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Abstract—The fruit fly Drosophila melanogaster is ideally
suited for investigating the neural circuit basis of behavior.
Due to the simplicity and genetic tractability of the fly brain,
neurons and circuits are identifiable across animals. Addi-
tionally, a large set of transgenic lines has been developed
with the aim of specifically labeling small subsets of neu-
rons and manipulating them in sophisticated ways. Electro-
physiology and imaging can be applied in behaving
individuals to examine the computations performed by each
neuron, and even the entire population of relevant neurons
in a particular region, because of the small size of the brain.
Moreover, a rich repertoire of behaviors that can be studied
is expanding to include those requiring cognitive abilities.
Thus, the fly brain is an attractive system in which to explore
both computations and mechanisms underlying behavior at
levels spanning from genes through neurons to circuits.
This review summarizes the advantages Drosophila offers
in achieving this objective. A recent neurophysiology study
on olfactory behavior is also introduced to demonstrate the
effectiveness of these advantages.

This article is part of a Special Issue entitled: Contribu-
tions From Different Model Organisms to Brain Research.
© 2014 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: Drosophila, systems neuroscience, genetically
identified neurons, behavioral physiology, population codes,
neuronal connectivity.

Contents
Introduction 3
Flies display a rich set of behaviors 4
Neurons and circuits can be genetically identified 4
Neurons are genetically identifiable 4
The next generation transgenic lines label ever smaller
subsets of neurons 5
Genetic methods illuminate the neuronal wiring diagram 5
Various transgenes help to dissect the function of circuits 5

*Tel: +81-48-467-9661; fax: + 81-48-467-9684.

E-mail address: hokto _kazama@brain.riken.jp

Abbreviations: ATP, adenosine triphosphate; biORN, bilaterally
projecting ORN; ChR2, channelrhodopsin-2; EPSC, excitatory
postsynaptic current; ORN, olfactory receptor neuron; PA-GFP,
photoactivatable green fluorescent protein; PN, projection neuron;
Shi's', UAS-shibire''; uniORN, unilaterally projecting ORN.

http://dx.doi.org/10.1016/j.neuroscience.2014.06.035
0306-4522/© 2014 IBRO. Published by Elsevier Ltd. All rights reserved.

Inhibiting neuronal activity 5
Enhancing neuronal activity 6
Investigating the computations and mechanisms 6
Physiological methods can be applied with ease 6
An ideal place to decipher the population code 7
Neuronal activity can be measured in behaving animals 8
An example study: neural mechanisms of odor localization 8
Animals compare bilateral inputs to localize odors 8
Testing the circuit mechanism 8
Testing the synaptic mechanism 10
Conclusions and perspectives 10
Acknowledgments 11
References 11

INTRODUCTION

Understanding how the brain orchestrates behaviors is a
major objective in systems neuroscience. This quest
involves accomplishing the following tasks. First is to
characterize the behavior of interest. Second is to
identify the neurons and circuits responsible for the
behavior. Third is to study the computations performed
by these neurons. Fourth is to reveal the mechanisms
underlying behavior and neural computations.

Studies using multiple organisms have uniquely
contributed to advancing each of these lines of
investigation. For example, primates have been
invaluable in examining the neuronal computations
supporting cognitive functions with physiological and
psychophysical methods (Gazzaniga et al., 2013). How-
ever, it is difficult to understand the circuit mechanisms
that give rise to cognition because the identity and wiring
partners of recorded neurons are typically unknown. On
the other hand, Drosophila melanogaster is suitable for
understanding the mechanisms underlying behavior at
the level of genes, cells, and circuits, because its neurons
are identifiable and genetically tractable. In fact, Drosoph-
ila has been invaluable to the analysis of genetic control
over behaviors (Baker et al., 2001; Vosshall, 2007) and
precise neuronal wiring (Otsuna and Ito, 2006; Jefferis
et al., 2007; Lin et al., 2007; Chiang et al., 2011). How-
ever, it was not a place to study neuronal computation
because its central neurons had long been resistant to
physiological inspection. The neurons looked too small
compared to the tip of the electrode and the exoskeleton
too fragile to perform recordings in individuals. Despite
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these seeming hurdles, imaging techniques were suc-
cessfully applied to monitor neuronal responses to sen-
sory stimuli (Ng et al., 2002; Wang et al., 2003).
Further, the application of the whole-cell patch-clamp
technique to central neurons in vivo (Wilson et al., 2004)
as well as physiological recordings in behaving adult ani-
mals (Maimon et al., 2010; Seelig et al., 2010) marked a
new era of fly systems neuroscience. Therefore, the fly
now provides an opportunity to combine powerful
approaches in a single organism to investigate not only
mechanisms but also computations supporting behavior
at cellular resolution.

This review discusses the contribution the adult
Drosophila has made to an understanding of
fundamental brain functions. Recently, excellent reviews
have reported the strategies (Olsen and Wilson, 2008a)
and the extensive genetic toolbox (Simpson, 2009) for
deciphering the fly neural circuits. Here, | will instead sum-
marize the updated findings in the field from the viewpoint
of conceptual and technical advantages unique to Dro-
sophila. Each section in the main body broadly concerns
individual tasks in the field introduced at the beginning.
This general review is followed by the description of a
work on the neural basis of odor-guided navigation to
exemplify how the advantages are put to use.

FLIES DISPLAY A RICH SET OF BEHAVIORS

One may wonder whether flies exhibit sophisticated
behaviors that involve complex neuronal computations
in the first place. In fact, they show a variety of
behaviors having resemblance to those of mammals.
Flies are equipped with highly developed sensory
systems. Because flies and mammals live in a similar
environment, their systems are adapted to perform
similar functions. For example, the olfactory circuits of
fies and mammals share not only functions and
computations but also a basic wiring diagram (Ache
and Young, 2005; Su et al.,, 2009). Courtship and
aggression are more intricate behaviors that involve
multimodal sensory integration, memory, decision mak-
ing, and exquisite motor control (reviewed in Dickson,
2008; Villella and Hall, 2008; Zwarts et al., 2012). A
courting male assesses the condition of females by
integrating olfactory and gustatory cues. When the male
decides to court after interpreting the sensory informa-
tion in the context of his past experience, he will vibrate
one wing to sing a courtship song. Fighting males and
females also use multiple sensory modalities to decide
which action to select from a variety of agonistic behav-
iors. Males even establish dominance depending on
their fighting records. Moreover, flies can form a long-
lasting association between an odor and an electric
shock or a reward, enabling the study of adaptive
behaviors (reviewed in Keene and Waddell, 2007;
Davis, 2011). Because automatic tracking and analysis
of freely interacting flies in an arena are now routine
(Branson et al.,, 2009; Dankert et al., 2009; Kabra
et al., 2013), more intricate behaviors are expected to
be discovered.

NEURONS AND CIRCUITS CAN BE
GENETICALLY IDENTIFIED

Neurons are genetically identifiable

To understand the workings of circuits supporting these
behaviors, we need to examine how individual cells
within a circuit are operating. Brain circuits are harder to
decipher compared to electrical circuits because no
information about their elements and let alone wiring is
initially available. Therefore, an effective strategy for
neuroscientists is to start from identifying individual or
groups of cells in order to scrutinize their functions
across animals.

Cells can be identified by their location, morphology,
physiology, gene expression, lineage, or any other
attributes, but this procedure is especially facilitated in
Drosophila due to two major reasons. First is numerical
simplicity. There are only about 100,000 neurons in the
adult Drosophila brain (Ito et al., 2013). The benefit of
simplicity is appreciated, for example, in the olfactory cir-
cuit. Whereas there are ~2000 glomeruli in the mouse
olfactory bulb, there are only ~50 glomeruli in the fly
antennal lobe making them all morphologically identifiable
(Couto et al., 2005; Fishilevich and Vosshall, 2005;
Tanaka et al., 2012). As a consequence, the first- and
the second-order olfactory neurons innervating each glo-
merulus also become identifiable. Second is genetic trac-
tability. The widely used Gal4/UAS binary expression
system enables expression of various genes encoded
by UAS lines in cells defined by the Gal4 lines through
genetic crosses (Brand and Perrimon, 1993). Over the
years, a vast number of Gal4 lines labeling different sub-
sets of neurons, collectively covering a large portion of
neurons in the fly brain, have been generated (Manseau
et al., 1997; Hayashi et al., 2002; Rodan et al., 2002;
Pfeiffer et al., 2008, 2010; von Philipsborn et al., 2011;
Jenett et al., 2012).

Most genetically tagged neurons turned out to be
highly stereotypical in many respects. For example, the
antennal lobe projection neurons connect with a fixed
type of olfactory receptor neurons in a specific
glomerulus (Jefferis et al., 2001), have stereotypical axon
branching patterns (Marin et al., 2002; Wong et al., 2002),
and show very similar odor tuning across animals (Wilson
et al., 2004; Bhandawat et al., 2007). The few exceptions
are the antennal lobe local neurons and the mushroom
body Kenyon cells, which are non-stereotypical in fine-
scale anatomy and physiology (Murthy et al., 2008;
Chou et al., 2010; Caron et al., 2013). In any case, the
ability to identify cells across animals allows us to effi-
ciently obtain the statistics of cellular attributes. How
these genetically identified neurons can be manipulated
in various ways by the expression of transgenes will be
thoroughly described in later sections.

