fru>GFP.  Numbering 
convention is the same in all 
other rows. 

generating 
copulation 
durations 

3: 0.00278, 2-4: 0.378, 3-4: 
0.0121 

D) Pairwise Fisher’s exact 
tests. Groups numbered from 
left to right. 

Likelihood of fertile 
mating is the same 
in each condition 

1-2: <0.00001,1-3: 
<0.00001, 1-4: <0.00001, 2-
3: 1.0, 2-4: 1.0, 3-4: 0.614 

E) Pairwise Mann-Whitney U 
tests. Groups numbered from 
left to right. 

No difference in 
distributions 
generating 
copulation 
durations 

1-2: <0.0001, 1-3: <0.0001, 
1-4: <0.0001, 2-3: 0.0005, 
2-4: 0.0047 (significant 
differences of means of ~3 
minutes, likely due to 
genetic background), 3-4: 
0.096 

F) Mann-Whitney U test No difference in 
distributions 
generating 
copulation 
durations 

<0.00001 

Fig. 2 
  

B) Pairwise Mann-Whitney U 
tests. Groups numbered from 
left to right. 

No difference in 
distributions 
generating 
copulation 
durations 

1-2: 0.992, 1-3: 0.834, 1-4: 
0.617, 2-3: 0.904, 2-4: 
0.711, 3-4: 0.542 

C) Fisher’s exact test across 
each set of groups, for each 
time point, at each 
temperature. Light = 1, No 
light = 2, No retinal = 3. This 
measure does not capture 
facets one might expect from 
the data (e.g. the 
interdependence of the 
response at each time point 
across temperatures), but 
imposes as little structure as 
possible. Hence, it is overly 
conservative, and this, along 
with some idiosyncrasies of 

No difference in 
proportion 
responding to the 
heat threat 
between the two 
conditions. 

44°C: Time: 1 min: 1-2: 
0.053, 1-3: 0.1157, 2-3: 1.0. 
Time: 3 min: 1-2: 0.0001, 1-
3: 0.0002, 2-3: 1.0. Time: 5 
min: 1-2: 0.0002, 1-3: 
0.0001, 2-3: 0.6361, Time: 
7 min: 1-2: 1.0, 1-3: 1.0, 2-
3: 0.5362, Time: 10 min: 1-
2: 1.0, 1-3: 1.0, 2-3: 1.0 

41°C: Time: 1 min: 1-2: 1.0, 
1-3: 1.0, 2-3: 1.0. Time: 3 
min: 1-2: 0.121 1-3: 0.1225, 
2-3: 1.0. Time: 5 min: 1-2: 
0.0118, 1-3: 0.057, 2-3: 1.0. 
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Fisher’s exact test for 
samples of our size, result in 
a non-uniform distribution of 
p-values.  

Time: 7 min: 1-2: 0.7259, 1-
3: 0.4905, 2-3: 1.0. Time: 
10 min: 1-2: 1.0, 1-3: 
0.5425, 2-3: 0.6804. 

37°C: Time: 5 min: 1-2: 1.0, 
1-3: 1.0, 2-3: 1.0. Time: 7 
min: 1-2: 1.0, 1-3: 1.0, 2-3: 
1.0. Time: 10 min: 1-2: 1.0, 
1-3: 0.2821, 2-3: 0.2492. 
Time: 15 min: 1-2: 0.4706, 
1-3: 1.0, 2-3: 0.4851 

D) Fisher’s exact test, as 
above. Crz>Kir2.1 = 1, 
Crz>GFP = 2, Kir2.1/+ = 3. 
Because the control 
genotypes never mate long 
enough to compare at time 
points beyond 10 minutes, 
we only show statistics for 
the 1st and 10th minute of 
mating. 

No difference in 
proportion 
responding to the 
heat threat 
between the two 
conditions. 

