Targeted manipulation of neuronal activity in behaving adult
flies

The ability to control the activity of specific neurons in freely behaving animals provides an
effective way to probe the contributions of neural circuits to behavior. Wide interest in
studying principles of neural circuit function using the fruit fly Drosophila melanogaster
has fueled the construction of an extensive transgenic toolkit for performing such neural
manipulations. Here we describe approaches for using these tools to manipulate the
activity of specific neurons and assess how those manipulations impact the behavior of
flies. We also describe methods for examining connectivity among multiple neurons that
together form a neural circuit controlling a specific behavior. This work provides a resource
for researchers interested in examining how neurons and neural circuits contribute to the

rich repertoire of behaviors performed by flies.
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ABSTRACT

The ability to control the activity of specific neurons in
freely behaving animals provides an effective way to probe
the contributions of neural circuits to behavior. Wide
interest in studying principles of neural circuit function
using the fruit fly Drosophila melanogaster has fueled
the construction of an extensive transgenic toolkit for
performing such neural manipulations. Here we describe
approaches for using these tools to manipulate the activity
of specific neurons and assess how those manipulations
impact the behavior of flies. We also describe methods
for examining connectivity among multiple neurons
that together form a neural circuit controlling a specific
behavior. This work provides a resource for researchers
interested in examining how neurons and neural circuits
contribute to the rich repertoire of behaviors performed
by flies.

1. INTRODUCTION

The study of behavior often requires watching an animal
move its body to accomplish different tasks. This is because
the performance of any behavior requires movement of
some part of the body. For example, a fruit fly moves a wing
to sing a courtship song, a fish moves its tail fin to swim away
from a predator, or a human moves his or her fingers to type
the letters that make up a book chapter. To study behavior,
one must ultimately confront the problem of how to observe
the movements being performed and how to quantify them
(Anderson and Perona 2014; Egnor and Branson 2016).
Additionally, these very movements may cause technical
challenges when researchers wish to manipulate the
activity of specific neurons while simultaneously assessing
the effect of the manipulation on a behavior.

The field of neuroscience has recently seen a
number of innovations that better equip researchers to

study neural circuit function in freely moving animals. The
first are tools for expressing any protein coding sequence
of interest in behaviorally relevant neurons (Venken et al.
2011b; Huang and Zeng 2013). Many of these expression
systems are integrated into the genome or, in the case of
some vertebrates, introduced into specific brain regions
usingviruses. Thesecond aretoolsandtechniquesdeveloped
for the “remote control” of neuronal activity. For example,
light-gated ion channels enable the manipulation of the
activity of specific neurons using light (Boyden et al. 2005;
Bernstein et al. 2012). Third, methods have been developed
for the recording, classification, and quantification of
behavior. For example, machine vision-based tracking of
animal movement has greatly improved the consistency
and throughput of behavioral analyses (Anderson and
Perona 2014; Egnor and Branson 2016). Finally, additional
tools have been developed to examine the functional
relationships among different neurons that each contribute
to a given behavior. This includes assessment of the
functional connectivity between neurons using genetically
encoded indicators of neural activity (Broussard et al. 2014).
This suite of innovations now empower researchers to
make substantial progress in probing the functions of neural
circuits across a range of different species (White 2016).
These tools can be combined in the fruit fly
(Drosophila melanogaster) to greatly simplify dissection of
the behavioral contributions of specific neurons. This is in
part because of the ease with which flies containing multiple
transgenes can be generated to enable the manipulation
of specific neurons, often at single cell resolution. With
such exquisite specificity, the range of different tools for
visualizing and manipulating behaviorally relevant neurons
can be brought to bear on questions of how neural circuits
control behavior. Another advantage of flies is their
amenability to large-scale screens for identifying previously
unknown behaviorally relevant neurons. Such screens offer
the prospect of uncovering different types of neurons that
together constitute the neural circuit mediating a particular
behavior. Collectively, these different tools and approaches
can be used to study the rich set of innate behaviors
performed by flies such as walking, flight, grooming,
feeding, mating, fighting, and escape. Moreover, behavioral
and circuit-based studies in flies have provided new insights
into basic topics in neuroscience such as learning and
memory, sensory-motor integration, neuromodulation,
sleep, behavioral choice, behavioral sequencing, motor
control, and sensory systems (Huston and Jayaraman 2011;
Yoshihara and Ito 2012; Kaun et al. 2012; Perry and Barron
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2013; Pavlou and Goodwin 2013; Wilson 2013; Tataroglu
and Emery 2014; Borst 2014; Borgmann and Bischges
2015; Owald et al. 2015; Hoopfer 2016; Masek and Keene
2016; McKellar 2016). Given that many of the tools used to
study neural circuits have only recently become available,
we anticipate that the coming years will experience a rapid
growth in our understanding of how neural circuits within
the fruit fly nervous system are organized to produce
particular behaviors.

The aim of this manuscript is to provide a theoretical
and practical resource for both beginning and experienced
researchers who are interested in studying the roles of
neurons and neural circuits in fruit flies. We describe how to
identify and manipulate the activity of behaviorally relevant
neurons in freely behaving flies. This includes information
about expression systems, reagents for manipulating
neural activity, behavioral hardware, rearing flies for neural
manipulation experiments, and assessing the behavioral
impact of neural manipulations. Further, we describe
methods for examining how different identified neurons
are organized into neural circuits to collectively control
behavior. We include discussions about the advantages
and disadvantages of different reagents and approaches
so that the reader can make informed decisions about
the experimental approaches that best suit their needs.
To illustrate different techniques, we refer to experiments
where researchers study neurons whose activation elicits
specific behaviors. However, the approaches discussed here
can be applied to the study many other aspects of nervous
system function.

2. BINARY EXPRESSION SYSTEMS

Critical for probing the neural basis of behavior in flies are
binary expression systems, such as GAL4/UAS, that allow
for visualization and manipulation of behaviorally relevant
neurons (Venken etal.2011b; del Valle Rodriguezetal. 2012).
GAL4 is a yeast-derived transcription factor that binds to its
upstream activating sequence (UAS) to drive transcription
of any coding sequence of interest placed under the control
of UAS. Binary expression systems are designed to take
advantage of the enhancer activity of Drosophila genomic
regulatory elements that control when and where genes will
be expressed in the body (Brand and Perrimon 1993; Duffy
2002). Genomic enhancers are used to direct expression of
GAL4 in different subsets of neurons in enhancer trap or
enhancer fusion transgenic flies. Enhancer traps arise when
a transposable element (for example P element or Minos)
containing a minimal transcriptional promoter upstream
of the GAL4 coding sequence is randomly inserted into
different locations in the genome. The expression pattern
of GAL4 then is then directed by the minimal promoter in
conjunction with genomic regulatory elements that are
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local to the transposable element’s insertion site (O’Kane
and Gehring 1987; Brand and Perrimon 1993). Enhancer
traps are historically the most common method for driving
expression in neural subsets.

Enhancer fusions contain genomic regulatory
elements that are fused with a minimal transcriptional
promoter and GAL4, and then inserted into the genome.
Most enhancer fusion transgenic fly lines were made
with the enhancer fusion inserted into a defined genomic
location that contains the attP target sequence for phiC31
mediated site-specific integration (Groth et al. 2004;
Pfeiffer et al. 2008; Jenett et al. 2012) (Barry Dickson,
personal communication). Many transgenic lines have been
generated, each containing a stably inserted attP sequence
at a different genomic location to provide different possible
sites for integration (Groth et al. 2004; Venken et al. 2006;
Bischof et al. 2007; Markstein et al. 2008; Ni et al. 2009;
Knapp et al. 2015). Ideally the attP site is transcriptionally
neutral such that only the specific genomic regulatory
elements in the enhancer fusion direct the expression
pattern of GAL4. Insertion of the enhancer fusion into
an attP site offers the advantage that it avoids unwanted
behavioral consequences of random insertions into different
genomic locations. This is in contrast to the transposable
element method used for enhancer traps that can introduce
mutations (Spradling et al. 1999). Importantly, enhancer
fusion transgenic fly lines can easily be remade because
the sequences of the genomic fragments and attP insertion
sites are known (Pfeiffer et al. 2008). In contrast, enhancer
trap-based lines cannot be easily remade in the case the fly
stock is lost.

Thousands of enhancer trap and enhancer fusion
GAL4 transgenic fly lines have been generated, whose
collective neural expression patterns cover most, if not
all of neurons in the nervous system (Yoshihara and Ito
2000; Gohl et al. 2011; Jenett et al. 2012) (Barry Dickson,
personal communication). Some express GAL4 in specific
neuronal types such as dopaminergic neurons, whereas
others express in an assortment of neurons. The expression
patterns of many GAL4 lines are publicly accessible (e.g.,
http://flweb.janelia.org/cgi-bin/flew.cgi, http://stockcenter.
vdrc.at/control/main) and stocks for several large
collections are available at the Bloomington Drosophila
Stock Center and Vienna Drosophila Resource Center
(http://flystocks.bio.indiana.edu/Browse/gal4/gal4 _main.
htm, http://stockcenter.vdrc.at/control/main). Additional
binary expression systems have been developed for use in
Drosophila such as LexA/LexAop and QF/QUAS (Lai and Lee
2006; Potter et al. 2010; Pfeiffer et al. 2010; Riabinina et al.
2015). The advantage of having multiple binary expression
systems is that they can be used for independent expression
of different coding sequences in the same fly.

GAL4 and other binary expression systems can be
used to express any coding sequence of interest in subsets
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Figure 1. GAL4-mediated expression for visualizing neurons
and manipulating their activity. (a) The GAL4/UAS system:
GAL4 transcription factor binds to the UAS sequence to
direct transcription of a gene of interest (UAS-GFP and UAS-
dTrpAl shown). Genomic regulatory elements that function
as transcriptional enhancers direct the expression of GAL4
to particular cells in the nervous system. (b) Two different
example enhancer GAL4 fusion expression patterns visualized
by expression of GFP in the brain and ventral nervous system.
Samples were co-stained with anti-GFP (green) and an antibody
that marks synapses, anti-Bruchpilot (magenta), for visualizing
the neuropile. Scale bar, 100 um. Images are published in the
following references (Seeds et al. 2014; Hampel et al. 2015).
(c) Thermogenetic activation of neurons within each pattern
using dTrpAl can elicit grooming of the head (left, R18C11-
GALA4) or wing (right, R53A06-GAL4). Flies were imaged while
on a temperature-controlled peltier plate. Arrows point to the
legs performing the grooming movements.

of neurons in the Drosophila CNS (central nervous system)
(Figure 1a). This is accomplished by crossing GAL4 lines to
flies containing a transgene with UAS fused upstream of
the coding sequence. For example, the expression pattern
of a GAL4 line is visualized using a UAS-fused gene for a
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fluorescent protein such as green fluorescent protein (UAS-
GFP, Figure 1b). A variety of fluorescent proteins of different
colors have been identified and developed for visualizing
neurons. Fluorescent proteins can also be fused to proteins
that are targeted to different parts of a neuron such as the
membrane, nucleus, or synapses. Membrane targeting is
useful for visualizing the morphology of an entire neuron,
whereas synaptic targeting marks its inputs and outputs.
Reagents for visualizing neurons have been previously
reviewed in (Venken et al. 2011b; Sivanantharajah and
Zhang 2015). In addition to visualizing subsets of neurons,
GAL4 can be used to express ion channels for manipulating
their activity. This enables experiments to probe the
role(s) of specific neurons in behavior (Figure 1c, discussed
in section 3). Moreover, the activity of neurons can be
visualized during behavior or in response to sensory stimuli
by expressing genetically encoded indicators of neural
activity (discussed in section 8).

3. THERMO- AND OPTOGENETIC NEURAL ACTIVATION

The activity of neurons can be manipulated using a range
of different neural activators or inhibitors (Venken et
al. 2011b; Inagaki et al. 2014; Klapoetke et al. 2014). We
focus our discussion on neural activators that can be
induced acutely using temperature or light. These cation
channels have the advantage that they can be kept inactive
throughout development of the nervous system and then
acutely induced in the adult. Thermogenetic activation
relies on expression cation channels of the transient
receptor potential (TRP) family whose conductances change
significantly in the presence of warmth or cold (dTrpAl
and TRPMS respectively) (Hamada et al. 2008; Peabody et
al. 2009). The type of optogenetic activation described in
this chapter relies on channelrhodopsins that are induced
by particular wavelengths of light, such as blue light-
induced Channelrhodopsin-2 (ChR2) and red light-induced
CsChrimson or ReaChR (Boyden et al. 2005; Lin et al. 2013b;
Inagaki et al. 2014; Klapoetke et al. 2014; Dawydow et
al. 2014). The conductance changes of these channels in
response to temperature or light allow for the “remote”
activation of neurons with tight temporal control in intact
and freely behaving flies.

