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Abstract
Drosophila melanogaster has historically been the premier model system for understanding the
molecular and genetic bases of complex behaviors. In the last decade technical advances, in the
form of new genetic tools and electrophysiological and optical methods, have allowed
investigators to begin to dissect the neuronal circuits that generate behavior in the adult. The
blossoming of circuit analysis in this organism has also reinforced our appreciation of the
inadequacy of wiring diagrams for specifying complex behavior. Neuromodulation and neuronal
plasticity act to reconfigure circuits on both short and long time scales. These processes act on the
connectome, providing context by integrating external and internal cues that are relevant for
behavioral choices. New approaches in the fly are providing insight into these basic principles of
circuit function.

Introduction
How many neuroscience talks have you attended that open with an image from the work of
Ramon y Cajal? While it has become almost cliché (Oh no! Not the cerebellum again!) the
reverence in which our field holds the work of this scientist reflects a deeply ingrained belief
that understanding how neuronal circuits are wired will provide us with answers to how the
brain generates behavior. Many of the ideas that we take for granted in this century, that
neurons are independent cellular entities and that information transfer has a predictable
directionality, were first compellingly expressed in his work. Ramon y Cajal’s ability to
infer important principles of nervous system organization from observing the anatomy of a
subsystem and knowing its function brilliantly laid the foundations for how we think about
the brain.

As a starting point, the idea that behaviors emerge from collections of neurons that are wired
together in a particular configuration is a very useful one. Identification of neurons that are
required for a particular behavior provides a departure point for identifying other elements
of the circuit and for gaining traction on processes that modulate the circuit’s connectivity.
Genetic strategies in Drosophila developed in the last decade have taken this model
organism from one that is primarily used for “gene discovery” to one that is also a powerful
platform for “cell discovery”, giving it a prominent role in our quest for understanding the
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neural basis of behavior. Even more exciting is the ability to use this organism to gain
insight into the ways in which experience, environment and behavioral state can modify
identified networks. I will use examples from a subset of the behavioral networks that have
been identified through analysis of genes involved in higher order behaviors in adult animals
(learning, male courtship behavior and circadian rhythms). These networks illustrate the
complexity of the problem and highlight the utility of the new approaches that are allowing
Drosophila researchers to understand fundamental properties of behavioral circuits.

Genetic strategies for identifying behaviorally relevant neurons
In model systems where the nervous system has well-delimited anatomical landmarks that
can be seen in a living preparation, the initial identification of neurons involved in a
particular behavior can often be accomplished with lesion studies or direct recordings. In
adult Drosophila, this has not usually been an option, largely due to issues of scale and
accessibility. Instead, genetic methods for accessing behaviorally relevant neurons have
been more effective.

For most of the best understood behaviors in the fly this begins with analysis of the
expression patterns of genes that control those behaviors. The modern era of Drosophila
behavioral genetics began in the 1960’s. Over the next decade, mutants that were defective
for many behaviors, including learning [1], male courtship [2] and circadian rhythms [3],
were isolated. Cloning of these genes (dunce (dnc), fruitless (fru) and period (per),
respectively) and analysis of where they were expressed provided the first clues about the
identity of the neurons that were responsible for those behaviors. A large number of the
signal transduction proteins involved in olfactory learning turn out, like dnc, to be enriched
in mushroom bodies (for review see [4]). Expression of Fru, a transcription factor that has
sex-specific splicing, marks a complex sexually dimorphic network that likely underlies a
number of social behaviors [5]. The nuclear shuttling of Per, a transcriptional regulator,
defines the 150 cell circadian network in the central brain [6]. It is important to note,
however, that while gene expression has been used successfully in these cases, not every
behavior will be defined by an appropriate and specific mutant. There are now also many
ways of doing anatomical screens for neurons that are required for a particular behavior
using conditional and cell-specific genetic tools (reviewed in [7]). These methods operate in
a relatively unbiased manner and only require a behavioral assay.

