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The availability of new tools for manipulating neuronal activity, coupled with the development
of increasingly sophisticated techniques for targeting these tools to subsets of cells in living,
behaving animals, is permitting neuroscientists to tease apart brain circuits by a method akin to
classical mutagenesis. Just as mutagenesis can be used to introduce changes into an organism’s
DNA to identify the genes required for a given biological process, changes in activity can be
introduced into the nervous system to identify the cells required for a given behavior. If the
changes are introduced randomly, the cells can be identified without any prior knowledge of
their properties. This strategy, which we refer to here as “neurotrapping,” has been implemented
most effectively in Drosophila, where transgenes capable of either suppressing or stimulating
neuronal activity can be reproducibly targeted to arbitrary subsets of neurons using so-called
"enhancertrap” techniques. By screening large numbers of enhancertrap lines, experimenters
have been able to identify groups of neurons which, when suppressed (or, in some cases,
activated), alter a specific behavior. Parsing these groups of neurons to identify the minimal
subset required for generating a behavior has proved difficult, but emerging tools that permit
refined transgene targeting are increasing the resolution of the screening techniques. Some
of the most recent neurotrapping screens have identified physiological substrates of behavior

at the single neuron level.
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INTRODUCTION

The fields of neuroscience and genetics face similar challenges:
Both must explain how elementary components — neurons in
the first case and genes in the second — interact to govern com-
plex processes, such as behavior or development. Historically,
the two fields have sought to meet their respective challenges in
very different ways. Neuroscientists, having identified the basic
unit of neural function early on, took a bottom-up approach,
seeking to explain behavior and other integrative aspects of the
brain by charting the connectivity of its component neurons
and correlating their patterns of activity. Geneticists, lacking
any knowledge of the basic unit of inheritance, were forced to
take a different approach: They started at the top, working from
the organismal phenotypes that resulted from unknown changes
in the genetic material, and made their way down to the gene.
The genetic approach was systematized by coupling methods for
blindly inducing genetic changes with selective screens to identify
mutations that affected particular biological processes of inter-
est (Figure 1A). The nature of the gene and the identity of the
particular genes involved in diverse biological phenomena were
elucidated by this powerful, unbiased approach.

Historically, neuroscience research has lacked a counterpart
to the unbiased screen of genetics: While electrophysiological,
pharmacological, anatomical, and genetic manipulations have
each provided productive avenues to perturbing brain function,
there has been no general method for systematically and ran-
domly altering neuronal activity in freely behaving animals to
identify the neurons underlying a given behavior. Such a method

would usefully complement classic circuit-mapping techniques
by supplying causal links to circuit maps derived from tracing
synaptic connections and correlating activities. Fortunately, the
steady advance of genetic technologies is beginning to provide
neuroscientists with the basic elements of such a method. This
method, to which we apply the previously-introduced term
“neurotrapping” (White et al., 2001a), is illustrated in Figure 1B.
By analogy to mutagenic screens, neurotrapping involves the
perturbation of neuronal, rather than gene, function, and uses
not chemical mutagens, but instead, transgenes whose products
inhibit (or in some cases stimulate) the activity of neurons in
which they are expressed. The expression of these transgenes in
random subsets of cells in the brains of living animals consti-
tutes a process analogous to mutagenesis. By identifying animals
that exhibit deficits in a behavior of interest as a consequence
of inactivating different subsets of neurons, neurotrapping can
be used to interrogate the nervous system to identify those cells
that are essential for a given behavior, just as mutagenesis is used
to interrogate the genome to identify genes required for a given
biological process.

It is worth pointing out that while neurotrapping and muta-
genesis are analogous techniques, there are differences between
them. Perhaps the most important relates to the relative scale
of the perturbations made: In contrast to mutagenesis, which is
usually performed so as to affect the function of single genes, the
transgene expression systems used for neurotrapping typically
lead to the manipulation of multiple neurons — often hundreds to
thousands. While this broad targeting is probably often necessary
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FIGURE 1 | Neurotrapping screens are analogous to genetic screens.