A critical consideration in designing neural
activation experiments is the temporal dynamics of the
induced channel activities and how these activities impact
the firing behavior of neurons. Some experiments call for
a long duration of neural activation over the course of
many seconds or minutes. Thermogenetic activation via
dTrpAl can drive neuron spiking and affect behavior over
long time courses when exposed to constant warmth
(Parisky et al. 2008; Pulver et al. 2009; Bernstein et al.
2012; Seeds et al. 2014; Hoopfer et al. 2015). However,
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some dTrpAl-activated neurons may show spike frequency
adaptation. For example, the continual activation of
Gr5a gustatory receptor neurons causes a decay in their
spiking within a few seconds, and they are no longer able
to elicit a proboscis extension reflex (Inagaki et al. 2014).
However, brief thermogenetic activation of Gr5a neurons
using an infrared laser can elicit this behavior (Keene and
Masek 2012). These results indicate that longer-duration
thermogenetic activation may cause adaptation in some
types of neurons but not in others. Tonic exposure of
channelrhodopsins to light has also been shown to cause
spike frequency adaptation, which can be circumvented
using pulsed rather than constant photostimulation (Pulver
et al. 2009; Inagaki et al. 2014). However, one form of ChR2
called ChR2-XXL has been developed that has a slower time
course of channel closure, thus enabling longer-duration
neural activation (Dawydow et al. 2014). In the case where
experiments call for more precise and shorter-duration
neural activation, channelrhodopsins offer temporal
precision of neural activation in the millisecond time scale,
as opposed to hundreds of milliseconds for thermogenetic
channels (Boyden et al. 2005; Bath et al. 2014).

Itis important to keep in mind that the temperature
or light changes required for thermo- and optogenetic
activation can cause unwanted secondary effects on
behavior. For example, higher temperatures may increase
grooming behavior or reduce mating (Seeds et al. 2014;
Vaughan et al. 2014). Similarly, optogenetic activation can
introduce confoundingbehavioral artifacts. Forexample, flies
can see the light pulses, which can elicit startle responses,
potentially disrupting ongoing behaviors (Klapoetke et
al. 2014). In the case where vision is not required for the
behavior, these light-induced behavioral artifacts have been
avoided by using blind flies with a homozygous allele of the
norpA gene (de Vries and Clandinin 2013). Exposing flies to
the smallest necessary temperature change or lowest light
power necessary for neural activation can minimize these
secondary behavioral effects.

Red light-activated channelrhodopsins offer
significant advantages over those that are blue light-
activated. As mentioned above, flies can see the blue light
used to activate ChR2 (Yamaguchi et al. 2010), which may
cause confounding behavioral responses to the light. Blue
light also penetrates poorly through the fly cuticle, making it
difficult to deliver enough light to activate ChR2-expressing
neurons in the CNS (Inagaki et al. 2014). Of note, ChR2-
XXL is more sensitive to lower blue-light levels than ChR2,
which enables blue-light activation of neurons in the CNS
(Dawydow et al. 2014). In contrast, CsChrimson and ReaChR
are activated by red light that readily penetrates the cuticle
and effectively activates neurons in the CNS (Inagaki et al.
2014; Klapoetke et al. 2014). Red light is also less visible to
flies, and therefore causes fewer behavioral effects than
blue light (Inagaki et al. 2014; Klapoetke et al. 2014). In this

respect, CsChrimson has an advantage over ReaChR, in that
its peak wavelength sensitivity is further red shifted by about
45 nm (Klapoetke et al. 2014). This longer wavelength is
less visible to flies, further reducing the behavioral artifacts
associated with optogenetic activation.

4. REARING FLIES FOR THERMO-
BEHAVIORAL EXPERIMENTS

AND OPTOGENETIC

Specific conditions should be met when rearing flies for use
in thermo- or optogenetic experiments. For thermogenetic
experiments, flies need to be reared at temperatures that
do not activate dTrpAl or TRPMS8 to avoid ectopic neural
activation during development (< 25 °C for dTrpAl, > 18
°C for TRPMS8) (Hamada et al. 2008; Peabody et al. 2009).
Channelrhodopsin-expressing flies should be kept in dark
containers and/or their vials wrapped in aluminum foil to
prevent neurons from being activated by ambient room
light. Flies also need to be fed the channelrhodopsin
cofactor, all-trans-retinal, because they do not produce
appreciable endogenous levels. Only flies expressing the
ChR2 mutant ChR2-XXL do not require all-trans-retinal
food supplementation (Dawydow et al. 2014), possibly
because its high affinity for all-trans-retinal enables it to
access low endogenous concentrations. Flies expressing
other channelrhodopsins are typically reared on food
supplemented with all-trans-retinal at concentrations
ranging from 0.1 to 0.5 mM (de Vries and Clandinin 2013;
Inagaki et al. 2014; Klapoetke et al. 2014; Reyn et al. 2014;
Hoopfer et al. 2015; Ohyama et al. 2015). Flies have been
reared on regular food and transferred to all-trans-retinal-
supplemented food a few days before they were used
for experiments. However, we find that flies expressing
channelrhodopsin in some neural types that were reared
without all-trans-retinal supplemented food can show
motor defects or lethality (Hampel, Seeds, and Hibbard,
unpublished observations). This indicates that feeding
flies all-trans-retinal throughout development protects
some neurons from potentially detrimental effects of
channelrhodopsin overexpression.

While temperature and light exposure are specific to
the inducers of neural activity, more general factors must be
considered when rearing flies for behavioral experiments.
First, the housing conditions in which flies are reared can
affect their behavior. For example, fliesrearedinisolation are
more aggressive than if they are group housed (Hoffmann
1990; Ueda and Kidokoro 2002; Wang et al. 2008). Housing
also determines whether flies have mated, which affects
many aspects of social behavior. For example, males with
previous mating experience modify their courtship behavior
to increase their chance of future mating success (Saleem et
al. 2014). Mated females show increased rejection towards
males that court them (Connolly and Cook 1973). Therefore,
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Figure 2. Basic optogenetic apparatus (left). Freely behaving fly in an IR illuminated chamber (right). The IR LED indicates that red

light illumination is in progress for optogenetic activation.

it is important to consider whether flies are reared in
isolation or in groups when designing experiments. Second,
the time of day can affect behaviors such as locomotion,
eclosion, feeding, and mating (Allada and Chung 2010). To
ensure consistency of behavioral experiments, many groups
use circadian-entrained flies that are all tested at the same
time of day (Vinayak et al. 2013). Third, hunger influences
fly behaviors such as food searching (Root et al. 2011;
Gruber et al. 2013), innate avoidance (Bracker et al. 2013),
learning (Krashes et al. 2009), and locomotion (Knoppien et
al. 2000; Lee and Park 2004; Albin et al. 2015). Furthermore,
the food recipe and number of flies reared on a particular
volume of food can affect behavior (Guo et al. 1996).
Fourth, flies experience age-dependent changes in behavior
such as their propensity to mate or the degradation of their
locomotor activity (Grotewiel et al. 2005). Therefore, many
experiments use flies that are all the same age. Fifth, flies are
often anesthetized using CO2; however, its use in preparing
flies for behavioral experiments can have dramatic and
long-lasting effects on many different behaviors (Nicolas
and Sillans 1989; Seiger and Kink 1993). Long recovery
times (i.e., 24 hours) have been recommended to mitigate
the effects of CO2 on behavior (Greenspan 2004); however,
other experiments indicate that this may not be long enough
(Barron 2000). Cold anesthesia can be used in place of CO2,
as it is reported to cause less severe behavioral side effects
(Barron 2000). One way to circumvent the behavioral effects
of anesthesiaisto transferflies using an aspirator (Zaninovich
et al. 2013). Sixth, genetic background can affect behavior.
For example, different sub-strains of Canton Special (CS),
a wild-type strain that is frequently used as a control
for behavioral experiments, show remarkably different
behavior in the same experimental paradigm (Colomb and
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Brembs 2014). This shows the importance of controlling for
genetic background in behavioral experiments. Backcrosses
into a common genetic background will ensure consistency
between control and experimental flies.

5. HARDWARE FOR THERMO- AND OPTOGENETIC

BEHAVIORAL EXPERIMENTS

Different systems have been designed for thermo- or
optogenetic manipulation of neural activity in freely
behaving flies. These systems have several common
features: 1) hardware for delivering thermo- or optogenetic
activation to the flies, 2) chambers that are permissive to
the behavior being studied, 3) hardware for recording the
behavior, 4) and a design that enables practical experimental
implementation (e.g., getting flies in and out, cleaning, etc.).
Below we discuss features of behavioral systems that have
been designed to address these different issues.

An advantage of thermogenetic systems is that
they can be relatively simple to build at low cost. The
different systems used for warming or cooling flies include
temperature-controlled rooms or chambers, water baths,
heating blocks or pads, or peltier plates (Marella et al. 2012;
Mann et al. 2013; Flood et al. 2013; Seeds et al. 2014; Sun
et al. 2014; Hampel et al. 2015). Chambers that house the
flies have been designed with features that facilitate rapid
warming such as mesh floors, or heat-conducting floors
that are in direct contact with a heating element (Seeds
et al. 2014; Harris et al. 2015). Alternatively, the flies and/
or chambers can be pre-warmed prior to an experiment
(Keleman et al. 2012; Burke et al. 2012; Seeds et al. 2014;
Asahina et al. 2014). These simple systems expose the fly’s
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entire body to temperature induction that typically occurs
over a time frame of seconds to minutes. More spatially
specificand rapid induction can be achieved by usinginfrared
lasers that produce heat when focused on a particular body
part and thereby activate neurons within the targeted area.
For example, proboscis extension can be elicited when an
infrared laser focused on the mouthparts of an immobilized
fly induces dTrpAl in sugar-sensing gustatory receptor
neurons (Keene and Masek 2012). Taking this approach
one step further, a computer vision-targeted infrared laser
has been devised to precisely warm specific body parts on
a freely walking fly, such as the antennae, head, or thorax,
to locally activate neurons in different parts of the nervous
system (e.g., antennal sensory neurons, brain, or ventral
nervous system) (Bath et al. 2014).

Optogenetic systems illuminate flies with particular
wavelengths of light. This requires a light source (laser- or
LED-based) to illuminate flies from above or below and
a means of controlling the intensity and timing of light
exposure. Different examples and designs are available
for building relatively simple and inexpensive optogenetic
systems for whole-fly illumination (Pulver et al. 2011; de
Vries and Clandinin 2013; Inagaki et al. 2014; Klapoetke et al.
2014). Figure 2 shows an example optogenetics system with
components commonly found in other systems. Systems
have also been developed that direct laser pulses to specific
body parts of a moving fly (Wu et al. 2014). Other systems
restrict light to particular regions of a chamber allowing
flies to “choose” whether the neurons are activated (or
not) by moving into (or out of) the illuminated region, or
coupling neural activation with particular localized features
of a larger chamber, such as odors (Suh et al. 2007; Lin et
al. 2013a; Aso et al. 2014b; Klapoetke et al. 2014; Lin et al.
2015).