A powerful extension of this approach is to tag two
sets of cells in a brain separately so that, for instance,
the activity of one set of cells is monitored while the
property of the other is altered. This necessitates the
use of another binary expression system that functions
independently of the Gal4/UAS system. Such
expression frameworks, namely, lexAf/lexAop and Q
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systems have recently been engineered (Lai and Lee,
2006; Potter et al., 2010).

The next generation transgenic lines label ever
smaller subsets of neurons

A further restriction to the number of cells labeled in each
transgenic line is ideal for several reasons. First, it would
facilitate the characterization of wiring and function of
specific cells. If fewer cells are labeled, a cell of interest
can be more precisely traced in morphology and reliably
targeted with electrodes. Second, it would accelerate
the discovery of neurons driving the behavior. If cells of
mixed types are manipulated together in a Gal4 line that
elicited an interesting behavior, it will be difficult to
ascribe the phenotype to particular neurons. The use of
sparsely labeled lines makes the interpretation of the
behavioral results straight forward, although we must
remind ourselves that perturbing the activity of just a
few neurons may not induce measureable phenotypes.

Two groups of laboratories have independently created
the next generation transgenic lines (the GMR collection
and the VT collection) in which Gal4 expression is
controlled by a fragment of genomic sequences flanking
neuronal genes (Pfeiffer et al., 2008, 2010; von
Philipsborn et al., 2011; Jenett et al., 2012). These lines
tag far fewer neurons than the previously available lines.
The GMR collection contains the split-Gal4 lines that fur-
ther restrict the site of gene expression (Luan et al.,
2006; Pfeiffer et al., 2010). Each of these lines expresses
either the DNA-binding domain or the transcription-activa-
tion domain of Gal4 in distinct spatial patterns. Because
both domains must bind together to form a functional
Gal4, transcription is driven only at the intersection of
expression patterns of complementary split-Gal4 lines.
Another very helpful feature of these Gal4 collections is
the accompanying open-access database of confocal brain
images showing the expression pattern of Gal4 and its
broad annotation (http://flweb.janelia.org/cgi-bin/flew.cgi,
http://brainbase.imp.ac.at). This provides a conceptually
new, rapid, and economical way of screening for a line tag-
ging the neurons of interest. Transgenic flies created by
researchers are maintained at the stock centers around
the world and shared widely in the community.

It is worth noting that mosaic methods are
advantageous in terms of confining the labeling to even
single neurons and covering all the neuronal lineages
(Lee and Luo, 1999; Ito et al., 2013; Yu et al., 2013),
but they cannot label the same cells consistently. On
the other hand, specific Gal4 methods reliably label
genetically defined cells in every animal.

Genetic methods illuminate the neuronal wiring
diagram

One of the next steps after identifying and characterizing
individual neurons is to delineate the connectivity among
these neurons in order to understand the mechanisms
that confer specific functions to a circuit. The most
precise and exhaustive method to obtain the neuronal
wiring diagram is connectomics using serial electron
microscopy. The connectome has been reconstructed in

the Drosophila medulla (Takemura et al., 2013). However,
this method requires massive resources, is not practical
to perform on multiple brains, and does not reveal the
functional properties of each synaptic connection.
Another way to create connectivity maps is to superim-
pose the confocal microscopy images of single neurons
labeled in different brains on a common frame of refer-
ence (Jefferis et al., 2007; Lin et al., 2007). Thousands
of neuronal clones were generated and their morphology
was registered to the standard brain to obtain a whole-
brain wiring diagram (Cachero et al., 2010; Yu et al,,
2010; Chiang et al., 2011). This gave insight into the inter-
action among brain regions, but because of the variability
inherent in brains and registration processes, it did not
provide information about the precise connectivity
between individual neurons.

An alternative approach with a potential to find
functional cellular connections is to illuminate the
structure of physically overlapping neurons using
photoactivatable green fluorescent proteins (PA-GFP,
Datta et al.,, 2008). The fluorescence of PA-GFP
increases dramatically after photoconversion with a
pulsed laser. The beauty of PA-GFP is threefold. First,
because it is activated by two-photon excitation, a pan-
neuronal Gal4 line can be used to express it ubiquitously
and illuminate any neurons in a brain with cellular resolu-
tion. Second, the entirety of the neuronal structure can be
labeled even with partial activation. PA-GFP activated just
in dendrites, soma, or axons diffuses to the tip of every
neurite (Datta et al., 2008). Therefore, for instance, the
knowledge of a dendritic region alone is sufficient to dis-
cover the target region of a neuron. It is even possible
to find the soma of downstream neurons by photoactivat-
ing their dendrites close to the pre-labeled axonal endings
of input neurons. Third, because PA-GFP undergoes
photoconvertion in vivo and diffuses rapidly, the illumi-
nated neurons can be targeted with electrodes to test
the functional connectivity among them.

One study applied this strategy to complete the circuit
from pheromone-sensing olfactory receptor neurons
(ORNSs) to the putative fourth-order neurons descending
to the ventral nerve cord, which control body movement
(Ruta et al., 2010). Electrophysiological recordings
showed that these physically proximal neurons labeled
by PA-GFP do communicate, although the presence of
another neuron in between could not be ruled out. PA-
GFP was also used to find a large portion of third-order
olfactory neurons in the lateral horn and to eventually
characterize the synaptic transmission between a pair of
identified neurons (Fisek and Wilson, 2014). The connec-
tivity between the antennal lobe neurons and the lateral
horn neurons was found to be stereotypical. These exper-
iments demonstrated the potential of this method to
reveal any functional connection in the brain.

VARIOUS TRANSGENES HELP TO DISSECT
THE FUNCTION OF CIRCUITS

Inhibiting neuronal activity

A fundamental way of characterizing the functional role of
neurons and circuits is to examine the consequences
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following their manipulation. Accordingly, various
transgenes have been developed to manipulate the
individual circuit elements. In general, necessity of the
targeted neurons for a behavior is shown by the positive
effect of neuronal silencers, while sufficiency is shown
by the positive effect of neuronal activators.

Killing the cells by expressing a variety of transgenes
is a straightforward method to eliminate neuronal activity.
Toxins including diphtheria toxin A from bacteria (Lin
et al, 1995) and ricin A from castor plant seeds
(Hidalgo and Brand, 1997) induce cell death by inhibiting
protein synthesis. Proapoptotic genes such as reaper,
grim, and head involution defective induce programed cell
death by activating caspases (Zhou et al., 1997; Wing
et al.,, 1998). To ensure the normal development of the
animal, their expression can be initially suppressed by a
temperature-sensitive Gal80, which represses Gal4-
dependent transcription at a permissive temperature
(McGuire et al., 2003). However, despite the effective-
ness in earlier stages, these genes switched on from
the adult stage act slowly or even fail to cause behavioral
phenotypes in some cells (Thum et al., 2006).

Neural function can be more specifically inhibited by
blocking synaptic transmission. Tetanus toxin light chain
abolishes action potential-evoked neurotransmitter
releases by cleaving neuronal synaptobrevin, a
component of vesicular release machinery. While the
effect of tetanus toxin is irreversible, a thermo-sensitive
transgene UAS-shibire’™”  (Shi**") blocks synaptic
transmission reversibly by disabling vesicular endocy-
tosis only at a restrictive temperature (Kitamoto, 2001).
Therefore, by controlling the temperature, synaptic com-
munication can be terminated and restored at a certain time

in adulthood. Because Shi*®" is remotely activated by heat,

itis easily applicable to freely behaving flies. Shi*” was, for
instance, used to better understand the circuit for olfactory
memory. The mushroom body was recognized to be nec-
essary for memory (de Belle and Heisenberg, 1994;
Connolly et al., 1996), but it was not known which subset
of Kenyon cells in this brain region was required at each
phase of memory processing. By expressing Shi'” in sub-
sets of Kenyon cells and shifting the temperature to a
restrictive range during acquisition, consolidation, or retrie-
val of memory, it was demonstrated that each set of cells
was necessary at distinct phases of memory formation
(Dubnau et al., 2001; McGuire et al., 2001; Krashes
et al., 2007). These experiments suggested that specific
parts of the circuit are dynamically recruited in turn to sup-
port the brain function. It was further shown using a similar
approach that distinct subsets of dopaminergic neurons
are conveying different information about punishment and
reward to the mushroom body during conditioning (Burke
etal., 2012; Liu et al., 2012).

Tetanus toxin light chain and Shi*? affect chemical
synapses but spare electrical synapses. To alter the
communication through electrical synapses or excitability
of the neuronal membrane, several types of potassium
channels have been overexpressed in the cell. An
increase in the potassium conductance hyperpolarizes
the resting membrane potential toward the reversal
potential of potassium ions and shunts synaptic currents

both of which make cells more difficult to fire.
Successfully applied channels include a human inwardly
rectifying potassium channel Kir2.1 (Baines et al., 2001;
Paradis et al., 2001), a Drosophila truncated open-rectifier
potassium channel dORK-AC (Nitabach et al., 2002), and
a modified Drosophila Shaker potassium channel EKO
(White et al., 2001).