Time: 1 min: 1-2: 1.0, 1-3: 
1.0, 2-3: 1.0. Time: 10 min: 
1-2: <0.0001, 1-3: <0.0001, 
2-3: 1.0 

E) Pairwise Mann-Whitney U 
test. Groups numbered from 
left to right. Significance 
reported according to the 
Bonferroni-Holm correction 
for multiple comparisons. We 
find, within groups which we 
report as “not significantly 
different,” a slightly non-
uniform distribution of p-
values skewed toward 0, 
suggestive of some 
differences between 
treatments within these 
groups, but it is clear from 
inspection that these 
differences are small. 

No difference in 
distributions 
generating 
copulation 
durations 

1-2: 0.435, 1-3: 0.865, 1-4: 
0.011, 1-5: 0.441, 1-6: 
0.174, 1-7: <0.00001, 1-8: 
<0.00001, 1-9: <0.00001, 1-
10: 0.078, 2-3: 0.395, 2-4: 
0.064, 2-5: 0.267, 2-6: 
0.611, 2-7: <0.00001, 2-8: 
<0.00001, 2-9: <0.00001, 2-
10: 0.099, 3-4: 0.064, 3-5: 
0.497, 3-6: 0.222, 3-7: 
<0.00001, 3-8: <0.00001, 3-
9:<0.00001, 3-10: 0.171, 4-
5: 0.036, 4-6: 0.342, 4-7: 
<0.00001, 4-8: <0.00001, 4-
9: <0.00001, 4-10: 0.012, 5-
6: 0.091, 5-7: <0.00001, 5-
8: <0.00001, 5-9: <0.00001, 
5-10: 0.412, 6-7: <0.00001, 
6-8: <0.00001, 6-9: 
<0.00001, 6-10: 0.009, 7-8: 
0.129, 7-9: 0.465, 7-10: 
<0.00001, 8-9: 0.818, 8-10: 
<0.00001, 9-10: <0.00001 
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F) Fisher’s exact test, as in 
Fig. 2C. Light = 1, No light = 
2. 

No difference in 
proportion 
responding to the 
heat threat 
between the two 
conditions. 

Time: 5 min: 0.0245. Time: 
10 min: <0.0001.  

Fig. 3 
  

B) As in Fig. 2D, the statistics 
are only shown for early time 
points. Crz>T287D = 1, 
Crz>GFP = 2, T287D/+ = 3 

No difference in 
proportion 
responding to the 
heat threat 
between the two 
conditions. 

Time: 5 min: 1-2: 1.0, 1-3: 
1.0, 2-3: 1.0. Time: 10 min: 
1-2: <0.0001, 1-3: <0.0001, 
2-3: 1.0 

C) As in Fig. 2C. Crz>T287A 
= 1, Crz>GFP = 2, T287A/+ = 
3 

No difference in 
proportion 
responding to the 
heat threat 
between the two 
conditions. 

44°C: Time: 1 min: 1-2: 1.0, 
1-3: 1.0, 2-3: 1.0. Time: 3 
min: 1-2: 0.0022, 1-3: 
0.0058, 2-3: 1.0, Time: 5 
min: 1-2: 0.0045, 1-3: 
0.0022, 2-3: 0.0023. Time: 
7 min: 1-2: 1.0, 1-3: 0.6272, 
2-3: 1.0. Time: 10 min: 1-2: 
1.0, 1-3: 0.5195, 2-3: 1.0. 

41°C: Time: 1 min: 1-2: 1.0, 
1-3: 1.0, 2-3: 1.0. Time: 3 
min: 1-2: 1.0, 1-3: 1.0, 2-3: 
1.0. Time: 5 min: 1-2: 
0.2241, 1-3: 1.0, 2-3: 
0.4928. Time: 7 min: 1-2: 
0.7388, 1-3: 1.0, 2-3: 
0.7120. Time: 10 min: 1-2: 
1.0, 1-3: 1.0, 2-3: 1.0. 