Flies must be contained for observation in a
behavioral chamber for experiments where they need to
be freely behaving. It is important to consider that behavior
can be greatly affected by different chamber features such
as the size, accessibility of the walls and ceiling to the
flies, and environment conditions (e.g., presence of food,
other flies, etc.). For example, a male fly will spend less
time courting a female in a large chamber than in a small
chamber wherein the male is always in proximity to the
female (Ewing and Ewing 1984; Zawistowski and Richmond
1987; Griffith and Ejima 2009). Chambers with low ceilings
restrict flies to the floor for studying non-flight behaviors
such as locomotion or grooming (Seeds et al. 2014; Triphan
et al. 2016). Of note, chamber heights that are too low
restrict the performance of behaviors that involve a raised
posture, such as copulation or aggression (Hotta and Benzer
1976; Simon and Dickinson 2010). A systematic study of
chamber conditions has revealed that a 3.5 mm chamber
height is permissive to most non-flight behaviors performed
by Drosophila melanogaster (Simon and Dickinson 2010). A
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chamber with a low ceiling, narrow walls, and a “dead end”
has been designed that prevents flies from turning around,
thus forcing them to walk backwards (Bidaye et al. 2014).
In contrast, chambers can be designed with high ceilings to
permit flight (Reynolds and Frye 2007; Straw et al. 2011;
Ardekani et al. 2013; van Breugel and Dickinson 2014).

Environmental conditions within chambers also
affect the behaviors of flies. For example, a fly may vary
its behavior if there are other flies in the chamber, and
this may be influenced by whether the flies are male or
female. Chambers containing male-female combinations
promote courtship, whereas male-male combinations can
promote aggression. Furthermore, flies are more likely to
show aggressive behavior when female or a food source is
present, and the amount of food within the chamber can
influence the probability and nature of aggressive behavior
(Hoffmann 1987; Chen et al. 2002; Lim et al. 2014). Flies
can also leave pheromones or other chemicals behind in
chambers, which can affect the social behaviors of new
inhabitants (Suh et al. 2004; Wang and Anderson 2010; Lin
et al. 2015). Thus, cleaning chambers between experiments
will reduce residual pheromones that could influence
behavioral outcomes in future experiments (Zawistowski
and Richmond 1987). We have also found that static
electricity within chambers can cause increased grooming,
which may disrupt the performance of a particular behavior
of interest. For example, a static electric field might pull
the antennae out of place, a condition that elicits antennal
grooming (Hampel et al. 2015). Treatment of behavioral
chambers with antistatic agents (e.g., UltraSpray, United
SCP) resolves this problem. These examples demonstrate
the importance of considering environmental conditions in
designing chambers for behavioral experiments.

Although the behaviors of flies can be measured
without directly observing their movements (Mendes et al.
2013; Itskov et al. 2014; Seeds et al. 2014; Albin et al. 2015;
Egnor and Branson 2016), here we focus on video recording
and annotating the movements of flies. Chambers should
not only allow flies to perform the behavior of interest,
but their design must also facilitate the recording of fly
movements such that specific features of the movements
can be annotated. In particular, the height and width of
chambers are important factors to consider with respect
to the camera set up. Chamber height determines the
vertical space in which flies can move, and different
heights require different methods to ensure that flies
are visible at all times. For chambers with high ceilings,
methods have been developed for tracking flies in three-
dimensional space through the use of multiple cameras and
computational reconstruction of flight trajectories (Straw et
al. 2011; Ardekani et al. 2013; van Breugel and Dickinson
2014). For non-flight behaviors, one camera can be used in
conjunction with a low ceiling to restrict flies to the focal
length of the camera lens. The chamber width and camera
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resolution should be empirically determined to ensure that
the recorded video captures features of the fly that are
important for observing the behavior being studied. For
example, measurements of walking trajectory do not require
as high an image resolution or frame rate as observation of
the legs performing grooming movements. Thus, chamber
size should be large enough for viewing the behavior, but
also small enough to enable recording of high-quality video.
In designing the behavioral chambers, one has to ensure
that flies can be well viewed for behavioral annotation.
For example, flies tend to cluster at the periphery of
chambers with vertical walls, and will often climb onto the
walls and ceilings (Simon and Dickinson 2010). This means
that fly bodies will be recorded in multiple orientations
(e.g., dorsal and ventral), which can complicate behavioral
annotation. Flies can be effectively restricted to the floor of
the chamber by treating the walls and ceilings with slippery
transparent coatings (e.g., Sigmacote (Sigma-Aldrich), Rain
X (SOPUS products), or SurfaSil (Thermo Fisher Scientific))
and designing chambers to have walls that slope at an angle
to the floor (Simon and Dickinson 2010; Goda et al. 2014;
Hoopfer et al. 2015).

Proper illumination of flies within the chamber is
critical for obtaining high-quality video recordings. Special
consideration should be given to the type of illumination
used for optogenetic experiments because visible light may
activate neurons expressing channelrhodopsins. Therefore,
many optogenetic recording setups visualize the flies using
infrared illumination (Inagaki et al. 2014; Hoopfer et al.
2015; Hampel et al. 2015). Bear in mind that flies are unable
to see infrared light and are therefore effectively blind
under these conditions, which is a problem for studying
any behavior that relies on vision. Furthermore, filters on
the camera can prevent the bouts of photostimulation from
interfering with visualization of the fly in the video (Figure
2). In contrast, recordings of thermogenetic experiments
can be made using visible or infrared light. The illumination
source can be positioned above or below the behavior
chamber. For set ups in which the camera is mounted above
the behavior chamber, illumination from above allows for
clear visualization of the fly body (Seeds et al. 2014; Hampel
et al. 2015), whereas illumination from below produces a
high-contrast silhouette (Branson et al. 2009; Simon and
Dickinson 2010).

6. ANNOTATING BEHAVIORS ELICITED BY NEURAL
MANIPULATIONS

One effective strategy for identifying behaviorally relevant
neurons and determining how they control behavior is to
use thermo- or optogenetics to manipulate the activity of
neurons within the expression patterns of different GAL4
lines (e.g., enhancer-GAL4/UAS-dTrpA1). Such experiments

require that behavioral performance is readily recognizable
so that it can be effectively annotated and quantified. To
illustrate techniques and approaches for quantifying the
behaviors of freely moving flies in response to neural
manipulations, we focus on experiments with neurons
whose activation elicits specific behaviors. Although we
focus on neural activation, similar experimental approaches
that block neural activity have also revealed how specific
movements are elicited (Gordon and Scott 2009; Mann et
al. 2013). Furthermore, the approaches described here can
be applied to the study of other neural circuit functions and
behaviors.

Behavior can be quantified through manual
annotation of video recordings or by machine vision-based
behavioral tracking (Egnor and Branson 2016). Manual
annotation involves watching videos of an experiment and
annotating behavior “by eye” according to criteria that the
researcher uses to define what a particular behavior is. For
example, walking behavior could be defined as when a fly
moves more than one body length with no pause in leg
movements (Seeds et al. 2014). This manual approach can
be upgraded with the aid of software that enables marking
of behavioral events within the time course of the video
such as VCode (Hagedorn et al. 2008), JWatcher (Blumstein
and Daniel 2007), or BORIS (Friard and Gamba 2016).
Although manual annotation is an effective way to study
behavior, it has the drawbacks of being labor-intensive and
highly dependent on the judgment of the researcher. This
subjective aspect has the potential for inconsistency in
how the same video might be annotated by two different
researchers, or even by the same researcher at different
times. Therefore, machine vision-based behavioral tracking
algorithms have been developed to improve annotation
consistency, throughput rate, and quantitative analysis of
behavior (Anderson and Perona 2014; Egnor and Branson
2016). Such algorithms track multiple statistics of the
trajectories of fliesand/ortheirbody partsthroughtime (e.g.,
translational speed, angular speed, or distance to another
fly), which can be used to define classifiers for particular
behaviors (Dankert et al. 2009; Branson et al. 2009; Robie et
al. 2010; Straw et al. 2011; Tsai and Huang 2012; Donelson
et al. 2012; Schusterreiter and Grossmann 2013; Ardekani
et al. 2013; Bidaye et al. 2014; Dell et al. 2014; Berman et
al. 2014). These statistics can also be fed into supervised
machine-learning algorithms, such as the Janelia Automatic
Animal Behavior Annotator (JAABA), where the researcher
can train new behavior classifiers by manually annotating a
small amount of video based on their own intuition about
the behavior (Branson et al. 2009; Kabra et al. 2013). Other
methods have been developed that do not presuppose
human-assigned behaviors but instead assign behavioral
events based on statistically-defined structure of the
tracked movements (Berman et al. 2014). These different
approaches can provide detailed descriptions of behavior
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through time, allowing for the extraction of quantitative
statistics such as the behavioral duration, frequency, and
probability of transitioning between different behaviors.

One major advantage of flies is their amenability to
high-throughput screens of hundreds or thousands of GAL4
lines to identify those that direct expression in behaviorally
relevant neurons. Because neural activation can elicit
strong behavioral phenotypes that are easy to distinguish
from controls, visual observation has been an effective way
to screen many GAL4 lines quickly. For example, all flies
of a particular GAL4 line will perform the same grooming
behavior when the targeted neurons are activated (Flood
et al. 2013; Seeds et al. 2014; Hampel et al. 2015). Flood
et al. carried out a screen of 835 GAL4 lines to catalog
different behaviors that can be independently elicited
with thermogenetic neural activation, including grooming,
flight, feeding, and egg laying (Flood et al. 2013). This work
provides a great example of the different behaviors that can
be easily observed with neural activation. Other screens
have focused on identifying GAL4 lines that elicit specific
behaviors such as grooming, courtship song, feeding, or
walking (Philipsborn et al. 2011; Seeds et al. 2014; Bidaye
et al. 2014; Hampel et al. 2015; Albin et al. 2015). Tracking
algorithms have been used to screen for GAL4 lines that
express in neurons involved in aggression and climbing
(Asahinaetal.2014; Hoopfer et al. 2015; Triphan et al. 2016),
and are anticipated to be increasingly used for identifying
lines involved in other behaviors. These different screens
have proven to be effective for identifying behaviorally
relevant neurons. Furthermore, the unbiased screening of
different GAL4 lines has led to the identification of neurons
that would not have been anticipated a priori to underlie
particular behaviors.

Once GAL4 lines are identified, different
experimental approaches can be employed for more
detailed studies of how activation of neurons within the
GAL4 pattern elicits behavior. Below are examples of
approaches that have been taken. Experiments have been
designed that take advantage of the precise temporal
control of neural activators to assess the dynamics of neural
activation on behavior. This has revealed how neurons can
elicit persistent behaviors or cause alterations in behavioral
states (Inagaki et al. 2014; Bath et al. 2014; Hoopfer et
al. 2015; Hampel et al. 2015). Different odorant or food
conditions have been used to study their contributions to
feeding, attraction, avoidance, social behaviors, and learning
(Gaoetal.2013; Aso et al. 2014b; Lim et al. 2014; Ramdya et
al. 2014; Albin et al. 2015). Wild type, mutant, and flies with
neural manipulations have been used to test different cues
of conspecific flies that can affect social behaviors (Wang et
al. 2011; Hoopfer et al. 2015). “Fly robots” have been used
to decipher how different visual and tactile cues affect social
behaviors (Pan et al. 2012; Agrawal et al. 2014; Ramdya
et al. 2014; Clowney et al. 2015). Flies have been coated
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in dust to elicit competing grooming behaviors and study
the mechanisms of behavioral choice (Seeds et al. 2014).
Notably, many of these different behavioral experiments
were done after using approaches described below to refine
GAL4 expression patterns to just the behaviorally relevant
neurons.

7. INTERSECTIONAL TECHNIQUES FOR
BEHAVIORALLY RELEVANT NEURONS

IDENTIFYING

In the previous section we described how GAL4 lines have
been identified that express in neurons whose activation is
sufficient to elicit specific behaviors. However, since GAL4
lines often express in a large population of neurons that
includes both the neurons that are able to elicit a behavior
of interest and other neurons that are not involved in the
behavior, it becomes a challenge to attribute the behavioral
effect of the neural manipulation to any particular neurons.
But this is exactly what is necessary to understand how the
nervous system is organized to produce behavior. How can
one effectively subdivide a population of neurons in a GAL4
pattern to isolate just those that elicit the behavior? The
wealth of transgenic tools in Drosophila offers different
solutions to this challenge.

There are numerous examples of two different
enhancer trap or enhancer fusion lines that drive expression
in a shared neuron that is involved in a behavior of interest
and in unshared neurons that that are not involved in
the behavior (example shown in Figure 3a). Positive
intersectional techniques can be employed to reproducibly
target expression only in these shared neurons between
two enhancer patterns (Figure 3b). In contrast, negative
intersectional techniques involve suppressing expression
at this intersection, effectively reducing the number of
neurons within a particular GAL4 expression pattern (Suster
et al. 2004; Sivanantharajah and Zhang 2015). We focus on
positive intersectional techniques here, as they are the most
widely used for reproducibly targeting and manipulating
specific neurons. We also discuss the advantages and
disadvantages one should consider when deciding on a
particular method.