Enhancing neuronal activity

To excite the cells, sodium channels can be expressed
instead of potassium channels. NaChBac is a voltage-
dependent bacterial sodium channel whose measured
property suggested its contribution to increase the
excitability of the cell (Nitabach et al., 2006). A note of cau-
tion is that the actual effect of its chronic overexpression
on membrane potential dynamics can be complex in some
cells (Sheeba et al., 2008). A ligand-gated channel would
allow phasic cellular activation. P2X, is an ionotropic puri-
noceptor gated by adenosine triphosphate (ATP). ATP
released from caged-ATP by ultraviolet light activated
P2X, expressed in the giant fiber system and evoked
typical escape behaviors (Lima and Miesenbock, 2005).
More recently, a blue-light-sensitive cation channel
Channelrhodopsin-2 is used to excite neurons with
higher temporal resolution (ChR2; Nagel et al., 2003;
Fenno et al., 2011; Packer et al., 2013). It opens immedi-
ately after the application of light and closes upon termi-
nation of light. Activation of ChR2 was able to generate
spike trains in the ORNs, which in turn elicited behavior
resembling that evoked by an odor (Suh et al., 2007).
Although ChR2 was generally ineffective in exciting cen-
tral neurons in the brain, the red-light-sensitive channel-
rhodopsin ReaChR (Lin et al.,, 2013; Inagaki et al,
2014) and Chrimson (Klapoetke et al., 2014) overcame
this problem likely because the fly cuticle is more trans-
parent to red than blue light (Inagaki et al., 2014).
Another potent activator of neurons is the Drosophila
transient receptor potential channel dTrpA1, a
thermosensitive cation channel, which opens above
certain temperature (Hamada et al., 2008). Although pre-
cise temporal control of temperature is difficult, dTrpA1
has been so far more practical than ChR2 because heat
can readily penetrate the cuticle and, unlike blue light,
does not interfere with vision. Artificially activating neu-
rons is also effective in searching for a neuron whose acti-
vation triggers a sequence of behaviors. By expressing
dTrpA1 in various groups of cells using a large set of
Gal4 lines, one study successfully uncovered the Fdg
neuron that drives a particular movement of the proboscis
and the pharyngeal pump mirroring feeding behavior
(Flood et al.,, 2013a,b). It was further shown that the
dTrpA1-expressing Fdg neuron can be driven at cellular
resolution with heat provided by a pulsed laser.

INVESTIGATING THE COMPUTATIONS AND
MECHANISMS

Physiological methods can be applied with ease

In order to understand the computations performed
by circuits, it is essential to record neural activity.
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Electrophysiology and imaging complement each other in
measuring neural activity. These techniques became
applicable to intact Drosophila about a decade ago and
continue to be refined. Extracellular recordings with
sharp electrodes or cell-attached glass electrodes
measure the spikes without altering the resting
membrane potential of a cell or the composition of the
cytosol. Alternatively, whole-cell patch-clamp recording
ruptures part of the membrane, but has additional merits
in that it is more sensitive, can control the membrane
potential, and reveal how synaptic inputs and intrinsic
properties interact to produce spike outputs. In other
words, it is possible to study the mechanisms of signal
transformation in a neuron. The list of
electrophysiologically-analyzed central neurons has
expanded to include the antennal lobe projection
neurons (Wilson et al., 2004) and local neurons (Wilson
and Laurent, 2005), the mushroom body Kenyon cells
(Turner et al., 2008), the lateral horn neurons (Ruta
et al., 2010; Kohl et al., 2013; Fisek and Wilson, 2014),
the lobula plate neurons (Joesch et al., 2008), auditory
neurons (Tootoonian et al., 2012; Lehnert et al., 2013),
and the central complex neurons (Weir et al., 2014).
These identified cells can be unambiguously targeted by
genetically marking them with fluorescent proteins.
Because cell bodies lie at the surface of the brain sur-
rounding the neuropil, it is relatively easy to make
whole-cell recordings under direct visual guidance.

Given that intracellular recordings are typically made
from a soma that is somewhat electrotonically distant
from the dendrite, these methods cannot assess the true
magnitude and spatial impact of synaptic inputs. Imaging
techniques are useful in this respect due to their ability to
access the activity of local neuronal structures. They are
also suitable for simultaneously recording from many
neurons (see next section). Because genetically-encoded
calcium indicators work well in flies, calcium imaging has
become routine to record both dendritic and axonal
activity in various neurons (Wang et al., 2003; Marella
et al., 2006; Kamikouchi et al., 2009; Yorozu et al., 2009;
Seelig et al., 2010; Gruntman and Turner, 2013; Li et al.,
2013; Maisak et al., 2013; Seelig and Jayaraman, 2013;
Strother et al., 2014). The genetically-encoded voltage
indicator ArcLight has reported subthreshold events and
action potentials in neurons in an intact fly (Cao et al,,
2013). However, data must be interpreted with caution
because optical methods are less sensitive than electro-
physiological methods and reflect only one aspect of neu-
ronal excitation.

An ideal place to decipher the population code

Information is thought to be encoded in the activity of an
ensemble of neurons. Due to its small size, the
Drosophila brain presents an outstanding opportunity to
access the activity of all the neurons engaged in a
particular task. One approach to achieve this aim is to
use a set of sparsely labeling transgenic lines that
collectively label the cells in a specific brain region.
Because Drosophila neurons are identifiable,
complementary findings from different animals can be

assembled to obtain the full picture. To give one
successful example, the work of several labs has
provided a nearly complete representation of odors in
the first layer of the fly olfactory circuit (de Bruyne et al.,
1999, 2001; Couto et al., 2005; Fishilevich and Vosshall,
2005; Yao et al., 2005; Hallem and Carlson, 2006; van
der Goes van Naters and Carlson, 2007; Benton et al.,
2009; Silbering et al., 2011). Each ORN type was mapped
to a specific glomerulus using Gal4 lines, each of which
mimics the expression pattern of a particular olfactory
receptor. Electrophysiological recordings have character-
ized the odor tuning of most of the ORNs. These fly lines
and data sets have greatly assisted both experimentalists
and theorists to further our knowledge of olfactory pro-
cessing in the antenna and in the antennal lobe (Wilson,
2013). One such case is the study on neuronal gain con-
trol in the antennal lobe. It has been known that neurons
normalize their responses depending on the activity of
other neurons (Carandini and Heeger, 2012), indicating
the importance of considering the activity of all the rele-
vant neurons. By utilizing the knowledge of ORN tuning,
Olsen et al. (2010) differentially activated feedforward
and lateral input to the recorded second-order projection
neuron (PN). Through this approach, they created the
model of normalization that predicts the response of
PNs. They and others have further revealed that lateral
presynaptic inhibition is the mechanism of this normaliza-
tion (Root et al., 2008; Olsen and Wilson, 2008b).

Another way to examine the activity of a group of
neurons is to use imaging techniques that can scan
through multiple neurons in the same brain. Notably,
this method better captures how neurons co-vary in
activity over time. This is important because some
information is hypothesized to be encoded in the
coordinated activity of neurons such as oscillations and
sequential excitation. For functional imaging, the
numerical simplicity and physical compactness of the fly
brain is an advantage. The fly brain occupies only
600 x 350 x 300 microns. Therefore, any brain region is
within the reach of two-photon microscopy and it can be
scanned at a high frame rate. The latest versions of
genetically-encoded calcium indicators are sensitive
enough to detect individual spikes in some cells types
(Akerboom et al., 2012; Chen et al., 2013). Thus, the time
seems ripe for deciphering the population codes in the fly
brain.

Using a pan-neuronal Gal4 driver, a recent study
imaged the dendritic responses of all the central
complex ring neurons to visual stimuli (Seelig and
Jayaraman, 2013). They found that the dendrites of these
neurons are arranged retinotopically and exhibit orienta-
tion tuning. The same Gal4 line was used to examine
the visual responses from all the 10 layers in the medulla
of the optic lobe (Strother et al., 2014). This method
revealed layer-specific responses that match the anatom-
ically known parallel pathways for processing light on and
off stimuli. Another study imaged the tuning of elementary
motion detectors with a lobula plate driver (Maisak et al.,
2013). The detectors were classified into ON cells and
OFF cells, and each cell type was further subdivided into
neurons tuned to one of the four cardinal directions
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suggesting that this experiment has revealed all the
detector types. Just as in zebrafish larva (Ahrens et al.,
2012, 2013), a comprehensive imaging approach will
likely to be increasingly informative in Drosophila.

Neuronal activity can be measured in behaving
animals

The role of neurons can be inferred from the relationship
between neural activity recorded in restrained animals
and behavior displayed by freely moving animals in the
same environmental condition. However, this
correlational approach is not applicable to the study of
neurons having motor or cognitive functions. Moreover,
neural activity is modulated by behavioral or attentional
states of the animal. This state-dependent modulation
can be found even in relatively early sensory processing
(Maimon, 2011). Therefore, to understand how neural cir-
cuits function in different contexts, it is ultimately neces-
sary to record neural activity in behaving animals.