37°C: Time: 1 min: 1-2: 1.0, 
1-3: 1.0, 2-3: 1.0. Time: 3 
min: 1-2: 1.0, 1-3: 1.0, 2-3: 
1.0. Time: 5 min: 1-2: 1.0, 
1-3: 1.0, 2-3: 1.0. Time: 7 
min: 1-2: 1.0, 1-3: 1.0, 2-3: 
1.0. Time: 10 min: 1-2: 
0.4905, 1-3: 1.0, 2-3: 0.430. 
Time: 15 min: 1-2: 0.2348, 
1-3: 0.138, 2-3: 1.0 
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D) Pairwise Mann-Whitney U 
tests. Groups numbered from 
left to right. 

No difference in 
the distributions 
generating 
copulation duration  

1-2: 0.4902. 1-3: 0.00923 
(significant difference of 
~1.3 minutes). 2-3: 0.0394 

E) Fisher’s exact test, as in 
Fig. 3C. Left plot: Crz>T287A 
= 1, Crz>GFP = 2, T287A/+ = 
3. Right plot: Fru>T287 = 1, 
Fru>T287A =1, 
Fru>T287A,Crz>Gal80 = 2 

No difference in 
the probability of 
producing larvae 
between the two 
groups. 

Left plot: Time: 1 min: 1-2: 
1.0, 1-3: 1.0, 2-3: 1.0. Time: 
3 min: 1-2: 0.0598. 1-3: 
0.0613: 2-3: 1.0. Time: 5 
min: 1-2: 0.0114. 1-3: 
0.0665. 2-3: 0.3148. Time: 
7 min: 1-2: 1.0, 1-3: 1.0, 2-
3: 1.0. 

Right plot: Time: 1 min: 
0.238. Time: 3 min: 0.0169. 
Time: 5 min: 0.0143. Time: 
7 min: 1.0 

F) Fisher’s exact test, as in 
Fig. 3C. Crz>Dicer2,CaMKII-
RNAi = 1, + mouse CaMKII = 
2, + mouseCaMKII-T286A = 
3  

No difference in 
proportion 
responding to the 
heat threat 
between the two 
conditions. 

Time: 1 min: 1-2: 0.25, 1-3: 
0.540, 2-3: 1.0. Time: 3 
min: 1-2: 0.0011, 1-3: 
0.0263, 2-3: 1.0. Time: 5 
min: 1-2: 0.0002, 1-3: 
0.2186, 2-3: 0.0138, Time: 
7 min: 1-2: 0.0809, 1-3: 
0.5292, 2-3: 0.0337. 

G) Pairwise Mann-Whitney U 
tests. Groups numbered from 
left to right. 

No difference in 
the distributions 
generating 
copulation duration  

1-2: 0.0375, 1-3: 0.1184, 2-
3: 0.7565 

Fig. 4  
 

C) Pairwise Tukey post hoc 
test across times-to-37% 
(groups numbered as follows: 
500 ms = 1, 1 s = 2, 2 s = 3, 
5 s = 4, 7 s = 5, 10 s = 6). 

No difference in 
means between 
the response to 
different pulse 
widths 

1-2: .854, 1-3: 0.046, 1-4: 
<0.0001, 1-5: <0.0001, 1-6: 
<0.0001 2-3: 0.660, 2-4: 
0.005, 2-5: 0.0001, 2-6: 
<0.0001, 3-4: 0.053, 3-5: 
0.009, 3-6: 0.00854, 4-5: 
0.864, 4-6: 0.631, 5-6: 
0.834 

Fig. 5 
  

A) Fisher’s exact test 
between the “No light” and 

No difference in 
the likelihood of 

Crz>paAIP2: 1: <0.0001, 2: 
<0.0001, 3: <0.0001, 4: 
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“on” time point in min. 0.5 = 
1, 1.5 = 2, 2.5 = 3, 0-3 = 4 

responding to the 
heat threat 
between the “no 
light” condition and 
the “light on” 
condition 

0.0008. 