The two main strategies for producing positive
intersections are split GAL4 (spGAL4) and recombinase-
based. spGAL4 takes advantage of the fact that GAL4
has two modular domains that are both necessary to
drive transcription, a DNA binding domain (DBD) and a
transcriptional activation domain (AD). These two domains
can be co-expressed as separate proteins fused to leucine
zipper motifs, and the zippers mediate heterodimer
formation to reconstitute the transcriptional activity of
GAL4 (Luan et al. 2006; Pfeiffer et al. 2010). The trick is that
each spGAL4 domain can be expressed under the control of
a different enhancer, and only when these two enhancers
express in the same neurons will the two domains
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Figure 3. spGAL4 intersectional strategy for identifying behaviorally relevant neurons from broader expression patterns. (a) CNS
expression patterns of two different GAL4 lines that elicit antennal grooming with neural activation expressing GFP (left and
middle). White arrows point to the only common neurons between the two patterns that elicit antennal grooming (Hampel et al.
2015). Scale bar, 100 um. (b) GFP expression pattern of a positive intersection between the two enhancer-driven patterns shown
in a (spGAL4 intersectional method used). The intersection targets a single neuron (aDN1, white arrows) whose activation elicits
antennal grooming. (c) spGAL4 system: enhancer elements drive expression of the GAL4 activation domain (spGAL4-AD) and the
GAL4 DNA binding domain (spGAL4-DBD) in different patterns. The neurons labeled in both expression patterns will express both
domains, which together reconstitute GAL4 through leucine zippers. Reconstituted GAL4 binds to the UAS sequence and drives
expression of a downstream coding sequence, such as GFP as shown in a.

heterodimerize to reconstitute active GAL4 (Figure 3c). One
advantage of spGAL4 is that it drives highly reproducible
expression of UAS-controlled transgenes in the intersected
neurons, which contrasts with recombinase-based methods
(described below). spGAL4 requires only three transgenes:
1) an enhancer-spGAL4-AD, 2) an enhancer-spGAL4-DBD,
and 3) a coding sequence of interest expressed under
UAS control. A split LexA (spLexA) system has also been
developed that takes advantage of the modularity of LexA
in the same way as the spGAL4 system (Ting et al. 2011).

A second strategy for producing a positive
intersection uses flippase (FLP), arecombinase that catalyzes
the removal of sequences between two FLP recognition
target sequences (FRTs). There are several ways in which this
activity has been harnessed to enable intersected neurons
to express a UAS-controlled transgene. One method is to
remove a FRT-flanked stop sequence from a UAS-controlled

transgene so that a protein of interest is expressed in cells
that are positive for both GAL4 and FLP (e.g., UAS-FRT-Stop-
FRT-GFP, Figure 4a) (Stockinger et al. 2005; Philipsborn et
al. 2011; Rezaval et al. 2012; Alekseyenko et al. 2013). This
method requires only three transgenes: 1) an enhancer-FLP
line, 2) an enhancer-GAL4 line, and 3) a coding sequence
of interest expressed under UAS-FRT-Stop-FRT control. A
collection of enhancer trap FLP lines have been produced
that can be used for such positive intersections (Bohm et
al. 2010). Alternatively, enhancer-LexA lines can be used to
drive expression of FLP (LexAop-FLP) in place of an enhancer-
FLP line (Shang et al. 2008). Another method for performing
FLP-based intersections relies on the strong repression
of GAL4 activity by its natural regulator in yeast, GAL80.
When GAL80 is ubiquitously expressed in all cells of the
fly, it represses GAL4 activity and blocks activation of UAS-
controlled transgenes (Lee and Luo 1999). GAL4 activity can
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Figure 4. FLP-based intersectional strategies for refining broader expression patterns. (a) A flip-in strategy requires three
transgenes. Regulatory enhancer elements drive the expression of GAL4 and FLP in partially overlapping cells. The UAS-fused
gene of interest (GFP shown) is expressed in the GAL4 pattern, but only translated in FLP expressing cells that can remove a
FRT-flanked stop codon. Figure inspired by (Sivanantharajah and Zhang 2015). (b) The GAL8O flip-out method requires four
transgenes. Regulatory enhancer elements drive the expression of GAL4 and FLP in partially overlapping patterns. Expression of
the repressor GAL80, which inhibits GAL4 activity by binding to its transcriptional activation domain, is driven pan-neurally by
the tubulin regulatory sequences (tubP). Only cells that express FLP eliminate GAL80 repression to GAL4 through recombination
of FRT sites that flank the GAL80 gene. Therefore, only in cells that co-express GAL4 and FLP will transcribe the gene of interest

(GFP shown).

be restored in cells in which GAL80 is removed, and this can
be achieved when the GAL80 coding sequence is flanked by
FRTs and the cells express FLP (Figure 4b) (Gordon and Scott
2009; Bohm et al. 2010). Thus, expressing GAL4 and FLP in
two partially overlapping enhancer patterns removes GAL80
and allows GAL4 to activate a UAS-controlled transgene
in the intersectional cells (Shang et al. 2008; Bohm et al.
2010; Pool et al. 2014). Notably, this method requires four
transgenes: 1) a ubiquitously expressed, FRT-flanked GAL80
cassette, 2) an enhancer-FLP line, 3) an enhancer-GAL4 line,
and 4) a coding sequence of interest expressed under UAS
control.
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The FLP-based methods described above require
the use of a FLP line with a known pattern of expression
(or a collection of enhancer-FLP lines that can be screened),
but FLP can also be used in the absence of such lines. An
early approach that is labor-intensive but can be essential
in some circumstances is to express FLP under heat-shock
control in the context of a ubiquitously expressed FRT-
flanked GAL80 transgene, to again allow GAL4 activity
in cells in which the GAL80 is removed. The key to this
approach is to use a regimen of FLP heat-shock induction
that results in a low frequency of GAL80 removal from
cell to cell so that specific neurons with GAL4 activity are
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Figure 5. The importance of using appropriate genomic landing sites to avoid transvection. (a) Two different enhancer-GAL4
transgenes (Enhancer A-GAL4; Enhancer B-GAL4) inserted in the same genomic landing site (attP2) in two different flies drive
expression of a gene of interest in independent patterns (green). (b) Two different enhancer-transgenes (Enhancer A-spGAL4-

AD; Enhancer B-spGAL4-DBD) inserted in the same genomic

landing site (attP2) within the same fly can each influence the

activation of either transgene’s minimal promoter in either cis (magenta arrows), or trans (magenta dashed arrows), or in cis
and trans combined. One possible outcome of the latter scenario is shown: Enhancers A and B activate transcription of both
spGAL4-AD and -DBD to reconstitute GAL4 in both enhancer-driven expression patterns (magenta arrows and dashed arrows).
See the following reference for more detailed discussion of possible outcomes of transvection (Mellert and Truman 2012).
(c) Two different enhancer transgenes (Enhancer A-spGAL4-AD; Enhancer B-spGAL4-DBD) inserted in distinct genomic landing
sites (attP40 and attP2) in the same fly drive transcription of the spGAL4-AD and spGAL4-DBD in the corresponding pattern of
each respective enhancer. This leads to reconstitution of GAL4 only in cells that are shared between both enhancer expression

patterns.

stochastic from one fly to the next (Gordon and Scott
2009; Marella et al. 2012; Mann et al. 2013). These flies
must also have transgenes to manipulate neuronal activity
(e.g., UAS-dTrpA1) and to report the activity of GAL4 in the
manipulated neurons (e.g., UAS-GFP). Each fly is then tested
for whether a neural manipulation affects the behavior of
interest, and is subsequently dissected so that its CNS can
be imaged to identify which neurons had GAL4 activity.
By correlating the behavioral output of a large number of
flies with the anatomical location of the neurons that were
manipulated, behaviorally relevant neurons from a broader
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GAL4 expression pattern are identified based on whether
they show positive expression and affect the behavior of
interest.

The intersectional method employed may depend
on the type of GAL4 line that was used to manipulate the
neurons of interest (e.g., enhancer trap or enhancer fusion).
FLP-based methods have the advantage of being highly
versatile in this respect because they can be implemented
with any GAL4 line (Shang et al. 2008; Sivanantharajah
and Zhang 2015). An alternate way to implement positive
intersections using any GAL4 line of interest is to drive

11



expression of the LexA-DBD under UAS control (UAS-LexA-
DBD) (Tingetal.2011). Because spLexA was constructed with
leucine zippers and works with the same activation domains
that are used for spGAL4, it can be used in conjunction with
available AD fly lines that have been constructed for use
with spGAL4 (Luan et al. 2006; Ting et al. 2011).

In contrast to the FLP- and spLexA-based methods
described above, spGAL4 requires the construction of new
fly lines that express spGAL4 halves in the same neurons
as the original GAL4 lines of interest. In the case where the
GAL4 line is an enhancer fusion, the genomic enhancer is
fused to either spGAL4-AD or spGAL4-DBD (Pfeiffer et al.
2008; Pfeiffer et al. 2010). The enhancer-spGAL4 fusion
construct is then inserted into an attP site in the genome
using phiC31 integrase. Such constructs should generally be
inserted into the same attP site used for the original GAL4
line, because this increases the likelihood of recapitulating
that expression pattern (Pfeiffer et al. 2010). Unfortunately,
inserting both spGAL4 halves into the same attP site can
lead to transvection across paired chromosomes, causing
each of the spGAL4 halves to be partially or fully expressed
in the enhancer pattern of the opposite half (Mellert and
Truman 2012). This can undermine the intersectional
approach by causing the reconstituted spGAL4 to have a
broader expression pattern than anticipated (Figure 5a,b).
Because of this and other potential problems conferred by
transvection, it is advisable to only use one transgene per
attP site in a particular fly genotype (Mellert and Truman
2012). One attP combination that has been successfully
used for spGAL4-AD and DBD insertions is attP2 and
attP40 (Aso et al. 2014a; Hampel et al. 2015) (Figure 5c);
however, the quality of this site pair can vary depending
on the enhancer fusion used. Importantly, enhancer
fusions inserted at attP locations other than where they
were originally characterized can yield different expression
patterns because of genomic positional effects (Pfeiffer et
al. 2010). Therefore, if insertion of a spGAL4-half at one attP
site does not recapitulate the expected expression pattern,
the spGAL4-half may need to be inserted into a different
site. A number of different attP integration sites have been
generated to facilitate this (Groth et al. 2004; Venken et al.
2006; Bischof et al. 2007; Markstein et al. 2008; Ni et al.
2009; Knapp et al. 2015).

SpGAL4 halves can be swapped with GAL4 in
enhancer trap lines as well. One particular enhancer trap
collection called the integrase swappable in vivo targeting
element (InSITE) system has been designed specifically
for such a purpose. InSITE lines are constructed such that
GAL4 can be replaced with other genes such as spGAL4
halves via recombinase-mediated cassette exchange, thus
enabling its expression in the same pattern (Gohl et al.
2011). This system is advantageous because spGAL4 flies
can be generated genetically through simple fly crosses, in
contrast to the enhancer fusions that require the generation

of new transgenic flies through embryo injections. The
disadvantage of InSITE is that spGAL4 replacements can
only be done using InSITE enhancer trap lines. Another
approach has been developed for use with a collection of
Minos-Mediated Integration Cassette (MiMIC) transposons,
where GAL4, spGAL4, or any other coding sequence can
be expressed in the pattern of a native gene of interest
(Venken et al. 2011a; Diao et al. 2015). Finally, an exciting
new technique called homology assisted CRISPR Knock-in
(HACK) offers the possibility of replacing GAL4 from any
existing enhancer trap or enhancer fusion line with a coding
sequence of interest by performing two simple crosses
(Lin and Potter 2016). Although we are not aware of a case
where HACK has been used to replace GAL4 with spGAL4
halves, we anticipate that this technique will become a
method of choice for performing such swaps.