Knowing the expression pattern of a gene required for a particular behavior is an important
first step, but to determine if those neurons are actually part of a behavioral circuit, some
sort of experimental access is required. This access is usually achieved by use of enhancer
trap-based binary expression systems such as the GAL4/UAS system (Figure 1). The
concept, as first demonstrated by Brand and Perrimon [8], is simple: a cDNA for a
transcriptional activator (GAL4) is inserted into the genome where it comes under control of
local enhancer elements and is expressed in a cell-specific manner dictated by those
elements. A second transgene, with a binding site for the transcriptional activator (UAS)
upstream of the investigator’s gene of choice (“X” in Figure 1), is crossed into the stock and
the experimental gene is expressed only in the cells that contain the activator. This system
and other similar binary or ternary systems (reviewed in [9]) have been the workhorses of
efforts in the fly to understand circuits because they allow the visualization and
manipulation of specific populations of neurons in intact animals.

The ability to genetically access very small subsets of cells and to express transgenes can be
used in a multitude of ways to both define and manipulate candidate neurons. An extensive
catalog of neuronal effector transgenes and their uses can be found in [9]. Among the most
commonly used effectors are fluorescent reporters like GFP that are used to mark cells to
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examine their anatomy or to allow them to be visualized for electrophysiological recordings.
GAL4 can also be used to express reporters that are sensitive to elevation of intracellular
second messengers such as calcium or cyclic nucleotides and monitor acute responses of
neurons in an open preparation. There are also transgenes that alter the electrical activity of
neurons, either chronically hyperpolarizing or depolarizing them, as well as transgenes that
conditionally block neurotransmitter release. The newest frontier in effector transgenes
involves activity modulators that are either light- or temperature-gated and can therefore be
controlled with exquisite temporal specificity. The beauty of most of these effectors is that
they can be used in intact animals to test the role of a particular set of neurons during
specific phases of a behavior.

Tools for determining connectivity between circuit components
Demonstrating a role for several independent groups of neurons in the same behavior does
not necessarily allow one to make conclusions about connectivity. For many recent “circuit”
studies in the fly, the connectivity between elements has been inferred from proximity or
genetic evidence. While in bigger brains this is an issue that can be directly addressed with
electrodes, in adult flies it is only in recent years that the tools to ask these questions have
become available (Figure 2). In some cases it has been possible to do dual recordings, for
example within the olfactory system [10,11]. In other cases it has been easier to use a
genetically encoded calcium sensor such as GCaMP to monitor activity in a putative
postsynaptic neuron after stimulation of the presynaptic neuron or to use genetic methods to
stimulate a presynaptic neuron while recording from a putative postsynaptic target.

An elegant example using such strategies is found in work defining a sexually dimorphic
circuit for sensing the male pheromone cis-vaccenyl acetate [12]. Photoactivatable GFP was
used to identify candidate circuit elements by two-photon activation in putative synaptic
regions and following diffusion of the activated GFP back to cell bodies. Antennal lobe
projection neurons that receive input from pheromone-specific sensory neurons were shown
to closely contact several groups of neurons in the lateral horn. These third order neurons
were Fru+ and sexually dimorphic- one group appearing only in males. This male-specific
group appeared to connect to a fourth order group of neurons that sends projections into the
thoracic ganglion where motor neurons reside. The functional connectivity of the circuit was
demonstrated by expressing GCaMP in Fru+ neurons and activating the olfactory sensory
neurons with pheromone or the antennal lobe glomerulus with iontophoresed acetylcholine.
Calcium elevation in the third order neurons was specific to activation of the pheromone
pathway. Direct electrophysiological recording from this group of neurons and from fourth
order neurons also demonstrated that they responded to chemical activation of the
pheromone pathway and that the response was dependent on the projection neuron relay
since laser ablation of that connection blocked the ability of pheromone to drive firing.