Crz>GFP: 1: 0.2586, 2: 1.0, 
3: 1.0, 4: 1.0 

paAIP2/+: 1: 1.0, 2: 0.5946. 
3: 0.3835. 4: 1.0 

B)  Fisher’s exact test 
between the “No light” and 
“on” time point  

No difference in 
the likelihood of 
responding to the 
heat threat 
between the “no 
light” condition and 
the “light on” 
condition 

Time: 1 min: 0.0004. Time: 
3 min: 0.0008. Time: 5 min: 
0.002 

C) Fisher’s exact test on the 
sample proportion “long 
mating,” tested within 
genotype (light vs. no light). 

No difference in 
the probability of 
long mating 
between the “light” 
vs. “no light.” 

Crz>paAIP2,T287D: 
0.0205 

Crz>T287D: 0.7141 

D) Fisher’s exact test on the 
sample proportion “long 
mating” at each time point. 

 
Time: 1 min: 1.0. Time: 5 
min: <0.0001. Time: 7 min: 
1.0 

F)  Fisher’s exact test on the 
sample proportion “long 
mating”. 

No difference in 
the proportion of 
flies exhibiting long 
mating durations 

P=1.0 

Fig. 6 
  

C) R2 of slopes 
 

Crz>ASAP2s: 0.7907 

Crz>ASAP2s,T287D: 
0.7757 

Crz>ASAP2s, Kir2.1: 
0.4863 

C) Probability of as large a 
difference in AIC between 
groups if they share a slope 

 
p = 0.86 

C) Probability of as large a 
difference in AIC between 
groups if they share an 

 
p < 0.0001 
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intercept 

D) Mann-Whitney U test 
(groups numbered from left 
to right, Holm-Bonferroni 
correction) 

 
1-2: 0.0357, 1-3: 0.0002, 2-
3: 0.0036 

E) Mann-Whitney U test 
comparing T287D to 
wildtype. (Peaks) 

 
0 ms: 0.8 

500 ms: 0.4761 

1s: 0.257 

2s: 0.1714 

5s: 0.3525 

7s: 0.4762 

E) Mann-Whitney U test 
comparing T287D to 
wildtype0. (Sustained) 

 
0 ms: 0.8 

500 ms: 0.1714 

1s: 0.0095 

2s: 0.0194 

5s: 0.0095 

7s: 0.1714 

Supp. Fig. 1 
  

D)  Two-way ANOVA Copulation 
duration is not 
affected by 
genotype, 
temperature, or the 
interaction of 
genotype and 
temperature 

Effect of genotype: p = 
0.2335 

Effect of temperature: 
<0.001 

Effect of genotype x 
temperature: 1.0 

E) Fisher’s exact tests 
between genotypes at the 
same time into mating 

No difference in 
the proportion 
responding to heat 
threats between 
the conditions. 

5 minutes: 1.0, 10 minutes: 
1.0 

Supp. Fig. 2 
  

A) Mann-Whitney U test. No difference in 0.0001 
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distributions 
generating 
copulation 
durations 

C) Fisher’s exact tests. 
Groups numbered from left to 
right 

No difference in 
the probability of 
ejaculating in 
response to light 
between each pair 
of conditions 

1-2: <0.0001, 1-3: 1.0, 2-3: 
<0.0001 

Supp. Fig. 3 
  

B) Mann-Whitney U test 
within genotypes 

No difference in 
distributions 
generating 
copulation 
durations 

CrzNoAG>ACR1: 0.37886 

Crz>ACR1: <0.0001 

C) Fisher’s exact test No difference in 
the proportion 
responding to heat 
threats between 
the conditions. 

1.0 

D) Fisher’s exact test No difference in 
the proportion 
responding to heat 
threats between 
the conditions. 

<0.001 

E) Fisher’s exact test No difference in 
the proportion 
responding to heat 
threats between 
the conditions. 

0.0025 

Supp. Fig. 5 
  

A) Fisher’s exact tests. 
Groups numbered from left to 
right. 

No difference in 
the probability of 
producing larvae 
between the two 
groups. 