Positive intersections can be implemented in a
couple of different ways depending the circumstance
of the particular experiment. In the case where two
identified enhancer patterns are suspected to share a
common behaviorally relevant neuron, an intersection can
be performed with these two patterns (e.g., enhancer-1-
spGAL4-DBD and enhancer-2-spGAL4-AD). In a different
scenario, a single enhancer pattern is identified that
contains a neuron of interest, but there is no known second
enhancer pattern that could be used to produce a positive
intersection. In this case, the enhancer-spGAL4 of interest
(e.g., enhancer-1-spGAL4-DBD) can be screened against a
library of spGAL4-ADs to identify combinations that target
the neuron(s) of interest (Luan et al. 2006; Luan et al. 2012).
In the case where a FLP-based method is being used, a
GAL4 line that expresses in a neuron of interest is screened
against a FLP enhancer trap library (Bohm et al. 2010;
Rezaval et al. 2012; Pool et al. 2014). Although it is feasible
that intersectional approaches can refine expression
patterns to a single neuron (Figure 3a,b), in many cases
the neurons of interest are not the only ones targeted by
a particular spGAL4 or FLP/FRT pattern. This complicates
the interpretation as to which neuron in the pattern is
responsible for the phenotype. Therefore, it is optimal to
identify multiple intersectional combinations that target the
same neuron of interest but differ in their “contaminating”
neurons. This strengthens an argument that the behavioral
phenotypes caused by manipulating neural activity are due
to the particular shared neuron (Tuthill et al. 2013; Hampel
et al. 2015).

8. ASSESSING FUNCTIONAL CONNECTIVITY AMONG
NEURONS

The approaches described above can reveal individual
neurons that elicit stereotyped behaviors when activated.
In some cases, different neurons have been identified that
elicit the same behavior. For example, at least four different
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Functional imaging f

Figure 6. Approaches to assess neural proximity. (a)
Computationally aligned neurons (green and magenta)
from two individual brains to a standard brain (CTMK and
FluoRender software). (b) Antibody co-stain using GFP
and RFP (green and magenta respectively) that expressed
in two neurons within the same brain (same neurons as
shown in a). (c) Schematic for testing connectivity between
neurons. Antennal mechanosensory neurons (SN) expressing
CsChrimson are activated with red light and simultaneously
changes of fluorescence are measured in putative downstream
interneurons (IN) expressing GCaMP using two photon calcium
imaging (response trace onright). Some of this data is published
in the following reference (Hampel et al. 2015).

neuronal types can elicit grooming of the antennae with
neuralactivation(Hampeletal.2015). Thisraisesthe question
of whether they may be part of the same functionally
connected circuit. Below we describe methods for piecing
together how such neurons are organized and function
as circuits. This involves analyzing the proximity between
neurons and determining their functional connectivity. In
other cases, individual neurons have been isolated, but the
identities of other connected neurons remain unclear. We
discuss techniques that can be employed to identify such
missing components of behavioral circuits. This section is
intended to provide a brief overview of different circuit-
mapping techniques with references for further reading on
particular topics of interest.

One way to assess whether different neurons
interact is to use light microscopy data to determine
whether their neurites are in close proximity. Ideally this
is achieved by examining the neurons in the same brain.
Such neuroanatomical mapping is difficult because it is
technically challenging to independently visualize more
than two neurons in the same fly (discussed more below).
Computational methods can be employed to align confocal

Z-stack images of different neurons to visualize their
gross anatomical relationships. That is, different neurons
are registered to a “standard” brain and then displayed
within the same 3-dimensional space. One widely used
free software for registering brain confocal stacks is the
computational morphometry toolKit (CMTK) (https://www.
nitrc.org/projects/cmtk/), and others are available such as
BrainAligner (Peng et al. 2011). One problem that arises
is that the 3-dimensional renderings of neurons become
increasingly messy as more are added, especially when
each confocal stack contains multiple neurons. Therefore,
additional tools such as the free software FluoRender enable
the display of selected neurons from these alignments for
the clearest possible visualization of the putative circuit
(Wan et al. 2012). Another such free software package
is Volocity (by PerkinElmer), and commercially available
programs include Amira (by FEI) and Imaris (by Bitplane).
These different tools can be used to examine the spatial
relationships between neurons to gain a first approximation
about whether their neurites are in close enough proximity
to form synaptic connections (Figure 6a). Additionally,
computational alignment provides a means to display
many neurons in the same brain for figures or movies to
visualize multi-neuron structures (Aso et al. 2014a; Hampel
et al. 2015). Furthermore, the computational alignment of
individual neurons to a standard brain affords the possibility
to use a program called NBLAST to perform a number of
different useful searches (Costa et al. 2016). For example,
NBLAST can identify neurons having the same or overlapping
morphology as a particular neuron of interest, or to identify
GAL4 lines that express in a particular neuron.

Theproximitybetweentwoneuronscanbeexamined
in the same brain using different binary expression systems.
For example, one neuron can express GFP using GAL4/UAS
(GAL4 or a spGAL4 combination), whereas another neuron
can express a different colored fluorescent protein using
another binary system such as the LexA/LexAop or QF/
QUAS (Figure 6b). It is possible that three binary expression
systems could be employed to independently express in
three different neurons, however it would be challenging
to get the minimum of six required transgenes into the
same fly. Generating fly lines that have multiple transgenes
inserted as an array into the same genomic location would
be one way to do such an experiment (Knapp et al. 2015).
Another technique that provides information about the
proximity between two neurons is called GFP reconstitution
across synaptic partners (GRASP) (Feinberg et al. 2008;
Gordon and Scott 2009). This technique can be used to
determine if two neurons had membrane contacts during
development and/or in the developed brain.

The ability to independently target expression in
two neurons whose neurites are in close proximity enables
testing whether activation of the putative upstream neuron
excites or suppresses activity of the downstream neuron.
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The activity of neurons can be assessed through the use of
different genetically encoded indicators of neural activity
(Grienberger and Konnerth 2012; Masuyama et al. 2012;
Broussard et al. 2014; Fosque et al. 2015; Gao et al. 2015;
Dana et al. 2016). For example, genetically encoded calcium
indicators (GECIs) increase their fluorescence as calcium
levels rise in active neurons. One example of how to assess
functional connectivity is to use LexA/LexAop to express the
neural activator CsChrimson in a putative upstream neuron
while GAL4/UAS is used to express the GECI GCaMP6 in the
putative downstream neuron (Chen et al. 2013; Klapoetke
et al. 2014). The upstream neuron is then optogenetically
activated while the downstream neuron expressing GCaMP6
is monitored for changes in fluorescence (Figure 6c¢). These
experiments can be done with the nervous system kept in
the body or using a dissected brain (Kallman et al. 2015; Zhou
et al. 2015; Clowney et al. 2015; Hampel et al. 2015; Cohn
et al. 2015; Shirangi et al. 2016). The functional connectivity
between neurons that is demonstrated by measuring GECI
responses cannot indicate whether the connections are
direct, and it is always possible that intermediate neurons
are involved. To distinguish between the possibilities of
monosynaptic versus polysynaptic connectivity, as well as to
characterize the physiological properties of the functional
connection, electrophysiology experiments are required
(Gruntman and Turner 2013; Kohl et al. 2013; Fisek and
Wilson 2014; Tuthill and Wilson 2016).

Whereas activation of specific neurons enables
testing whether they are sufficient to elicit a particular
behavior, blocking the activity of these neurons enables
testing whether they are necessary for performance of the
behavior. Different reagents that are available for inhibiting
neurons are discussed in the following references (Venken
et al. 2011b; Sivanantharajah and Zhang 2015). Taking this
approach one step further, two binary expression systems
can be used to independently manipulate different neurons
and test necessity and sufficiency for behavior with respect
to their functional connectivity. For example, sensory
neurons that elicit antennal grooming can be activated
while simultaneously blocking synaptic transmission of
putative downstream interneurons that express tetanus
toxin light chain (Hampel et al. 2015). The inhibition of some
interneurons reduced or abolished antennal grooming,
showing that those neurons are normally necessary to elicit
the full antennal grooming response to sensory neuron
activation. Assessing the relative roles of different neurons
in this way can reveal how they are organized into a neural
circuit that underlies a particular behavior.

Individual neurons involved in a particular behavior
are often identified without knowing the identities of
their postsynaptic partners. One strategy to identify
such downstream circuitry uses enhanced versions of
photoactivatable GFP (PA-GFP), which photoconvert
from a low-fluorescence to a high-fluorescence form

under two-photon illumination (Patterson and Lippincott-
Schwartz 2002; Ruta et al. 2010). A small region of axonal
arborizations of the identified neuron is subjected to two-
photon illumination with the expectation that the locally
associated dendrites of its postsynaptic partner, which
expresses PA-GFP, is labeled by photoconverted PA-GFP
that also diffuses throughout the neuronal processes and
cell body (Datta et al. 2008; Ruta et al. 2010; Fisek and
Wilson 2014; Clowney et al. 2015). This approach has been
used to identify second, third, and fourth order neurons in
a pheromone circuit (Ruta et al. 2010), demonstrating the
impressive utility of PA-GFP-based approaches for circuit
mapping. Furthermore, functional connectivity among the
neurons can be assessed as the putative upstream neurons
are activated while testing for responses in the PA-GFP-
identified downstream neurons (Ruta et al. 2010; Fisek and
Wilson 2014; Clowney et al. 2015).

9. COMPLEMENTARY APPROACHES

We close by highlighting approaches for interrogating neural
circuit function that complement those discussed above.
First, are large-scale efforts to identify and target individual
neurons in specific brain regions rather than identifying
neurons using the above described behavioral screening
methods. For example, spGAL4 combinations have been
identified that express in the different neurons innervating
the fly mushroom body (Aso et al. 2014a) and visual system
(Tuthill et al. 2013; Nern et al. 2015). The activity of each
neuron type was then systematically manipulated to assess
their contributions to different behaviors (Tuthill et al. 2013;
Aso et al. 2014b). Such approaches facilitate the systematic
dissection of neurons that make up specific brain regions,
and the assessment of their contributions to behavior.
Second, serial section electron microscopy (EM) images of
brain volumes are increasingly being reconstructed, which
can reveal neural circuit connectivity to near completion
(Saalfeld et al. 2009; Takemura et al. 2013; Ohyama et
al. 2015; Berck et al. 2016; Schneider-Mizell et al. 2016).
Importantly, this structural information can be used to pose
hypotheses about circuit function that can then be tested
in conjunction with genetic approaches described above
for targeting and manipulating different circuit components
(Ohyama et al. 2015). The complementary use of genetic
tools and EM microscopy has great potential for studies
of circuit connectivity and function. Finally, different
approaches have been developed for recording the activity
of specific neurons in behaving flies. This includes the use
of GECls or whole-cell patch clamp recordings as flies are
either tethered or freely moving in a chamber (Maimon
et al. 2010; Seelig et al. 2010; Haberkern and Jayaraman
2016; Grover et al. 2016). In this chapter we have described
a set of tools and techniques that collectively enable the
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interrogation of neural circuit function at different levels
of inquiry, from individual neurons, to neural circuits, to
behavior.

10. ACKNOWLEDGEMENTS

The Howard Hughes Medical Institute supported this work.
We thank Claire McKellar, Eric Hoopfer, David Mellert, and
Carmen Robinett for comments on the manuscript. Karen
Hibbard provided input on all-trans-retinal feeding of flies.
Steve Sawtelle provided advice on optogenetic behavioral
systems. We thank Gerry Rubin for supporting our work at
Janelia Research Campus.