Several groups have recently shown that
simultaneous monitoring of physiology and behavior is
feasible in flies. Individual flies were tethered to a stage
that maintained the exposed brain under saline while
keeping the body dry and unrestrained to allow
navigation in a visual arena (Chiappe et al., 2010;
Maimon et al., 2010; Seelig et al., 2010; Suver et al.,
2012; Weir et al., 2014). Whole-cell patch-clamp record-
ing showed that the resting membrane potential and
visual responses of motion-processing interneurons in
the lobula plate increased during flight (Maimon et al.,
2010; Suver et al., 2012). Mechanistically, this was sug-
gested to be due to a stronger synaptic input to the neu-
rons. It was further shown that neurons expressing
octopamine, an insect equivalent of norepinephrine, are
involved in this state-dependent modulation because
pharmacological application of octopamine in quiescent
flies mimicked the physiological change observed during
flight and octopamine neurons projecting to the lobula
plate increased their activity upon initiation of flight
(Suver et al., 2012). Motion-processing interneurons dis-
played similar properties in flies walking on a ball under
a two-photon microscope. Their dendritic calcium
response to visual motion was strengthened and their tun-
ing to temporal frequency was shifted to a higher rate
when the flies were walking compared to resting
(Chiappe et al., 2010). The ability to analyze the co-vari-
ability between neural activity and behavior is invaluable
to reveal the contribution of neurons to any brain functions
besides sensorimotor integration.

AN EXAMPLE STUDY: NEURAL MECHANISMS
OF ODOR LOCALIZATION

Taking into consideration the strengths of Drosophila as a
model organism, it is well suited for addressing biological
questions involving olfaction. Flies show robust
responses to odors and ORNs, PNs, and the synapses
between them are genetically identifiable as well as
physiologically accessible. Below, | describe how a
recent study revealed the neural basis of odor
localization utilizing many of the said advantages.

Animals compare bilateral inputs to localize odors

Localizing sensory cues is critical for survival because
mere detection is insufficient for deciding the direction
one should proceed or escape. It is easier to appreciate
the importance of bilateral input in visual depth
perception (Cumming and DeAngelis, 2001) and sound
source localization (Grothe et al., 2010) because two
eyes and ears are physically set apart and we are fully
aware of these abilities. What about the nose that sits in
the middle of the face? There are two nostrils and despite
their close alignment, humans (von Bekesy, 1964; Porter
et al., 2005, 2007) and rats (Rajan et al., 2006) can use
inter-nasal cues to localize odor sources. Flies are not
an exception. Their two odor-sensing antennae are just
several hundred microns apart, but walking and flying
Drosophila are able to turn toward the antenna that is
more strongly stimulated (Borst and Heisenberg, 1982;
Duistermars et al., 2009). The mechanisms underlying
this ability had long remained unknown until a study shed
some light on them (Gaudry et al., 2013).

Testing the circuit mechanism

In order to precisely control the spatiotemporal structure
of odor stimulation, Gaudry et al. (2013) made individual
tethered flies walk on a spherical treadmill and observed
their responses to odorized air delivered to one or both
antennae (Fig. 1A4). Flies biased their turns when one
antenna was preferentially stimulated, whereas they
showed no bias upon bilateral antennal stimulation
(Fig. 1Az). What form of circuitry transmits the differential
input to the brain?

The olfactory circuit of a fly is very similar to that of
vertebrates (reviewed in Ache and Young, 2005; Su
etal., 2009). ORNSs expressing the same odorant receptor
converge to a neuropil structure called a glomerulus in the
antennal lobe, a brain region analogous to the vertebrate
olfactory bulb. There they connect to the second-order
PNs, which send the processed signals to the deeper
brain regions. One characteristic of the fly ORNs is that,
unlike those in mammals or other insects, most of them
project axons to both hemispheres in the brain. The sim-
plest mechanism underlying odor localization is that the
unilaterally projecting ORNs (uniORNs) send asymmetric
information (Fig. 2A); however, they are small in number
and their combined receptive field would likely permit only
a limited number of odors to be localized. Therefore, the
first question was whether the bilaterally projecting ORNs
(biORNSs) are sufficient to support odor lateralization.

To address this question, one biORN type innervating
a particular glomerulus was preferentially activated in two
ways. The first was to use an odor that binds with high
affinity to only one ORN type among all the
characterized ORNs. This odor induced biased turning,
which was lost in a mutant where biORNs were
silenced, indicating that uniORNs alone are not
sufficient to localize the odor (Fig. 1B4). The second
was an optogenetic method to more strictly confine the
activation to one ORN type. ChR2 was expressed in a
single ORN type, and light was applied to one of the
antennae. A brief flash of light was sufficient to bias the
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Fig. 1. Aseries of methods applicable to flies. (A) Behavioral analysis. (A1) Schematic of a fly walking on a spherical treadmill. Odors can be applied to
individual or both of the antennae. (A,) Trajectories of a representative fly in response to unilateral, bilateral, or no odor application. Flies bias their turns
toward the side of the stimulated antenna. Gray lines indicate navigation during the pre-odor period. (B) Manipulations of specific genes and neurons.
(B1) An odor that preferentially activates biORNs in glomerulus DM6 evokes biased turns in control flies. This biased navigation is lost in the Orco?
mutant (Larsson et al., 2004) where biORNSs are silenced. Colors represent conditions as in (Ay). (B,) Activation of ChR2-expressing ORNs in just one
glomerulus in one antenna is sufficient to bias the turns. This behavior was not observed in flies without the expression of ChR2. Magenta bar
corresponds to left antennal activation and green corresponds to right antennal activation. (C) Electrophysiological recordings from identified neurons.
(C4) Schematic of the fly olfactory circuit and the recording configuration. Most ORNs innervate a pair of glomeruli bilaterally, one in each hemisphere
where they synapse onto PNs. In these experiments, one antenna was removed to lateralize the ORN input. (C,) A representative dual recording from
an ipsilateral and a contralateral PN in glomerulus DM6. All the spontaneous EPSCs in the two cells are synchronized. (C3) The average spontaneous
EPSC amplitude is larger in ipsilateral PNs (glomerulus DM6). (C,) Ipsilateral PNs fire at a higher rate in response to an odor (glomerulus DM6). (D)
Imaging of neuronal morphology and activity. (D4) Neuronal synaptobrevin-GFP was expressed in DM6 ORNs. One antenna was removed 3 days prior
to the experimentto letit degenerate. Therefore, the fluorescence originates only from ORNs in the remaining antenna. Fluorescent levelis higherin the
ipsilateral glomerulus. Care must be taken to interpret this result because the antennal lobe circuit undergoes plastic changes days after antennal
removal (Berdnik et al., 2006; Kazama et al., 2011). Magenta shows the neuropil structures. Scale bar = 10 pim. (D;) A representative odor-evoked
response of a calcium indicator GCaMP3 (Tian et al., 2009) expressed in DM6 ORNs. The change in fluorescence was higher in the ipsilateral
glomerulus. Scale bar = 10 um. Figure panels were modified with permission from Gaudry et al. (2013).
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Fig. 2. Possible mechanisms underlying odor lateralization. (A) Hypothesis 1. ORNs exclusively innervating the ipsilateral glomeruli send
asymmetric signals. (B) Hypothesis 2. Each biORN contacts a larger number of PNs in the ipsilateral side compared to the contralateral side. (C)
Hypothesis 3. Each biORN contacts all the PNs within the glomerulus, but with stronger synaptic strength in the ipsilateral side.

running direction (Fig. 1B,). These results suggest that
odor localization is mediated by biORNs but not uniORNSs.

How, then, can biORNSs transfer asymmetric input to
their cognate PNs? One possibility was unequal
innervation of PNs by each ORN. If each ORN
contacted a larger number of PNs in the ipsilateral side
compared to the contralateral side, the signal would be
preferentially transmitted to the ipsilateral antennal lobe
(Fig. 2B). To reveal the pattern of connectivity between
ORNSs and PNs within a glomerulus, we had previously
performed dual recordings from pairs of PNs in different
hemispheres but innervated by the same ORN types
(Fig. 1C4; Kazama and Wilson, 2009). Because a spike
in an ORN will always evoke a fast excitatory postsynaptic
current (EPSC) in a PN (Kazama and Wilson, 2008), a
bias in the number of ORNs connected to each PN can
be assessed by counting the number of fast EPSCs in a
pair of PNs (Figs. 1C4, 2B). Surprisingly, recordings
showed that virtually all the EPSCs occurred synchro-
nously in two PNs (Fig. 1C,). These results demonstrated
that the connectivity between ORNs and PNs is all-to-all:
each ORN diverges onto every PN within a glomerulus.
Therefore, the second hypothesis was also rejected
(Fig. 2B).

Testing the synaptic mechanism

Now the potential mechanism was narrowed down to
asymmetric synaptic interactions in the antennal lobe
(Fig. 2C). Upon close inspection of EPSCs in sister
PNs, Gaudry et al. (2013) have found that the average
amplitude was larger in ipsilateral PNs compared to that
in contralateral PNs (Fig. 1C3). Thus, a spike originating
in one ORN had a stronger impact on the ipsilateral
PNs. Accordingly, the odor-evoked spikes were gener-
ated earlier and at a higher rate in the ipsilateral PNs
(Fig. 1Cy).