1-2: <0.0001,1-3: <0.0001, 
1-4: 1.0, 2-3: 1.0, 2-4: 
<0.0001, 3-4: <0.0001 

B) Fisher’s exact test. No difference in 
the probability of 
producing larvae 

0.0075 
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Supplementary Table 3: Modeling parameters for Part III 

 

between the two 
groups. 

C) Mann-Whitney U test No difference in 
distributions 
generating 
copulation 
durations between 
the two groups. 

<0.0001 

D) One-way ANOVA No difference in 
distributions 

p = 0.09 

Supp. Fig. 6 
  

E) Pearson correlation 
between time to 37% and 
change in lifetime 
significantly different from 0. 

No linear 
correlation 
between increase 
in lifetime and time 
to 37% 

Brain: 0.724, Abdominal 
ganglion: 0.114, Pooled: 
0.097 

F) Mann-Whitney U test 
comparing time to 37% 
between the abdominal 
ganglion and the brain 

No difference in 
distribution 
generating time to 
37% between 
anatomical regions 

0.00338 

Supp. Fig. 8 
  

a) Fisher’s exact test No difference in 
probability of 
producing larvae 

0.0089 

b) Fisher’s exact test No difference in 
likelihood of 
ejaculating in 
response to light 

1.0 

Figure Parameter Value 

Figure 20B   
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Top row ! 3 

 !(!) 1.5log(1+ !!/!) 

 !(!) 1.5 tan!!(!) 

 !!" 2 for ! = !, 1 otherwise 

 !!"# 2, except in independent, where 

all are 0 

 !!(!) !! ! = .65, 

!! ! = 0.1+ 0.65[! ! − 20 ] 

 !! ! = 0.1+ .5[! ! − 20 ] 

 !! All 2 

 Initial conditions !! 0 = !! 0 = 0  

Bottom row ! 3 

 !(!) 1.5log(1+ !!/!) 

 !(!) 1.5 tan!!(!) 

 !!" -2 for ! = !, 1 otherwise 

 !!"# 2, except in independent, where 

all are 0 

 !!(!) !! ! = 1.5, 

!! ! = 0.1+ 2.45[! ! − 20 ] 

 !! ! = 0.1+ 2[! ! − 20

− ! ! − 40 ] 

 !! All 2 
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 Initial conditions !! 0 = !! 0 = 0  

Figure 20C   

Weakly dominant 

drive 

!!(!) !! ! = .65, 

!! ! = 0.1+ ![! ! − 20 ] 

 !! ! = 0.1+ ![! ! − 20 ] 

(a and b are stepped from 0.3 to 

1.0 in increments of 0.01) 

Strongly dominant 

drive 

!!(!) !! ! = 1.5, 

!! ! = 0.1+ ![! ! − 20 ] 

 !! ! = 0.1+ ![! ! − 20 ] 

(a and b are stepped from 0.0 to 

3.0 in increments of 0.05) 

Supplementary 

Figure 16 

  

3 drives Neurons per drive 100 motivating, 100 demotivating 

 Mean drive 1 input 1.1 

 Baseline drive level 0.0 

 Mean drive 2 input 

(during increase) 

1.15 

 Mean drive 3 input 

(during increase) 

None: 0.0 

  Stabilizing: 0.25 

  Switching: 1.13 
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 Input noise 0.25 

10 drives Neurons per drive 100 motivating, 100 demotivating 

 Mean drive 1 input 1.9 

 Baseline drive level 0.0 

 Mean drive 2 input 

(during increase) 

1.95 

 Mean drive 3 input 

(during increase) 

None: 0.0 

  Stabilizing: 0.25 

  Switching: 1.93 

 All other drives: 0.0 

 Input noise 0.1 

Supplementary 

Figure 17 

  

 Mean drive 1 input 1.9 

 Baseline drive 2 and 

3 input 

1.0 

 Drive 2 during 

increase 

2.05 

 Drive 3 during 

increase 

None: 0.0 

  Stabilizing: 1.85 

  Switching: 1.95 
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(Note: !(!) is the Heaviside step function, equal to 0 when ! < 0 and 1 when 

! ≥ 0). 
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