11. REFERENCES

Agrawal S, Safarik S, Dickinson M (2014) The relative roles of
vision and chemosensation in mate recognition of Drosophila
melanogaster. The Journal of experimental Biology 217:2796—
2805. doi: 10.1242/jeb.105817

Albin SD, Kaun KR, Knapp J-M, et al (2015) A Subset of
Serotonergic Neurons Evokes Hunger in Adult Drosophila.
Current Biology 25:2435-2440. doi: 10.1016/j.cub.2015.08.005

Alekseyenko OV, Chan Y-B, Li R, Kravitz EA (2013) Single
dopaminergic neurons that modulate aggression in Drosophila.
Proceedings of the National Academy of Sciences 110:6151—
6156. doi: 10.1073/pnas.1303446110

Allada R, Chung BY (2010) Circadian organization of behavior
and physiology in Drosophila. Annu Rev Physiol 72:605—-624.
doi: 10.1146/annurev-physiol-021909-135815

Anderson DJ, Perona P (2014) Toward a science of computational
ethology. Neuron 84:18-31. doi: 10.1016/j.neuron.2014.09.005

Ardekani R, Biyani A, Dalton JE, et al (2013) Three-dimensional
tracking and behaviour monitoring of multiple fruit flies. Journal
of the Royal Society Interface 10:20120547-20120547. doi:
10.1098/rsif.2012.0547

Asahina K, Watanabe K, Duistermars BJ, et al (2014) Tachykinin-
expressing neurons control male-specific aggressive arousal in
Drosophila. Cell 156:221-235. doi: 10.1016/j.cell.2013.11.045

Aso Y, Hattori D, Yu Y, et al (2014a) The neuronal architecture of
the mushroom body provides a logic for associative learning.
Elife 3:e04577—e04577. doi: 10.7554/elife.04577

Aso Y, Sitaraman D, Ichinose T, et al (2014b) Mushroom body
output neurons encode valence and guide memory-based
action selection in Drosophila. Elife 3:e04580. doi: 10.7554/
eLife.04580

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2354v2 | CC BY 4.0 Open Access | rec: 31 Aug 2016, publ: 31 Aug 2016

Barron AB (2000) Anaesthetising Drosophila for behavioural
studies. J Insect Physiol 46:439—442.

Bath DE, Stowers JR, Hérmann D, et al (2014) FlyMAD: rapid
thermogenetic control of neuronal activity in freely walking
Drosophila. Nature Methods 11:756-762. doi: 10.1038/
nmeth.2973

Berck ME, Khandelwal A, Claus L, et al (2016) The wiring diagram
of a glomerular olfactory system. Elife. doi: 10.7554/eLife.14859

Berman GJ, Choi DM, Bialek W, Shaevitz JW (2014) Mapping the
stereotyped behaviour of freely moving fruit flies. Journal of the
Royal Society Interface. doi: 10.1098/rsif.2014.0672

Bernstein JG, Garrity PA, Boyden ES (2012) Optogenetics and
thermogenetics: technologies for controlling the activity of
targeted cells within intact neural circuits. Current Opinion in
Neurobiology 22:61-71. doi: 10.1016/j.conb.2011.10.023

Bidaye SS, Machacek C, Wu Y, Dickson BJ (2014) Neuronal
control of Drosophila walking direction. Science 344:97-101.
doi: 10.1126/science.1249964

Bischof JJ, Maeda RKR, Hediger MM, et al (2007) An optimized
transgenesis system for Drosophila using germ-line-specific
phiC31 integrases. Proceedings of the National Academy of
Sciences 104:3312-3317. doi: 10.1073/pnas.0611511104

Blumstein DT, Daniel JC (2007) Quantifying Behavior the
JWatcher Way. Sinauer Associates Incorporated, Sunderland,
MA

Bohm RA, Welch WP, Goodnight LK, et al (2010) A genetic mosaic
approach for neural circuit mapping in Drosophila. Proceedings
of the National Academy of Sciences 107:16378-16383. doi:
10.1073/pnas.1004669107

Borgmann A, Bischges A (2015) Insect motor control:
methodological advances, descending control and inter-leg
coordination on the move. Current Opinion in Neurobiology
33:8-15. doi: 10.1016/j.conb.2014.12.010

Borst A (2014) Fly visual course control: behaviour, algorithms
and circuits. Nat Rev Neurosci 15:590-599. doi: 10.1038/
nrn3799

Boyden ES, Zhang F, Bamberg E, et al (2005) Millisecond-
timescale, genetically targeted optical control of neural activity.
Nat Neurosci 8:1263-1268. doi: 10.1038/nn1525

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, et al (2009) High-throughput
ethomics in large groups of Drosophila. Nature Methods 6:451—
457. doi: 10.1038/nmeth.1328

15



Bracker LB, Siju KP, Varela N, et al (2013) Essential role of the
mushroom body in context-dependent CO, avoidance in
Drosophila. Current Biology 23:1228-1234. doi: 10.1016/j.
cub.2013.05.029

Broussard GJ, Liang R, Tian L (2014) Monitoring activity in neural
circuits with genetically encoded indicators. Front Mol Neurosci
7:97. doi: 10.3389/fnmol.2014.00097

Burke CJ, Huetteroth W, Owald D, et al (2012) Layered reward
signalling through octopamine and dopamine in Drosophila.
Nature 492:433-437. doi: 10.1038/nature11614

Chen S, Lee AY, Bowens NM, et al (2002) Fighting fruit flies: a
model system for the study of aggression. Proc Natl Acad Sci U S
A 99:5664-5668. doi: 10.1073/pnas.082102599

Chen T-W, Wardill TJ, Sun Y, et al (2013) Ultrasensitive fluorescent
proteins for imaging neuronal activity. Nature 499:295-300.
doi: 10.1038/nature12354

Clowney EJ, lguchi S, Bussell JJ, et al (2015) Multimodal
Chemosensory Circuits Controlling Male Courtship in Drosophila.
Neuron 87:1036-1049. doi: 10.1016/j.neuron.2015.07.025

Cohn R, Morantte |, Ruta V (2015) Coordinated and
Compartmentalized  Neuromodulation  Shapes  Sensory
Processing in Drosophila. Cell 163:1742-1755. doi: 10.1016/j.
cell.2015.11.019

Colomb J, Brembs B (2014) Sub-strains of Drosophila Canton-S
differ markedly in their locomotor behavior. F1000Res 3:176—
176. doi: 10.12688/f1000research.4263.1

Connolly K, Cook R (1973) Rejection responses by female
Drosophila melanogaster: their ontogeny, causality and effects
upon the behaviour of the courting male. Behaviour 44:142—-
166.

Costa M, Manton JD, Ostrovsky AD, et al (2016) NBLAST: Rapid,
Sensitive Comparison of Neuronal Structure and Construction
of Neuron Family Databases. Neuron. doi: 10.1016/].
neuron.2016.06.012

Dana H, Mohar B, Sun Y, et al (2016) Sensitive red protein
calcium indicators for imaging neural activity. Elife. doi: 10.7554/
elife.12727

Dankert H, Wang L, Hoopfer ED, et al (2009) Automated
monitoring and analysis of social behavior in Drosophila. Nature
Methods 6:297-303. doi: 10.1038/nmeth.1310

Datta SR, Vasconcelos ML, Ruta V, et al (2008) The Drosophila
pheromone cVA activates a sexually dimorphic neural circuit.
Nature 452:473-477. doi: 10.1038/nature06808

Dawydow A, Gueta R,

Ljaschenko D, et al (2014)

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2354v2 | CC BY 4.0 Open Access | rec: 31 Aug 2016, publ: 31 Aug 2016

Channelrhodopsin-2-XXL, a powerful optogenetic tool for low-
light applications. Proceedings of the National Academy of
Sciences 111:13972-13977. doi: 10.1073/pnas.1408269111

de Vries SEJ, Clandinin T (2013) Optogenetic stimulation
of escape behavior in Drosophila melanogaster. Journal of
visualized experiments. doi: 10.3791/50192

del Valle Rodriguez A, Didiano D, Desplan C (2012) Power tools
for gene expression and clonal analysis in Drosophila. Nature
Methods 9:47-55. doi: 10.1038/nmeth.1800

Dell Al, Bender JA, Branson K, et al (2014) Automated image-
based tracking and its application in ecology. Trends Ecol Evol
(Amst) 29:417-428. doi: 10.1016/j.tree.2014.05.004

Diao F, Ironfield H, Luan H, et al (2015) Plug-and-play genetic
accesstoDrosophilacelltypesusingexchangeable exon cassettes.
Cell Rep 10:1410-1421. doi: 10.1016/j.celrep.2015.01.059

Donelson NC, Donelson N, Kim EZ, et al (2012) High-resolution
positional tracking for long-term analysis of Drosophila sleep and
locomotion using the “tracker” program. PLoS ONE 7:e37250-
e37250. doi: 10.1371/journal.pone.0037250

Duffy JB (2002) GAL4 system in Drosophila: A fly geneticist’s
swiss army knife. genesis 34:1-15. doi: 10.1002/gene.10150

Egnor SER, Branson K (2016) Computational Analysis of Behavior.
Annual Review of Neuroscience 39:217-236. doi: 10.1146/
annurev-neuro-070815-013845

EwingLS, Ewing AW (1984) Courtshipin Drosophilamelanogaster:
behaviour of mixed-sex groups in large observation chambers.
Behaviour 90:184-202.

Feinberg EH, VanHoven MK, Bendesky A, et al (2008) GFP
Reconstitution Across Synaptic Partners (GRASP) Defines Cell
Contacts and Synapses in Living Nervous Systems. Neuron
57:353-363. doi: 10.1016/j.neuron.2007.11.030

Fisek M, Wilson Rl (2014) Stereotyped connectivity and
computations in higher-order olfactory neurons. Nat Neurosci
17:280-288. doi: 10.1038/nn.3613

Flood TF, Gorczyca M, White BH, et al (2013) A large-scale
behavioral screen to identify neurons controlling motor
programs in the Drosophila brain. G3 3:1629-1637. doi:
10.1534/g3.113.006205

Fosque BF, Sun Y, Dana H, et al (2015) Labeling of active neural
circuits in vivo with designed calcium integrators. Science
347:755-760. doi: 10.1126/science.1260922

Friard O, Gamba M (2016) BORIS: a free, versatile open-
source event-logging software for video/audio coding and
live observations. Methods in Ecology and Evolution. doi:
10.1111/2041-210X.12584

16



Gao XJ, Potter CJ, Gohl DM, et al (2013) Specific kinematics and
motor-related neurons for aversive chemotaxis in Drosophila.
Current Biology 23:1163-1172. doi: 10.1016/j.cub.2013.05.008

Gao XJ, Riabinina O, LiJ, et al (2015) A transcriptional reporter of
intracellular Ca2+ in Drosophila. Nat Neurosci 18:917-925. doi:
10.1038/nn.4016

Goda T, Leslie JR, Hamada FN (2014) Design and analysis of
temperature preference behavior and its circadian rhythm in
Drosophila. Journal of visualized experiments e51097-e51097.
doi: 10.3791/51097

Gohl DM, Silies MA, Gao XJ, et al (2011) A versatile in vivo
system for directed dissection of gene expression patterns.
Nature Methods 8:231-237.

Gordon MD, Scott K (2009) Motor control in a Drosophila taste
circuit. Neuron 61:373-384. doi: 10.1016/j.neuron.2008.12.033

Greenspan RJ (2004) Fly Pushing, Second Addition. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor

Grienberger C, Konnerth A (2012) Imaging Calcium in Neurons.
Neuron 73:862-885. doi: 10.1016/j.neuron.2012.02.011

Griffith LC, Ejima A (2009) Courtship learning in Drosophila
melanogaster: diverse plasticity of a reproductive behavior.
Learning & Memory 16:743-750. doi: 10.1101/Im.956309

Grotewiel MS, Martin |, Bhandari P, Cook-Wiens E (2005)
Functional senescence in Drosophila melanogaster. Ageing Res
Rev 4:372-397.

Groth AC, Fish M, Nusse R, Calos MP (2004) Construction of
transgenic Drosophila by using the site-specific integrase from
phage ¢C31. Genetics 166:1775-1782.

Grover D, Katsuki T, Greenspan RJ (2016) Flyception: imaging
brain activity in freely walking fruit flies. Nature Methods
13:569-572. doi: 10.1038/nmeth.3866

Gruber F, Knapek S, Fujita M, et al (2013) Suppression of
conditioned odor approach by feeding is independent of taste
and nutritional value in Drosophila. Current Biology 23:507—
514. doi: 10.1016/j.cub.2013.02.010

Gruntman E, Turner GC (2013) Integration of the olfactory code
across dendritic claws of single mushroom body neurons. Nat
Neurosci 16:1821-1829. doi: 10.1038/nn.3547

Guo A, Li L, Shou-zhen X, et al (1996) Conditioned visual flight
orientation in Drosophila: dependence on age, practice, and
diet. Learning & Memory 3:49-59.