This difference in synaptic strengths could stem from
pre- and/or postsynaptic factors. Two lines of evidence
supported a presynaptic origin. First, a synaptic
vesicular protein tagged with a fluorescent protein was
more abundant in ipsilateral side when this construct
was expressed in ORNs (Fig. 1D4). Second, odor-
evoked calcium responses in the ORN axon terminals
were again larger in ipsilateral side (Fig. 1Dy). The

magnitude of calcium response was not altered by
pharmacological blockade of neurotransmitter receptors
making the postsynaptic contribution unlikely. In
conclusion, odor localization is mediated by an
asymmetric neurotransmitter release from each ORN
onto PNs in the opposite hemispheres (Fig. 2C).

The ability to identify and functionally probe neurons
was fully capitalized on to reach this conclusion. All the
glomeruli as well as ORNs and PNs innervating them
are identifiable. A set of transgenic lines exists to label
neurons in a particular glomerulus. Recording from two
PNs belonging to the same glomerulus would be a
formidable task without these genetic lines. The
knowledge about odor tuning for many ORN types has
accumulated due to the fact that the same neurons can
be studied repeatedly. It is because of these unique
features that the understanding of sensory processing in
flies is especially advanced in the olfactory circuit
(Wilson, 2013).

CONCLUSIONS AND PERSPECTIVES

In summary, many neurons and circuits are identifiable in
the fly brain. Neurons can be genetically labeled and
controlled to examine their roles in generating specific
behaviors. Electrophysiology and imaging techniques
are applicable to study the computations performed by
individual neurons, and even the entire ensemble of
relevant neurons in a particular region, due to the
numerical simplicity and physical compactness of the
brain. A large set of transgenic lines has been
developed with the aim of manipulating ever smaller
number of neurons in various ways. The combination of
these attributes and tools provides us with a unique
opportunity to better understand the neuronal and circuit
basis of behavior.

Flies live in the same environment as us, assessing
sensory cues and executing actions. Their brain uses
similar neurotransmitters, channels, and wiring modules
as those in mammalian brains. Therefore, it is perhaps
not surprising that our brains employ similar
computations and mechanisms in some cases. The fly
will continue to be useful for understanding the
principles and especially the mechanisms of basic brain
functions. It will also be an interesting challenge to
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inquire into the fly’s hidden repertoire of higher order
capabilities. It is tempting to speculate that the nearly
unexplored protocerebra occupying the large portion of
the fly central brain are responsible for these higher
order functions. Comparative studies across animals
should indicate the qualitative difference in cognitive
functions that are executable by brains with different
complexity. Some evidence already suggests that flies
are able to form a kind of working memory (Neuser
et al., 2008) and make simple decisions (Pick and
Strauss, 2005; Maimon et al., 2008). Drosophila may thus
help reveal the fundamental computations that support at
least the primitive forms of cognitive abilities. Even if the
algorithms behind these computations turn out to be spe-
cific to flies, it will be fascinating to discover an efficient
algorithm that can be implemented with a small number
of computational units.

Acknowledgments—I thank Vivek Jayaraman, Alexandra Tera-
shima, and the members of the Kazama laboratory for comments
on the manuscript. This work was supported by a grant from
RIKEN and Grants-in-Aid for Scientific Research (23680044,
25115732) from the Ministry of Education, Culture, Sports, Sci-
ence and Technology of Japan.

REFERENCES

Ache BW, Young JM (2005) Olfaction: diverse species, conserved
principles. Neuron 48:417-430.

Ahrens MB, Li JM, Orger MB, Robson DN, Schier AF, Engert F,
Portugues R (2012) Brain-wide neuronal dynamics during motor
adaptation in zebrafish. Nature 485:471-477.

Ahrens MB, Orger MB, Robson DN, Li JM, Keller PJ (2013) Whole-
brain functional imaging at cellular resolution using light-sheet
microscopy. Nat Methods 10:413-420.

Akerboom J, Chen TW, Wardill TJ, Tian L, Marvin JS, Mutlu S,
Calderon NC, Esposti F, Borghuis BG, Sun XR, Gordus A, Orger
MB, Portugues R, Engert F, Macklin JJ, Filosa A, Aggarwal A,
Kerr RA, Takagi R, Kracun S, Shigetomi E, Khakh BS, Baier H,
Lagnado L, Wang SS, Bargmann CI, Kimmel BE, Jayaraman V,
Svoboda K, Kim DS, Schreiter ER, Looger LL (2012) Optimization
of a GCaMP calcium indicator for neural activity imaging. J
Neurosci 32:13819-13840.

Baines RA, Uhler JP, Thompson A, Sweeney ST, Bate M (2001)
Altered electrical properties in Drosophila neurons developing
without synaptic transmission. J Neurosci 21:1523—-1531.

Baker BS, Taylor BJ, Hall JC (2001) Are complex behaviors specified
by dedicated regulatory genes? Reasoning from Drosophila. Cell
105:13-24.

Benton R, Vannice KS, Gomez-Diaz C, Vosshall LB (2009) Variant
ionotropic glutamate receptors as chemosensory receptors in
Drosophila. Cell 136:149-162.

Berdnik D, Chihara T, Couto A, Luo L (2006) Wiring stability of the
adult Drosophila olfactory circuit after lesion. J Neurosci
26:3367-3376.

Bhandawat V, Olsen SR, Schlief ML, Gouwens NW, Wilson RI (2007)
Sensory processing in the Drosophila antennal lobe increases the
reliability and separability of ensemble odor representations. Nat
Neurosci 10:1474—1482.

Borst A, Heisenberg M (1982) Osmotropotaxis in Drosophila
melanogaster. J Comp Physiol A 147:479-484.

Brand AH, Perrimon N (1993) Targeted gene expression as a means
of altering cell fates and generating dominant phenotypes.
Development 118:401—-415.

Branson K, Robie AA, Bender J, Perona P, Dickinson MH (2009)
High-throughput ethomics in large groups of Drosophila. Nat
Methods 6:451-457.

Burke CJ, Huetteroth W, Owald D, Perisse E, Krashes MJ, Das G,
Gohl D, Silies M, Certel S, Waddell S (2012) Layered reward
signalling through octopamine and dopamine in Drosophila.
Nature 492:433-437.

Cachero S, Ostrovsky AD, Yu JY, Dickson BJ, Jefferis GS (2010)
Sexual dimorphism in the fly brain. Curr Biol 20:1589-1601.
Cao G, Platisa J, Pieribone VA, Raccuglia D, Kunst M, Nitabach MN
(2013) Genetically targeted optical electrophysiology in intact

neural circuits. Cell 154:904-913.

Carandini M, Heeger DJ (2012) Normalization as a canonical neural
computation. Nat Rev Neurosci 13:51-62.

Caron SJ, Ruta V, Abbott LF, Axel R (2013) Random convergence of
olfactory inputs in the Drosophila mushroom body. Nature
497:113-117.

Chen TW, Wardill TJ, Sun Y, Pulver SR, Renninger SL, Baohan A,
Schreiter ER, Kerr RA, Orger MB, Jayaraman V, Looger LL,
Svoboda K, Kim DS (2013) Ultrasensitive fluorescent proteins for
imaging neuronal activity. Nature 499:295-300.

Chiang A-S, Lin C-Y, Chuang C-C, Chang H-M, Hsieh C-H, Yeh C-W,
Shih C-T, Wu J-J, Wang G-T, Chen Y-C, Wu C-C, Chen G-Y,
Ching Y-T, Lee P-C, Lin C-Y, Lin H-H, Wu C-C, Hsu H-W, Huang
Y-A, Chen J-Y, Chiang H-J, Lu C-F, Ni R-F, Yeh C-Y, Hwang J-K
(2011) Three-dimensional reconstruction of brain-wide wiring
networks in Drosophila at single-cell resolution. Curr Biol 21:1-11.

Chiappe ME, Seelig JD, Reiser MB, Jayaraman V (2010) Walking
modulates speed sensitivity in Drosophila motion vision. Curr Biol
20:1470-1475.

Chou YH, Spletter ML, Yaksi E, Leong JC, Wilson RI, Luo L (2010)
Diversity and wiring variability of olfactory local interneurons in the
Drosophila antennal lobe. Nat Neurosci 13:439-449.

Connolly JB, Roberts IJ, Armstrong JD, Kaiser K, Forte M, Tully T,
O’Kane CJ (1996) Associative learning disrupted by impaired Gs
signaling in  Drosophila  mushroom bodies. Science
274:2104-2107.

Couto A, Alenius M, Dickson BJ (2005) Molecular, anatomical, and
functional organization of the Drosophila olfactory system. Curr
Biol 15:1535—-1547.

Cumming BG, DeAngelis GC (2001) The physiology of stereopsis.
Annu Rev Neurosci 24:203—-238.

Dankert H, Wang L, Hoopfer ED, Anderson DJ, Perona P (2009)
Automated monitoring and analysis of social behavior in
Drosophila. Nat Methods 6:297-303.

Datta SR, Vasconcelos ML, Ruta V, Luo S, Wong A, Demir E, Flores
J, Balonze K, Dickson BJ, Axel R (2008) The Drosophila
pheromone cVA activates a sexually dimorphic neural circuit.
Nature 452:473-477.

Davis RL (2011) Traces of Drosophila memory. Neuron 70:8—19.

de Belle JS, Heisenberg M (1994) Associative odor learning in
Drosophila abolished by chemical ablation of mushroom bodies.
Science 263:692—695.

de Bruyne M, Clyne PJ, Carlson JR (1999) Odor coding in a model
olfactory organ: the Drosophila maxillary palp. J Neurosci
19:4520-4532.

de Bruyne M, Foster K, Carlson JR (2001) Odor coding in the
Drosophila antenna. Neuron 30:537-552.