For circuits in which an external sensory signal cannot be used to initiate activation, another
method for demonstration of connectivity needs to be used. One approach is to express the
ATP-gated P2X2 receptor, a non-specific cation channel, in the presumptive presynaptic cell
and perform direct recording in the putative target cell [11,13]. Application of ATP, which
causes firing of the presynaptic cell, is read out as activation the postsynaptic cell if the
presynaptic cell is excitatory. Inhibitory connections may be more difficult to see with this
system; in antennal lobe single cell inhibitory connections were not well detected, although
inhibition that occurred via multiple connections was measurable [11]. It is likely that other
combinations of genetically encoded effectors and sensors will provide even more ways to
probe circuit connectivity in the future.
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Beyond the wiring diagram
Although the field is currently assessing synaptic connections one neuron pair at a time, it is
likely that there will soon be a full map of the connectivity of the D. melanogaster brain [14]
analogous to the one available for several decades for the C. elegans nervous system [15].
As appealing as this is, it has been clear for about the same number of decades that
anatomical circuits can be functionally reconfigured by both plastic and neuromodulatory
processes. While first demonstrated convincingly in small invertebrate networks like the
crustacean stomatogastric ganglion [16], neuromodulation and plasticity are now known to
be crucial in both vertebrates and invertebrates for state transitions of multifunctional
networks, e.g. those responsible for sleep/wake cycles, olfactory processing, feeding [17].
The ability of a sensorimotor circuit to adjust its output by assessing the context in which the
animal is performing the behavior has obvious survival value: it is bad to fall sleep when
you are flying, and interactions between the circuits that drive these two behaviors should
prevent this from happening. While connectivity maps will provide incredibly useful tools,
they cannot not be used to simply read out a full picture of the function of a system since
they are static and cannot capture the almost infinite variations in context that an animal
experiences.

With its rich behavioral tradition, work in Drosophila has provided numerous paradigms in
which the role of internal state or experience can be shown to affect behavior. Knowledge
about the basic circuitry of these behaviors provides a starting point for understanding how
modulation sculpts behavior. An excellent example is circadian rhythms. All animals have a
clock that helps to schedule basic functions: feeding, sex, sleep, locomotion etc. In
Drosophila, the central brain clock consists of ca. 150 neurons that contain an oscillating
biochemical machinery that keeps time. The clock circuit is, however, not simply a vessel
for the molecular machine; the electrical connectivity of the network is important to its
function [18]. Moreover, the role of individual components of the core clock network
change over the course of the day to shape the animal’s behavior in constant conditions.
Small ventrolateral neurons (sLNvs) that express the neuromodulatory peptide Pigment
Dispersing Factor (PDF) control morning activity, while a PDF- sLNv working with dorsal
lateral neurons specifies evening activity [19,20]. Not surprisingly, the clock is also
responsive to alterations in external conditions such light or temperature. Large PDF+ LNvs
have been shown to be the important sensor for light-mediated arousal at night [21,22].
Their responsiveness to neurotransmitters varies as a function of time of day and light
history [23]. Dorsal neurons of the DN1 group integrate light and temperature and can
contribute to both morning and evening activity depending on specific environmental
conditions [24]. While complicated, the ability to manipulate individual components of the
clock circuit and examine behavioral impact, cellular activity and functional connectivity in
a variety of conditions makes this a very attractive system for understanding the
complexities of circuit modulation.

Synaptic plasticity is also an important regulator of circuit connectivity. Work using an
aversive associative olfactory learning paradigm that pairs an odor with electric shock in
Drosophila has demonstrated functional circuit consequences of learning in the form
changes in calcium dynamics, measured with genetically encoded sensors, at multiple levels
of the circuit (for review see [25]). The anatomical location of the changes in calcium
response to the paired odor changes over time and correlates with temporally distinct forms
of memory. Immediately after conditioning, antennal lobe glomeruli show altered responses
to the paired odor. This “memory trace” dissipates over time to be replaced with enhanced
calcium responses in neurons involved in intermediate forms of memory and eventually to
areas associated with long-term memory in the mushroom bodies. Implicit in these
experiments is the idea that learning has altered the connectivity of the circuit such that there
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is a facilitation of excitation at specific nodes in the circuit that reflects memory. Aversive
memory formation is dependent on dopamine, which is believed to act as a neuromodulator,
signaling the electric shock [26,27].

There is also a role for the animal’s internal and external state in learning and retrieval of
associative memory. Appetitive olfactory conditioning, generated by pairing food with an
odor, exhibits state-dependence at multiple levels. Animals have to be hungry to be
effectively trained, and are only able to recall the memory of the paired odor in that state.
Interestingly, dopamine is also critical for in this behavior, but in this case it appears to be a
gate for motivational state [28]. A small number of dopaminergic neurons that innervate the
mushroom body suppress retrieval of the memory unless the animal is hungry. Hunger
releases the memory by generating a neuropeptide F-dependent suppression of those
dopaminergic neurons. The involvement of dopamine in both appetitive and aversive
memory (as well as arousal [29,30], motor control [31,32], sexual receptivity [33] and drug
responsiveness [34]) suggests that this neuromodulator interacts with multiple circuits (for
review see [35]).