Haberkern H, Jayaraman V (2016) Studying small brains to
understand the building blocks of cognition. Current Opinion in

Neurobiology 37:59-65. doi: 10.1016/j.conb.2016.01.007

Hagedorn J, Hailpern JM, Karahalios K (2008) VCode and VData:
Illustrating a new framework for supporting the video annotation
workflow. AVI 317-321. doi: 10.1145/1385569.1385622

Hamada FN, Rosenzweig M, Kang K, et al (2008) An internal
thermal sensor controlling temperature preference in
Drosophila. Nature 454:217-220. doi: 10.1038/nature07001

Hampel S, Franconville R, Simpson JH, Seeds AM (2015) A neural
command circuit for grooming movement control. Elife. doi:
10.7554/elife.08758

Harris RM, Pfeiffer BD, Rubin GM, Truman JW (2015) Neuron
hemilineages provide the functional ground plan for the
Drosophila ventral nervous system. Elife. doi: 10.7554/
eLife.04493

Hoffmann AA (1990) The influence of age and experience with
conspecifics on territorial behavior in Drosophila melanogaster.

Hoffmann AA (1987) A laboratory study of male territoriality in
the sibling species Drosophila melanogaster and D. simulans.

Hoopfer ED (2016) Neural control of aggression in Drosophila.
Current Opinion in Neurobiology 38:109-118. doi: 10.1016/j.
conb.2016.04.007

Hoopfer ED, Jung Y, Inagaki HK, et al (2015) P1 interneurons
promote a persistent internal state that enhances inter-male
aggression in Drosophila. Elife. doi: 10.7554/elLife.11346

Hotta Y, Benzer S (1976) Courtship in Drosophila mosaics: sex-
specific foci for sequential action patterns. Proceedings of the
National Academy of Sciences 73:4154-4158.

Huang ZJ, Zeng H (2013) Genetic approaches to neural circuits
in the mouse. Annual Review of Neuroscience 36:183-215. doi:
10.1146/annurev-neuro-062012-170307

Huston SJ, Jayaraman V (2011) Studying sensorimotor
integration in insects. Current Opinion in Neurobiology 21:527-
534. doi: 10.1016/j.conb.2011.05.030

Inagaki HK, Jung Y, Hoopfer ED, et al (2014) Optogenetic
control of Drosophila using a red-shifted channelrhodopsin
reveals experience-dependent influences on courtship. Nature
Methods 11:325-332. doi: 10.1038/nmeth.2765

Itskov PM, Moreira J-M, Vinnik E, et al (2014) Automated
monitoring and quantitative analysis of feeding behaviour in
Drosophila. Nat Commun 5:4560. doi: 10.1038/ncomms5560

Jenett AA, Rubin GM, Ngo T-TB, et al (2012) A GAL4-driver line
resource for Drosophila neurobiology. Cell Rep 2:991-1001. doi:
10.1016/j.celrep.2012.09.011

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2354v2 | CC BY 4.0 Open Access | rec: 31 Aug 2016, publ: 31 Aug 2016 17



Kabra M, Robie AA, Rivera-Alba M, et al (2013) JAABA: interactive
machine learning for automatic annotation of animal behavior.
Nature Methods 10:64—67. doi: 10.1038/nmeth.2281

Kallman BR, Kim H, Scott K (2015) Excitation and inhibition onto
central courtship neurons biases Drosophila mate choice. Elife
4:11188. doi: 10.7554/elLife.11188

Kaun KR, Devineni AV, Heberlein U (2012) Drosophila
melanogaster as a model to study drug addiction. Hum Genet
131:959-975. doi: 10.1007/s00439-012-1146-6

Keene AC, Masek P (2012) Optogenetic induction of aversive
taste memory. Neuroscience 222:173-180. doi: 10.1016/].
neuroscience.2012.07.028

Keleman K, Vrontou E, Kriittner S, et al (2012) Dopamine neurons
modulate pheromone responses in Drosophila courtship
learning. Nature 489:145-149. doi: 10.1038/nature11345

Klapoetke NC, Murata Y, Kim SS, et al (2014) Independent optical
excitation of distinct neural populations. Nature Methods
11:338-346. doi: 10.1038/nmeth.2836

Knapp J-M, Chung P, Simpson JH (2015) Generating Customized
Transgene Landing Sites and Multi-Transgene Arrays in
Drosophila Using phiC31 Integrase. Genetics. doi: 10.1534/
genetics.114.173187

Knoppien P, van der Pers JNC, van Delden W (2000)
Quantification of Locomotion and the Effect of Food Deprivation
on Locomotor Activity in Drosophila. J Insect Behav 13:27-43.
doi: 10.1023/A:1007759424777

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. doi: 10.1016/j.cell.2013.11.025

Krashes MJ, DasGupta S, Vreede A, et al (2009) A Neural Circuit
Mechanism Integrating Motivational State with Memory
Expression in Drosophila. Cell 139:416-427. doi: 10.1016/].
cell.2009.08.035

Lai S-L, Lee T (2006) Genetic mosaic with dual binary
transcriptional systems in Drosophila. Nat Neurosci 9:703-709.
doi: 10.1038/nn1681

Lee G, Park JH (2004) Hemolymph sugar homeostasis
and starvation-induced hyperactivity affected by genetic
manipulations of the adipokinetic hormone-encoding gene in
Drosophila melanogaster. Genetics 167:311-323.

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

Lim RS, Eyjolfsdéttir E, Shin E, et al (2014) How food controls
aggression in Drosophila. PLoS ONE 9:e105626. doi: 10.1371/

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2354v2 | CC BY 4.0 Open Access | rec: 31 Aug 2016, publ: 31 Aug 2016

journal.pone.0105626

Lin C-C, Potter CJ (2016) Editing Transgenic DNA Components
by Inducible Gene Replacement in Drosophila melanogaster.
Genetics. doi: 10.1534/genetics.116.191783

Lin C-C, Prokop-Prigge KA, Preti G, Potter CJ (2015) Food odors
trigger Drosophila males to deposit a pheromone that guides
aggregation and female oviposition decisions. Elife. doi:
10.7554/elife.08688

Lin H-H, Chu L-A, Fu T-F, et al (2013a) Parallel neural pathways
mediate CO2 avoidance responses in Drosophila. Science
340:1338-1341. doi: 10.1126/science.1236693

Lin JY, Knutsen PM, Muller A, et al (2013b) ReaChR: a red-
shifted variant of channelrhodopsin enables deep transcranial
optogenetic excitation. Nat Neurosci 16:1499-1508. doi:
10.1038/nn.3502

Luan H, Diao F, Peabody NC, White BH (2012) Command and
Compensation in a Neuromodulatory Decision Network.
The Journal of Neuroscience 32:880-889. doi: 10.1523/
JNEUROSCI.3707-11.2012

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. doi: 10.1016/].
neuron.2006.08.028

Maimon G, Straw AD, Dickinson MH (2010) Active flight
increases the gain of visual motion processing in Drosophila.
Nat Neurosci 13:393—399. doi: 10.1038/nn.2492

Mann K, Gordon MD, Scott K (2013) A pair of interneurons
influences the choice between feeding and locomotion
in  Drosophila. Neuron 79:754-765. doi: 10.1016/j.
neuron.2013.06.018

Marella S, Mann K, Scott K (2012) Dopaminergic modulation of
sucrose acceptance behavior in Drosophila. Neuron 73:941-
950. doi: 10.1016/j.neuron.2011.12.032

Markstein M, Pitsouli C, Villalta C, et al (2008) Exploiting position
effects and the gypsy retrovirus insulator to engineer precisely
expressed transgenes. Nat Genet 40:476-483. doi: 10.1038/
ng.101

Masek P, Keene AC (2016) Gustatory processing and taste
memory in Drosophila. J Neurogenet 30:112-121. doi:
10.1080/01677063.2016.1185104

Masuyama KK, Zhang YY, Rao YY, Wang JWJ (2012) Mapping
neural circuits with activity-dependent nuclear import
of a transcription factor. J Neurogenet 26:89-102. doi:
10.3109/01677063.2011.642910

McKellar CE (2016) Motor control of fly feeding. J Neurogenet
18



30:101-111. doi: 10.1080/01677063.2016.1177047

Mellert DJ, Truman JW (2012) Transvection is common
throughout the Drosophila genome. Genetics 191:1129-1141.
doi: 10.1534/genetics.112.140475

Mendes CS, Bartos |, Akay T, et al (2013) Quantification of gait
parameters in freely walking wild type and sensory deprived
Drosophila melanogaster. Elife 2:e00231. doi: 10.7554/
eLife.00231

Nern A, Pfeiffer BD, Rubin GM (2015) Optimized tools for
multicolor stochastic labeling reveal diverse stereotyped cell
arrangements in the fly visual system. Proceedings of the
National Academy of Sciences 112:E2967-76. doi: 10.1073/
pnas.1506763112

Ni J-Q, Liu L-P, Binari R, et al (2009) A Drosophila resource of
transgenic RNAI lines for neurogenetics. Genetics 182:1089—
1100. doi: 10.1534/genetics.109.103630

Nicolas G, Sillans D (1989) Immediate and latent effects of
carbon dioxide on insects. Annu Rev Entomol 34:97-116.

O’Kane CJ, Gehring WJ (1987) Detection in situ of genomic
regulatory elements in Drosophila. Proceedings of the National
Academy of Sciences 84:9123.

Ohyama T, Schneider-Mizell CM, Fetter RD, et al (2015) A
multilevel multimodal circuit enhances action selection in
Drosophila. Nature 520:633—639. doi: 10.1038/nature14297

Owald D, Lin S, Waddell S (2015) Light, heat, action: neural
control of fruit fly behaviour. Philosophical Transactions of the
Royal Society B. doi: 10.1098/rstb.2014.0211

Pan Y, Meissner GW, Baker BS (2012) Joint control of Drosophila
male courtship behavior by motion cues and activation of male-
specific P1 neurons. Proc Natl Acad Sci U S A 109:10065-10070.
doi: 10.1073/pnas.1207107109

Parisky KM, Agosto J, Pulver SR, et al (2008) PDF cells are a GABA-
responsive wake-promoting component of the Drosophila sleep
circuit. Neuron 60:672-682. doi: 10.1016/j.neuron.2008.10.042

Patterson GH, Lippincott-Schwartz J (2002) A photoactivatable
GFP for selective photolabeling of proteins and cells. Science
297:1873-1877. doi: 10.1126/science.1074952

Pavlou HJ, Goodwin SF (2013) Courtship behavior in
Drosophila melanogaster: towards a “courtship connectome.”
Current Opinion in Neurobiology 23:76-83. doi: 10.1016/].
conb.2012.09.002

Peabody NC, Pohl JB, Diao F, et al (2009) Characterization of the
decision network for wing expansion in Drosophila using targeted
expression of the TRPM8 channel. Journal of Neuroscience
29:3343-3353. doi: 10.1523/JNEUROSCI.4241-08.2009

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2354v2 | CC BY 4.0 Open Access | rec: 31 Aug 2016, publ: 31 Aug 2016

PengH, Chung P, Long F, etal (2011) BrainAligner: 3D registration
atlases of Drosophila brains. Nature Methods 8:493-498. doi:
10.1038/nmeth.1602

Perry CJ, Barron AB (2013) Neural mechanisms of reward in
insects. Annu Rev Entomol 58:543-562. doi: 10.1146/annurev-
ento-120811-153631

Pfeiffer BD, Jenett A, Hammonds AS, et al (2008) Tools for
neuroanatomy and neurogenetics in Drosophila. Proceedings
of the National Academy of Sciences 105:9715-9720. doi:
10.1073/pnas.0803697105

Pfeiffer BD, Ngo T-TB, Hibbard KL, et al (2010) Refinement of
tools for targeted gene expression in Drosophila. Genetics
186:735-755. doi: 10.1534/genetics.110.119917

Philipsborn von AC, Liu T, Yu JY, et al (2011) Neuronal control of
Drosophila courtship song. Neuron 69:509-522. doi: 10.1016/j.
neuron.2011.01.011

Pool A-H, Kvello P, Mann K, et al (2014) Four GABAergic
interneurons impose feeding restraint in Drosophila. Neuron
83:164-177. doi: 10.1016/j.neuron.2014.05.006

Potter CJ, Tasic B, Russler EV, et al (2010) The Q system: a
repressible binary system for transgene expression, lineage
tracing, and mosaic analysis. Cell 141:536-548. doi: 10.1016/].
cell.2010.02.025