Dickson BJ (2008) Wired for sex: the neurobiology of Drosophila
mating decisions. Science 322:904-909.

Dubnau J, Grady L, Kitamoto T, Tully T (2001) Disruption of
neurotransmission in Drosophila mushroom body blocks
retrieval but not acquisition of memory. Nature 411:476—-480.

Duistermars BJ, Chow DM, Frye MA (2009) Flies require bilateral
sensory input to track odor gradients in flight. Curr Biol
19:1301-1307.

Fenno L, Yizhar O, Deisseroth K (2011) The development and
application of optogenetics. Annu Rev Neurosci 34:389-412.
Fisek M, Wilson RI (2014) Stereotyped connectivity and
computations in higher-order olfactory neurons. Nat Neurosci

17:280-288.


http://refhub.elsevier.com/S0306-4522(14)00520-X/h0005
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0005
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0010
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0010
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0010
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0015
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0015
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0015
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0020
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0020
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0020
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0020
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0020
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0020
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0020
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0020
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0025
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0025
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0025
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0030
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0030
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0030
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0035
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0035
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0035
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0040
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0040
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0040
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0045
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0045
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0045
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0045
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0050
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0050
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0055
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0055
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0055
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0060
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0060
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0060
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0065
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0065
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0065
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0065
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0070
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0070
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0075
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0075
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0075
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0080
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0080
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0085
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0085
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0085
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0090
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0090
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0090
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0090
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0095
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0095
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0095
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0095
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0095
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0095
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0100
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0100
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0100
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0105
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0105
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0105
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0110
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0110
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0110
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0110
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0115
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0115
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0115
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0120
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0120
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0125
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0125
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0125
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0130
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0130
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0130
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0130
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0135
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0140
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0140
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0140
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0145
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0145
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0145
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0150
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0150
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0155
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0155
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0160
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0160
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0160
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0165
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0165
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0165
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0170
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0170
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0175
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0175
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0175

12 H. Kazama [ Neuroscience 296 (2015) 3—14

Fishilevich E, Vosshall LB (2005) Genetic and functional subdivision
of the Drosophila antennal lobe. Curr Biol 15:1548-1553.

Flood TF, Gorczyca M, White BH, Ito K, Yoshihara M (2013a) A
large-scale behavioral screen to identify neurons controlling motor
programs in the Drosophila brain. G3 (Bethesda) 3:1629-1637.

Flood TF, Iguchi S, Gorczyca M, White B, Ito K, Yoshihara M (2013b)
A single pair of interneurons commands the Drosophila feeding
motor program. Nature 499:83-87.

Gaudry Q, Hong EJ, Kain J, de Bivort BL, Wilson RI (2013)
Asymmetric neurotransmitter release enables rapid odour
lateralization in Drosophila. Nature 493:424-428.

Gazzaniga M, Ivry RB, Mangun GR (2013) Cognitive neuroscience:
the biology of the mind (fourth edition).

Grothe B, Pecka M, McAlpine D (2010) Mechanisms of sound
localization in mammals. Physiol Rev 90:983-1012.

Gruntman E, Turner GC (2013) Integration of the olfactory code
across dendritic claws of single mushroom body neurons. Nat
Neurosci 16:1821-1829.

Hallem EA, Carlson JR (2006) Coding of odors by a receptor
repertoire. Cell 125:143-160.

Hamada FN, Rosenzweig M, Kang K, Pulver SR, Ghezzi A, Jegla TJ,
Garrity PA (2008) An internal thermal sensor controlling
temperature preference in Drosophila. Nature 454:217-220.

Hayashi S, lto K, Sado Y, Taniguchi M, Akimoto A, Takeuchi H,
Aigaki T, Matsuzaki F, Nakagoshi H, Tanimura T, Ueda R,
Uemura T, Yoshihara M, Goto S (2002) GETDB, a database
compiling expression patterns and molecular locations of a
collection of gal4 enhancer traps. Genesis 34:58-61.

Hidalgo A, Brand AH (1997) Targeted neuronal ablation: the role of
pioneer neurons in guidance and fasciculation in the CNS of
Drosophila. Development 124:3253-3262.

Inagaki HK, Jung Y, Hoopfer ED, Wong AM, Mishra N, Lin JY, Tsien
RY, Anderson DJ (2014) Optogenetic control of Drosophila using
a red-shifted channelrhodopsin reveals experience-dependent
influences on courtship. Nat Methods 11:325-332.

lto M, Masuda N, Shinomiya K, Endo K, Ito K (2013) Systematic
analysis of neural projections reveals clonal composition of the
Drosophila brain. Curr Biol 23:644—655.

Jefferis GS, Marin EC, Stocker RF, Luo L (2001) Target neuron
prespecification in the olfactory map of Drosophila. Nature
414:204-208.

Jefferis GS, Potter CJ, Chan AM, Marin EC, Rohlfing T, Maurer Jr
CR, Luo L (2007) Comprehensive maps of Drosophila higher
olfactory centers: spatially segregated fruit and pheromone
representation. Cell 128:1187-1203.

Jenett A, Rubin GM, Ngo TT, Shepherd D, Murphy C, Dionne H,
Pfeiffer BD, Cavallaro A, Hall D, Jeter J, lyer N, Fetter D,
Hausenfluck JH, Peng H, Trautman ET, Svirskas RR, Myers EW,
Iwinski ZR, Aso Y, DePasquale GM, Enos A, Hulamm P, Lam SC,
Li HH, Laverty TR, Long F, Qu L, Murphy SD, Rokicki K, Safford
T, Shaw K, Simpson JH, Sowell A, Tae S, Yu Y, Zugates CT
(2012) A GAL4-driver line resource for Drosophila neurobiology.
Cell Rep 2:991-1001.

Joesch M, Plett J, Borst A, Reiff DF (2008) Response properties of
motion-sensitive visual interneurons in the lobula plate of
Drosophila melanogaster. Curr Biol 18:368—374.

Kabra M, Robie AA, Rivera-Alba M, Branson S, Branson K (2013)
JAABA: interactive machine learning for automatic annotation of
animal behavior. Nat Methods 10:64-67.

Kamikouchi A, Inagaki HK, Effertz T, Hendrich O, Fiala A, G&pfert
MC, Ito K (2009) The neural basis of Drosophila gravity-sensing
and hearing. Nature 458:165-171.

Kazama H, Wilson RI (2008) Homeostatic matching and nonlinear
amplification at identified central synapses. Neuron 58:401-413.

Kazama H, Wilson RI (2009) Origins of correlated activity in an
olfactory circuit. Nat Neurosci 12:1136-1144.

Kazama H, Yaksi E, Wilson RI (2011) Cell death triggers olfactory
circuit plasticity via glial signaling in Drosophila. J Neurosci
31:7619-7630.

Keene AC, Waddell S (2007) Drosophila olfactory memory: single
genes to complex neural circuits. Nat Rev Neurosci 8:341-354.

Kitamoto T (2001) Conditional modification of behavior in Drosophila
by targeted expression of a temperature-sensitive shibire allele in
defined neurons. J Neurobiol 47:81-92.

Klapoetke NC, Murata Y, Kim SS, Pulver SR, Birdsey-Benson A, Cho
YK, Morimoto TK, Chuong AS, Carpenter EJ, Tian Z, Wang J, Xie
Y, Yan Z, Zhang Y, Chow BY, Surek B, Melkonian M, Jayaraman
V, Constantine-Paton M, Wong GK, Boyden ES (2014)
Independent optical excitation of distinct neural populations. Nat
Methods 11:338-346.

Kohl J, Ostrovsky AD, Frechter S, Jefferis GS (2013) A bidirectional
circuit switch reroutes pheromone signals in male and female
brains. Cell 155:1610-1623.

Krashes MJ, Keene AC, Leung B, Armstrong JD, Waddell S (2007)
Sequential use of mushroom body neuron subsets during
drosophila odor memory processing. Neuron 53:103—115.

Lai SL, Lee T (2006) Genetic mosaic with dual binary transcriptional
systems in Drosophila. Nat Neurosci 9:703-709.

Larsson MC, Domingos Al, Jones WD, Chiappe ME, Amrein H,
Vosshall LB (2004) Or83b encodes a broadly expressed
odorant receptor essential for Drosophila olfaction. Neuron
43:703-714.

Lee T, Luo L (1999) Mosaic analysis with a repressible cell marker for
studies of gene function in neuronal morphogenesis. Neuron
22:451-461.

Lehnert BP, Baker AE, Gaudry Q, Chiang AS, Wilson RI (2013)
Distinct roles of TRP channels in auditory transduction and
amplification in Drosophila. Neuron 77:115-128.

Li H, Li Y, Lei Z, Wang K, Guo A (2013) Transformation of odor
selectivity from projection neurons to single mushroom body
neurons mapped with dual-color calcium imaging. Proc Natl Acad
Sci USA 110:12084—12089.

Lima SQ, Miesenbock G (2005) Remote control of behavior through
genetically targeted photostimulation of neurons. Cell
121:141-152.