As the mapping of behavioral circuits has progressed and the electrophysiological and
optical methods available become more sophisticated, the cellular mechanisms of context-
dependence are starting to be addressed directly in behaving animals. Work in the visual
system has shown that the animal’s behavioral state has profound influence on the
processing of sensory information. Both walking [36] and flying [37] increase the sensitivity
of the visual system to stimuli, presumably allowing the animal to compensate for its own
movement in space. How motor systems interact with early sensory processing is unknown,
but it is clear that this level of systems analysis is approachable in the fly. It is not
unreasonable to expect that a fully integrated picture of neural processing, from genes to
behavior, is achievable.

Conclusions
Drosophila provides a powerful platform for gene discovery, and many of the genetic
pathways that are known to be important for human disease were first described and studied
in the fly. In the last decade, genetic tools for the manipulation of subsets of neurons with
both exquisite spatial and temporal resolution have made it possible to begin to identify
neural circuits for many behaviors, though only a few of the many examples are mentioned
here. Parallel and complementary technological advances in optical imaging and
electrophysiology are allowing investigators to begin to address the cellular mechanisms of
circuit modulation. With the rich behavioral repertoire of this animal and the increasingly
sophisticated methods for manipulating and recording from neurons in the adult brain, the
fly is a system that has the potential to allow a complete (gene to action) understanding of
behavior in all its astonishing complexity.
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Highlights

• behavioral mutants can be used to identify candidate circuit components

• binary expression systems allow precise manipulation of specific neurons

• Drosophila has a wide variety of tools for manipulation of neuronal activity in
behaving animals

• functional connectivity between circuit elements can be demonstrated with
genetic tools

• modulation of connectivity in a circuit is a general feature of behavior
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Figure 1.
The GAL4/UAS system for cell-specific transgene expression [8]. The yeast transcriptional
activator GAL4 is typically expressed as a transgene under control of local DNA elements
by either random insertion of its cDNA or by homologous recombination of its cDNA into a
defined locus (e.g. the fru gene [38]), to capture that gene’s expression pattern. GAL4 can
also be expressed under control of cloned promoter sequences (e.g. the pdf promoter which
captures part of the clock circuit [18]). GAL4 lines are crossed to effector lines containing a
transgene with a GAL4-binding UAS (upstream activation sequence) repeat upstream of the
coding sequence of the gene of interest (in this example, X). Expression of X is dependent
on GAL4, and only occurs in the progeny of the cross in cells that express GAL4. The
Drosophila community has generated thousands of GAL4 lines, allowing specific genetic
access to most of the nervous system. There are also variants of GAL4 that can further
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restrict expression patterns temporally and spatially, as well as several independent binary
systems that can be used along side GAL4/UAS. A complete guide to these systems and the
effector tools that can be used with them is provided in [9].
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Figure 2.
Methods for establishing functional connectivity. Traditional techniques for establishing
connectivity are shown at left. Recording from a putative downstream neuron while
electrically stimulating a presynaptic partner allows the investigator to determine if the two
neurons are functionally connected, and via analysis of response latency, whether that
connection is likely to be direct. In the example shown, the response in the downstream
neuron occurs within 5 msec, which is typical for a monosynaptic connection (although
temperature and other conditions can affect exact timing). Anatomical verification of a
direct connection is accomplished using electron microscopy. Shown on the right are new
methods for establishing functional connectivity. In Drosophila, direct recording can be
done in some cases, but cell-specific expression systems can be used more generally to
express transgenes which activate cells or report activation [9]. There are several methods
for conditional activation of putative presynaptic neurons, including channel rhodopsin and
the purine receptor P2X2. Responses in downstream cells after electrical or chemical
stimulation can be monitored using a variety of genetically encoded fluorescent calcium
sensors or reporters that respond to other consequences of presynaptic activity such as
EPAC, which senses cyclic nucleotides. The time resolution of the current generation of
reporters does not allow unambiguous determination of direct connectivity, and
monosynaptic connection still needs to be verified anatomically with either electron
microscopy or genetic techniques such as GRASP [39] to demonstrate cell-cell contact.
Arrows indicate methods that can be used together. Optogenetic stimulation is not usually
compatible with the current fluorescent reporters due to spectral overlap, but new variants
are likely to address this incompatibility.
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