Pulver SR, Hornstein NJ, Land BL, Johnson BR (2011) Optogenetics
intheteachinglaboratory: usingchannelrhodopsin-2 tostudythe
neural basis of behavior and synaptic physiology in Drosophila.
Adv Physiol Educ 35:82-91. doi: 10.1152/advan.00125.2010

Pulver SR, Pashkovski SL, Hornstein NJ, et al (2009) Temporal
dynamics of neuronal activation by Channelrhodopsin-2 and
TRPA1 determine behavioral output in Drosophila larvae.
Journal of Neurophysiology 101:3075-3088. doi: 10.1152/
jn.00071.2009

Ramdya P, Lichocki P, Cruchet S, et al (2014) Mechanosensory
interactions drive collective behaviour in Drosophila. Nature.
doi: 10.1038/nature14024

Reyn von CR, Breads P, Peek MY, et al (2014) A spike-timing
mechanism for action selection. Nat Neurosci 17:962-970. doi:
10.1038/nn.3741

Reynolds AM, Frye MA (2007) Free-flight odor tracking in
Drosophila is consistent with an optimal intermittent scale-free
search. PLoS ONE 2:e354. doi: 10.1371/journal.pone.0000354

Rezaval C, Pavlou HJ, Dornan AJ, et al (2012) Neural circuitry

underlying Drosophila female postmating behavioral responses.
Curr Biol 22:1155-1165. doi: 10.1016/j.cub.2012.04.062

19



Riabinina O, Luginbuhl D, Marr E, et al (2015) Improved and
expanded Q-system reagents for genetic manipulations.
Nature Methods 12:219-22- 5 p following 222. doi: 10.1038/
nmeth.3250

Robie AA, Straw AD, Dickinson MH (2010) Object preference
by walking fruit flies, Drosophila melanogaster, is mediated by
vision and graviperception. The Journal of experimental Biology
213:2494-2506. doi: 10.1242/jeb.041749

Root CM, Ko KI, Jafari A, Wang JW (2011) Presynaptic facilitation
by neuropeptide signaling mediates odor-driven food search.
Cell 145:133-144. doi: 10.1016/j.cell.2011.02.008

Ruta V, Datta SR, Vasconcelos ML, et al (2010) A dimorphic
pheromone circuit in Drosophila from sensory input to
descending output. Nature 468:686—690. doi: 10.1038/
nature09554

Saalfeld S, Cardona A, Hartenstein V, Tomancak P (2009)
CATMAID: collaborative annotation toolkit for massive amounts
of image data. Bioinformatics 25:1984-1986. doi: 10.1093/
bioinformatics/btp266

Saleem S, Ruggles PH, Abbott WK, Carney GE (2014) Sexual
experience enhances Drosophila melanogaster male mating
behavior and success. PLoS ONE 9:e96639. doi: 10.1371/
journal.pone.0096639

Schneider-Mizell CM, Gerhard S, Longair M, et al (2016)
Quantitative neuroanatomy for connectomics in Drosophila.
Elife. doi: 10.7554/eLife.12059

Schusterreiter C, Grossmann W (2013) A two-fly tracker that
solves occlusions by dynamic programming: computational
analysis of Drosophila courtship behaviour. EURASIP J Image
Video Process 2013:64. doi: 10.1214/aoms/1177698950

Seeds AM, Ravbar P, Chung P, et al (2014) A suppression
hierarchy among competing motor programs drives sequential
grooming in Drosophila. Elife 3:e02951.

Seelig JD, Chiappe ME, Lott GK, et al (2010) Two-photon calcium
imaging from head-fixed Drosophila during optomotor walking
behavior. Nature Methods 7:535-540. doi: 10.1038/nmeth.1468

Seiger MB, Kink JF (1993) The effect of anesthesia on the
photoresponses of four sympatric species of Drosophila. Behav
Genet 23:99-104.

Shang Y, Griffith LC, Rosbash M (2008) Light-arousal and
circadian photoreception circuits intersect at the large PDF cells
of the Drosophila brain. Proceedings of the National Academy
of Sciences 105:19587-19594. doi: 10.1073/pnas.0809577105

Shirangi TR, Wong AM, Truman JW, Stern DL (2016) Doublesex
Regulates the Connectivity of a Neural Circuit Controlling
Drosophila Male Courtship Song. Developmental Cell 37:533—

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2354v2 | CC BY 4.0 Open Access | rec: 31 Aug 2016, publ: 31 Aug 2016

544. doi: 10.1016/j.devcel.2016.05.012

Simon JC, Dickinson MH (2010) A new chamber for studying
the behavior of Drosophila. PLoS ONE 5:e8793. doi: 10.1371/
journal.pone.0008793

Sivanantharajah L, Zhang B (2015) Current techniques for high-
resolution mapping of behavioral circuits in Drosophila. ] Comp
Physiol A 201:895-909. doi: 10.1007/s00359-015-1010-y

Spradling AC, Stern D, Beaton A, et al (1999) The Berkeley
Drosophila Genome Project gene disruption project: Single
P-element insertions mutating 25% of vital Drosophila genes.
Genetics 153:135-177.

Stockinger P, Kvitsiani D, Rotkopf S, et al (2005) Neural Circuitry
that Governs Drosophila Male Courtship Behavior. Cell 121:795—
807. doi: 10.1016/j.cell.2005.04.026

Straw AD, Branson K, Neumann TR, Dickinson MH (2011) Multi-
camera real-time three-dimensional tracking of multiple flying
animals. Journal of the Royal Society Interface 8:395-409. doi:
10.1098/rsif.2010.0230

Suh GSB, Ben-Tabou de Leon S, Tanimoto H, et al (2007)
Light Activation of an Innate Olfactory Avoidance Response
in Drosophila. Current Biology 17:905-908. doi: 10.1016/j.
cub.2007.04.046

Suh GSB, Wong AM, Hergarden AC, et al (2004) A single
population of olfactory sensory neurons mediates an innate
avoidance behaviour in Drosophila. Nature 431:854—-859. doi:
10.1038/nature02980

Sun F, Wang Y, Zhou Y, et al (2014) Identification of neurons
responsible for feeding behavior in the Drosophila brain. Sci
China Life Sci 57:391-402. doi: 10.1007/s11427-014-4641-2

Suster ML, Seugnet L, Bate M, Sokolowski MB (2004) Refining
GAL4-driven transgene expression in Drosophila with a GAL80
enhancer-trap. genesis 39:240-245. doi: 10.1002/gene.20051

Takemura S-Y, Bharioke A, Lu Z, et al (2013) A visual motion
detection circuit suggested by Drosophila connectomics. Nature
500:175-181. doi: 10.1038/nature12450

Tataroglu O, Emery P (2014) Studying circadian rhythms in
Drosophila melanogaster. Methods 68:140-150. doi: 10.1016/j.
ymeth.2014.01.001

Ting C-Y, Gu S, Guttikonda S, et al (2011) Focusing transgene
expression in Drosophila by coupling Gal4 with a novel split-
LexA expression system. Genetics 188:229-233. doi: 10.1534/
genetics.110.126193

Triphan T, Nern A, Roberts SF, et al (2016) A screen for
constituents of motor control and decision making in Drosophila
reveals visual distance-estimation neurons. Sci Rep 6:27000.

20



doi: 10.1038/srep27000

Tsai H-Y, Huang Y-W (2012) Image tracking study on courtship
behavior of Drosophila. PLoS ONE 7:e34784. doi: 10.1371/
journal.pone.0034784

Tuthill JC, Nern A, Holtz SL, et al (2013) Contributions of the
12 neuron classes in the fly lamina to motion vision. Neuron
79:128-140. doi: 10.1016/j.neuron.2013.05.024

Tuthill JC, Wilson Rl (2016) Parallel Transformation of Tactile
Signals in Central Circuits of Drosophila. Cell 164:1046-1059.
doi: 10.1016/j.cell.2016.01.014

Ueda A, Kidokoro Y (2002) Aggressive behaviours of female
Drosophila melanogaster are influenced by their social
experience and food resources. Physiol Entomol 27:21-28. doi:
10.1046/j.1365-3032.2002.00262.x

van Breugel F, Dickinson MH (2014) Plume-tracking behavior
of flying Drosophila emerges from a set of distinct sensory-
motor reflexes. Current Biology 24:274-286. doi: 10.1016/j.
cub.2013.12.023

Vaughan AG, Zhou C, Manoli DS, Baker BS (2014) Neural
pathways for the detection and discrimination of conspecific
songin D. melanogaster. Curr Biol 24:1039-1049. doi: 10.1016/j.
cub.2014.03.048

Venken KJT, He Y, Hoskins RA, Bellen HJ (2006) P[acman]: a
BAC transgenic platform for targeted insertion of large DNA
fragments in D. melanogaster. Science 314:1747-1751. doi:
10.1126/science.1134426

Venken KJT, Schulze KL, Haelterman NA, et al (2011a) MiMIC: a
highly versatile transposon insertion resource for engineering
Drosophila melanogaster genes. Nature Methods 8:737-743.

Venken KJT, Simpson JH, Bellen HJ (2011b) Genetic manipulation
of genes and cells in the nervous system of the fruit fly. Neuron
72:202-230. doi: 10.1016/j.neuron.2011.09.021

Vinayak P, Coupar J, Hughes SE, et al (2013) Exquisite light
sensitivity of Drosophila melanogaster cryptochrome. PLoS
Genetics 9:e1003615. doi: 10.1371/journal.pgen.1003615

Wan Y, Otsuna H, Chien C-B, Hansen C (2012) FluoRender: An
Application of 2D Image Space Methods for 3D and 4D Confocal
Microscopy Data Visualization in Neurobiology Research. IEEE
Pacific Visualization Symposium 201-208.

Wang L, Anderson DJ (2010) Identification of an aggression-
promoting pheromone and its receptor neurons in Drosophila.
Nature 463:227-231. doi: 10.1038/nature08678

Wang L, Dankert H, Perona P, Anderson DJ (2008) A common
genetic target for environmental and heritable influences on
aggressiveness in Drosophila. Proceedings of the National

Academy of Sciences 105:5657-5663. doi: 10.1073/

pnas.0801327105

WangL, Han X, Mehren J, et al (2011) Hierarchical chemosensory
regulation of male-male social interactions in Drosophila. Nat
Neurosci 14:757-762. doi: 10.1038/nn.2800

White BH (2016) What genetic model organisms offer the study
of behavior and neural circuits. J] Neurogenet 30:54-61. doi:
10.1080/01677063.2016.1177049

Wilson Rl (2013) Early olfactory processing in Drosophila:
mechanisms and principles. Annual Review of Neuroscience
36:217-241. doi: 10.1146/annurev-neuro-062111-150533

Wu M-C, Chu L-A, Hsiao P-Y, et al (2014) Optogenetic control
of selective neural activity in multiple freely moving Drosophila
adults. Proceedings of the National Academy of Sciences
111:5367-5372. doi: 10.1073/pnas.1400997111

Yamaguchi S, Desplan C, Heisenberg M (2010) Contribution of
photoreceptor subtypes to spectral wavelength preference in
Drosophila. Proceedings of the National Academy of Sciences
107:5634-5639. doi: 10.1073/pnas.0809398107

Yoshihara M, Ito K(2012) Acute genetic manipulation of neuronal
activity for the functional dissection of neural circuits-a dream
come true for the pioneers of behavioral genetics. J Neurogenet
26:43-52. doi: 10.3109/01677063.2012.663429

Yoshihara M, Ito K (2000) Improved Gal4 screening kit for large-
scale generation of enhancer-trap strains. Drosoph Inf Serv
83:199-202.

Zaninovich OA, Kim SM, Root CR, et al (2013) A single-fly
assay for foraging behavior in Drosophila. Journal of visualized
experiments e50801. doi: 10.3791/50801

Zawistowski S, Richmond RC (1987) Experience mediated
reduction in courtship of Drosophila melanogaster in large and
small chambers. Journal of Comparative Psychology 101:90-93.

Zhou C, Franconville R, Vaughan AG, et al (2015) Central
neural circuitry mediating courtship song perception in male
Drosophila. Elife. doi: 10.7554/elife.08477

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.2354v2 | CC BY 4.0 Open Access | rec: 31 Aug 2016, publ: 31 Aug 2016 21