Lin DM, Auld VJ, Goodman CS (1995) Targeted neuronal cell
ablation in the Drosophila embryo: pathfinding by follower growth
cones in the absence of pioneers. Neuron 14:707-715.

Lin HH, Lai JS, Chin AL, Chen YC, Chiang AS (2007) A map of
olfactory representation in the Drosophila mushroom body. Cell
128:1205-1217.

Lin JY, Knutsen PM, Muller A, Kleinfeld D, Tsien RY (2013) ReaChR:
a red-shifted variant of channelrhodopsin enables deep
transcranial optogenetic excitation. Nat Neurosci 16:1499-1508.

Liu C, Placais PY, Yamagata N, Pfeiffer BD, Aso Y, Friedrich AB,
Siwanowicz |, Rubin GM, Preat T, Tanimoto H (2012) A subset of
dopamine neurons signals reward for odour memory in
Drosophila. Nature 488:512-516.

Luan H, Peabody NC, Vinson CR, White BH (2006) Refined spatial
manipulation of neuronal function by combinatorial restriction of
transgene expression. Neuron 52:425-436.

Maimon G (2011) Modulation of visual physiology by behavioral state
in monkeys, mice, and flies. Curr Opin Neurobiol 21:559-564.
Maimon G, Straw AD, Dickinson MH (2008) A simple vision-based
algorithm for decision making in flying Drosophila. Curr Biol

18:464-470.

Maimon G, Straw AD, Dickinson MH (2010) Active flight increases
the gain of visual motion processing in Drosophila. Nat Neurosci
13:393-399.

Maisak MS, Haag J, Ammer G, Serbe E, Meier M, Leonhardt A,
Schilling T, Bahl A, Rubin GM, Nern A, Dickson BJ, Reiff DF,
Hopp E, Borst A (2013) A directional tuning map of Drosophila
elementary motion detectors. Nature 500:212-216.

Manseau L, Baradaran A, Brower D, Budhu A, Elefant F, Phan H,
Philp AV, Yang M, Glover D, Kaiser K, Palter K, Selleck S (1997)
GAL4 enhancer traps expressed in the embryo, larval brain,
imaginal discs, and ovary of Drosophila. Develop Dynam
209:310-322.

Marella S, Fischler W, Kong P, Asgarian S, Rueckert E, Scott K
(2006) Imaging taste responses in the fly brain reveals a
functional map of taste category and behavior. Neuron
49:285-295.


http://refhub.elsevier.com/S0306-4522(14)00520-X/h0180
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0180
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0185
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0185
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0185
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0190
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0190
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0190
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0195
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0195
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0195
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0205
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0205
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0210
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0210
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0210
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0215
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0215
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0220
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0220
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0220
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0225
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0225
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0225
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0225
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0225
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0230
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0230
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0230
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0235
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0235
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0235
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0235
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0240
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0240
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0240
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0245
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0245
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0245
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0250
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0250
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0250
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0250
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0255
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0255
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0255
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0255
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0255
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0255
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0255
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0255
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0260
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0260
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0260
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0265
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0265
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0265
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0270
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0270
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0270
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0275
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0275
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0280
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0280
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0285
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0285
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0285
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0290
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0290
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0295
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0295
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0295
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0300
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0300
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0300
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0300
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0300
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0300
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0305
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0305
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0305
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0310
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0310
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0310
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0315
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0315
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0320
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0320
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0320
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0320
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0325
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0325
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0325
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0330
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0330
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0330
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0335
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0335
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0335
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0335
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0340
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0340
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0340
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0345
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0345
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0345
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0350
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0350
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0350
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0355
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0355
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0355
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0360
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0360
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0360
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0360
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0365
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0365
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0365
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0370
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0370
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0375
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0375
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0375
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0380
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0380
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0380
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0385
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0385
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0385
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0385
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0390
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0390
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0390
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0390
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0390
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0395
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0395
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0395
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0395

H. Kazama [ Neuroscience 296 (2015) 3—14 13

Marin EC, Jefferis GS, Komiyama T, Zhu H, Luo L (2002)
Representation of the glomerular olfactory map in the
Drosophila brain. Cell 109:243-255.

McGuire SE, Le PT, Davis RL (2001) The role of Drosophila mushroom
body signaling in olfactory memory. Science 293:1330-1333.
McGuire SE, Le PT, Osborn AJ, Matsumoto K, Davis RL (2003)
Spatiotemporal rescue of memory dysfunction in Drosophila.

Science 302:1765—-1768.

Murthy M, Fiete I, Laurent G (2008) Testing odor response stereotypy
in the Drosophila mushroom body. Neuron 59:1009-1023.

Nagel G, Szellas T, Huhn W, Kateriya S, Adeishvili N, Berthold P,
Ollig D, Hegemann P, Bamberg E (2003) Channelrhodopsin-2, a
directly light-gated cation-selective membrane channel. Proc Natl
Acad Sci USA 100:13940-13945.

Neuser K, Triphan T, Mronz M, Poeck B, Strauss R (2008) Analysis of
a spatial orientaton memory in  Drosophila. Nature
453:1244-1247.

Ng M, Roorda RD, Lima SQ, Zemelman BV, Morcillo P, Miesenbock
G (2002) Transmission of olfactory information between three
populations of neurons in the antennal lobe of the fly. Neuron
36:463-474.

Nitabach MN, Blau J, Holmes TC (2002) Electrical silencing of
Drosophila pacemaker neurons stops the free-running circadian
clock. Cell 109:485—495.

Nitabach MN, Wu Y, Sheeba V, Lemon WC, Strumbos J, Zelensky
PK, White BH, Holmes TC (2006) Electrical hyperexcitation of
lateral ventral pacemaker neurons desynchronizes downstream
circadian oscillators in the fly circadian circuit and induces multiple
behavioral periods. J Neurosci 26:479-489.

Olsen SR, Wilson RI (2008a) Cracking neural circuits in a tiny brain:
new approaches for understanding the neural circuitry of
Drosophila. Trends Neurosci 31:512-520.

Olsen SR, Wilson RI (2008b) Lateral presynaptic inhibition mediates
gain control in an olfactory circuit. Nature 452:956-960.

Olsen SR, Bhandawat V, Wilson RI (2010) Divisive normalization in
olfactory population codes. Neuron 66:287—299.

Otsuna H, Ito K (2006) Systematic analysis of the visual projection
neurons of Drosophila melanogaster. |. Lobula-specific pathways.
J Comp Neurol 497:928-958.

Packer AM, Roska B, Hausser M (2013) Targeting neurons and
photons for optogenetics. Nat Neurosci 16:805-815.

Paradis S, Sweeney ST, Davis GW (2001) Homeostatic control of
presynaptic release is triggered by postsynaptic membrane
depolarization. Neuron 30:737-749.

Pfeiffer BD, Jenett A, Hammonds AS, Ngo TT, Misra S, Murphy C,
Scully A, Carlson JW, Wan KH, Laverty TR, Mungall C, Svirskas
R, Kadonaga JT, Doe CQ, Eisen MB, Celniker SE, Rubin GM
(2008) Tools for neuroanatomy and neurogenetics in Drosophila.
Proc Natl Acad Sci USA 105:9715-9720.

Pfeiffer BD, Ngo TT, Hibbard KL, Murphy C, Jenett A, Truman JW,
Rubin GM (2010) Refinement of tools for targeted gene
expression in Drosophila. Genetics 186:735—-755.

Pick S, Strauss R (2005) Goal-driven behavioral adaptations in gap-
climbing Drosophila. Curr Biol 15:1473-1478.

Porter J, Anand T, Johnson B, Khan RM, Sobel N (2005) Brain
mechanisms for extracting spatial information from smell. Neuron
47:581-592.

Porter J, Craven B, Khan RM, Chang SJ, Kang |, Judkewitz B, Volpe
J, Settles G, Sobel N (2007) Mechanisms of scent-tracking in
humans. Nat Neurosci 10:27-29.

Potter CJ, Tasic B, Russler EV, Liang L, Luo L (2010) The Q system:
a repressible binary system for transgene expression, lineage
tracing, and mosaic analysis. Cell 141:536-548.

Rajan R, Clement JP, Bhalla US (2006) Rats smell in stereo. Science
311:666-670.

Rodan AR, Kiger Jr JA, Heberlein U (2002) Functional dissection of
neuroanatomical loci regulating ethanol sensitivity in Drosophila. J
Neurosci 22:9490-9501.

Root CM, Masuyama K, Green DS, Enell LE, Nassel DR, Lee CH,
Wang JW (2008) A presynaptic gain control mechanism fine-
tunes olfactory behavior. Neuron 59:311-321.

Ruta V, Datta SR, Vasconcelos ML, Freeland J, Looger LL, Axel R
(2010) A dimorphic pheromone circuit in Drosophila from sensory
input to descending output. Nature 468:686—690.

Seelig JD, Jayaraman V (2013) Feature detection and orientation
tuning in the Drosophila central complex. Nature 503:262—-266.

Seelig JD, Chiappe ME, Lott GK, Dutta A, Osborne JE, Reiser MB,
Jayaraman V (2010) Two-photon calcium imaging from head-
fixed Drosophila during optomotor walking behavior. Nat Methods
7:535-540.

Sheeba V, Sharma VK, Gu H, Chou YT, O’'Dowd DK, Holmes TC
(2008) Pigment dispersing factor-dependent and -independent
circadian locomotor behavioral rhythms. J Neurosci 28:217-227.

Silbering AF, Rytz R, Grosjean Y, Abuin L, Ramdya P, Jefferis GS,
Benton R (2011) Complementary function and integrated wiring of
the evolutionarily distinct Drosophila olfactory subsystems. J
Neurosci 31:13357-13375.

Simpson JH (2009) Mapping and manipulating neural circuits in the
fly brain. Adv Genet 65:79-143.

Strother JA, Nern A, Reiser MB (2014) Direct observation of ON and
OFF pathways in the Drosophila visual system. Curr Biol
24:976-983.

Su CY, Menuz K, Carlson JR (2009) Olfactory perception: receptors,
cells, and circuits. Cell 139:45-59.

Suh GS, Ben-Tabou de Leon S, Tanimoto H, Fiala A, Benzer S,
Anderson DJ (2007) Light activation of an innate olfactory
avoidance response in Drosophila. Curr Biol 17:905-908.

Suver MP, Mamiya A, Dickinson MH (2012) Octopamine neurons
mediate flight-induced modulation of visual processing in
Drosophila. Curr Biol 22:2294-2302.

Takemura SY, Bharioke A, Lu Z, Nern A, Vitaladevuni S, Rivlin PK,
Katz WT, Olbris DJ, Plaza SM, Winston P, Zhao T, Horne JA,
Fetter RD, Takemura S, Blazek K, Chang LA, Ogundeyi O,
Saunders MA, Shapiro V, Sigmund C, Rubin GM, Scheffer LK,
Meinertzhagen IA, Chklovskii DB (2013) A visual motion detection
circuit suggested by Drosophila connectomics. Nature
500:175-181.

Tanaka NK, Endo K, Ito K (2012) Organization of antennal lobe-
associated neurons in adult Drosophila melanogaster brain. J
Comp Neurol 520:4067-4130.

Thum AS, Knapek S, Rister J, Dierichs-Schmitt E, Heisenberg M,
Tanimoto H (2006) Differential potencies of effector genes in adult
Drosophila. J Comp Neurol 498:194-203.

Tian L, Hires SA, Mao T, Huber D, Chiappe ME, Chalasani SH,
Petreanu L, Akerboom J, McKinney SA, Schreiter ER, Bargmann
Cl, Jayaraman V, Svoboda K, Looger LL (2009) Imaging neural
activity in worms, flies and mice with improved GCaMP calcium
indicators. Nat Methods 6:875-881.

Tootoonian S, Coen P, Kawai R, Murthy M (2012) Neural
representations of courtship song in the Drosophila brain. J
Neurosci 32:787-798.

Turner GC, Bazhenov M, Laurent G (2008) Olfactory representations
by Drosophila mushroom body neurons. J Neurophysiol
99:734-746.

van der Goes van Naters W, Carlson JR (2007) Receptors and
neurons for fly odors in Drosophila. Curr Biol 17:606-612.

Villella A, Hall JC (2008) Neurogenetics of courtship and mating in
Drosophila. Adv Genet 62:67—184.

von Bekesy G (1964) Olfactory analogue to directional hearing. J
Appl Physiol 19:369-373.

von Philipsborn AC, Liu T, Yu JY, Masser C, Bidaye SS, Dickson BJ
(2011) Neuronal control of Drosophila courtship song. Neuron
69:509-522.

Vosshall LB (2007) Into the mind of a fly. Nature 450:193-197.

Wang JW, Wong AM, Flores J, Vosshall LB, Axel R (2003) Two-
photon calcium imaging reveals an odor-evoked map of activity in
the fly brain. Cell 112:271-282.

Weir PT, Schnell B, Dickinson MH (2014) Central complex neurons
exhibit behaviorally gated responses to visual motion in
Drosophila. J Neurophysiol 111:62—71.

White BH, Osterwalder TP, Yoon KS, Joiner WJ, Whim MD,
Kaczmarek LK, Keshishian H (2001) Targeted attenuation of


http://refhub.elsevier.com/S0306-4522(14)00520-X/h0400
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0400
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0400
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0405
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0405
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0410
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0410
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0410
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0415
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0415
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0420
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0420
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0420
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0420
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0425
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0425
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0425
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0430
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0430
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0430
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0430
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0435
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0435
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0435
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0440
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0440
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0440
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0440
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0440
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0445
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0445
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0445
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0450
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0450
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0455
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0455
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0460
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0460
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0460
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0465
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0465
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0470
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0470
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0470
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0475
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0475
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0475
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0475
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0475
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0480
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0480
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0480
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0485
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0485
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0490
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0490
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0490
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0495
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0495
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0495
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0500
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0500
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0500
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0505
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0505
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0510
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0510
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0510
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0515
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0515
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0515
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0520
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0520
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0520
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0525
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0525
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0530
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0530
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0530
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0530
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0535
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0535
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0535
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0540
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0540
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0540
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0540
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0545
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0545
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0550
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0550
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0550
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0555
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0555
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0560
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0560
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0560
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0565
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0565
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0565
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0570
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0570
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0570
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0570
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0570
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0570
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0570
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0575
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0575
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0575
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0580
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0580
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0580
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0585
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0585
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0585
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0585
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0585
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0590
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0590
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0590
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0595
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0595
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0595
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0600
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0600
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0605
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0605
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0610
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0610
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0615
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0615
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0615
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0620
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0625
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0625
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0625
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0630
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0630
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0630
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0635
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0635

14 H. Kazama [ Neuroscience 296 (2015) 3—14

electrical activity in Drosophila using a genetically modified K(+)
channel. Neuron 31:699-711.

Wilson Rl (2013) Early olfactory processing in Drosophila:
mechanisms and principles. Annu Rev Neurosci 36:217-241.
Wilson RI, Laurent G (2005) Role of GABAergic inhibition in shaping
odor-evoked spatiotemporal patterns in the Drosophila antennal

lobe. J Neurosci 25:9069-9079.

Wilson RI, Turner GC, Laurent G (2004) Transformation of olfactory
representations in the Drosophila antennal lobe. Science
303:366-370.

Wing JP, Zhou L, Schwartz LM, Nambu JR (1998) Distinct cell killing
properties of the Drosophila reaper, head involution defective, and
grim genes. Cell Death Differ 5:930-939.

Wong AM, Wang JW, Axel R (2002) Spatial representation of the
glomerular map in the Drosophila protocerebrum. Cell
109:229-241.

Yao CA, Ignell R, Carlson JR (2005) Chemosensory coding by
neurons in the coeloconic sensilla of the Drosophila antenna. J
Neurosci 25:8359-8367.

Yorozu S, Wong A, Fischer BJ, Dankert H, Kernan MJ, Kamikouchi A,
Ilto K, Anderson DJ (2009) Distinct sensory representations of
wind and near-field sound in the Drosophila brain. Nature
458:201-205.

Yu JY, Kanai Ml, Demir E, Jefferis GS, Dickson BJ (2010) Cellular
organization of the neural circuit that drives Drosophila courtship
behavior. Curr Biol 20:1602—-1614.

Yu HH, Awasaki T, Schroeder MD, Long F, Yang JS, He Y, Ding P,
Kao JC, Wu GY, Peng H, Myers G, Lee T (2013) Clonal
development and organization of the adult Drosophila central
brain. Curr Biol 23:633-643.

Zhou L, Schnitzler A, Agapite J, Schwartz LM, Steller H, Nambu JR
(1997) Cooperative functions of the reaper and head involution
defective genes in the programmed cell death of Drosophila
central nervous system midline cells. Proc Natl Acad Sci USA
94:5131-5136.

Zwarts L, Versteven M, Callaerts P (2012) Genetics and neurobiology
of aggression in Drosophila. Fly (Austin) 6:35-48.

(Accepted 17 June 2014)
(Available online 25 June 2014)


http://refhub.elsevier.com/S0306-4522(14)00520-X/h0635
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0635
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0640
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0640
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0645
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0645
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0645
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0650
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0650
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0650
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0655
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0655
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0655
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0660
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0660
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0660
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0665
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0665
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0665
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0670
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0670
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0670
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0670
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0675
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0675
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0675
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0680
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0680
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0680
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0680
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0685
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0685
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0685
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0685
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0685
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0690
http://refhub.elsevier.com/S0306-4522(14)00520-X/h0690

	Systems neuroscience in Drosophila: Conceptual and  technical advantages
	Introduction
	Flies display a rich set of behaviors
	Neurons and circuits can be genetically identified
	Neurons are genetically identifiable
	The next generation transgenic lines label ever smaller subsets of neurons
	Genetic methods illuminate the neuronal wiring diagram

	Various transgenes help to dissect the function of circuits
	Inhibiting neuronal activity
	Enhancing neuronal activity

	Investigating the computations and mechanisms
	Physiological methods can be applied with ease
	An ideal place to decipher the population code
	Neuronal activity can be measured in behaving animals

	An example study: neural mechanisms of odor localization
	Animals compare bilateral inputs to localize odors
	Testing the circuit mechanism
	Testing the synaptic mechanism

	Conclusions and perspectives
	Acknowledgments
	References