(A) In a genetic screen, perturbations are introduced into the genome by
mutagenesis, and animals bearing these mutations are analyzed for deficits in
a behavior of interest. These heritable deficits are then traced back to the
change(s) in the genetic material that are their source. (B) In a neurotrapping
screen the activity of neurons, rather than genes, is perturbed. This type of
screen requires genetic tools such as those listed in Table 1 for manipulating
neuronal activity, and a means of targeting these tools to particular neurons.
Unlike traditional methods of circuit-mapping, neurotrapping identifies the
functional components of a neural network without knowledge of synaptic
connectivity (which often represents only part of a neuron’s signaling capacity)
or response properties (which may only coincidentally correlate with
performance of a particular behavior).

to insure that enough neurons are functionally compromised
to give rise to a behavioral deficit (either by inducing multiple
changes that have small effects, or by compromising compensa-
tory networks in addition to a primary circuit), it also means
that identifying the essential neurons responsible for the deficit
is often difficult. Indeed, neurotrapping has proved most feasible
when the random targeting of gene expression can be performed
reproducibly, allowing the same set of neurons to be repeatedly
probed from animal-to-animal and generation-to-generation.
This is possible when three conditions obtain: the targeting pat-
terns are heritable, neuronal identities are relatively fixed, and
behavioral circuits are more-or-less hard-wired. These condi-
tions are largely met in Drosophila, where neurotrapping has been
primarily developed. We review these developments here, first
discussing the tools used for neuronal targeting and manipula-
tion, and then, after reviewing early studies, focusing on recent
innovations. These innovations have facilitated neurotrapping
methodologies and have raised the prospects that neurotrapping
will become as potent an engine of circuit discovery as random
mutagenesis has been in elucidating transcriptional and signaling
networks in genetics.

TOOLS FOR NEUROTRAPPING IN DROSOPHILA

A profound advantage of Drosophila in screen-based studies of neural
function is the availability of powerful gene-targeting technologies
based on the Gal4-UAS system (Figure 2). This expression system
(Figure 2A), consists of two types of transgenic fly line, one that
expresses the yeast transcription factor Gal4 in specific groups of cells
under the control of a particular enhancer, and another that bears a
transgene of interest downstream of the Gal4 binding site, which is
called the “upstream activating sequence” (i.e. UAS). When flies from
two such lines are mated, Gal4 drives expression of the transgene in
the same cells in which Gal4 itself is expressed. Diverse manipulations
of the same set of neurons can therefore be made at will by matching
asingle Gal4 driver with different UAS-transgenes. By the same token,
multiple Gal4 lines with different expression patterns can be matched
with a single UAS-transgene to perform identical manipulations on
many different neuronal groups. The targeting of arbitrary groups
of neurons is accomplished using so-called “enhancer-trap” lines,
which are made by allowing the Gal4 gene to randomly integrate
into the genome. In transgenic flies made by this method, genomic
enhancers that normally regulate endogenous genes near the inte-
gration site determine the expression pattern of Gal4. Libraries of
Gal4 enhancer-trap lines that have diverse expression patterns typi-
cally serve as the starting point for neurotrapping studies. Once an
enhancer-trap line of interest has been identified (for example, one
that alters a specific behavior when driving a suppressor of neuronal
activity), its pattern of expression can be further refined to identify
the subset of neurons essential for the behavior using strategies such
as those illustrated in Figures 2B-D. These strategies are described
in the context of specific studies in greater detail below.

The types of UAS-transgenes that have been used to manipulate
neural function in Drosophila are listed in Table 1, which focuses on
those whose products broadly affect neuronal function and are not
cell-type specific. The products of most of these genes either sup-
press synaptic transmission or act to inhibit or enhance neuronal
excitability. Some act constitutively, while others can be used to per-
form acute manipulations. The most relevant from the standpoint
of the neurotrapping studies reviewed here are those that suppress
either synaptic transmission or membrane excitability. These have
received the greatest use for the simple reason that suppression of
neuronal function allows one to determine whether a particular
neuron or set of neurons is necessary for governing a particular
behavior. It should be noted that many of the tools listed in Table 1
are discussed in detail in the Frontiers in Molecular Neuroscience
Special Topic titled “Genetic techniques and circuit analysis” (see
Han et al., 2009; Hodge, 2009; Holford et al., 2009; Kasuya et al.,
2009). Those used specifically in Drosophila in the context of circuit
mapping are also comprehensively treated in recent reviews by
Holmes et al. (2007) and Simpson (2009). Interested readers are
referred to these reviews for details.

EARLY NEUROTRAPPING: SYNAPTIC SUPPRESSION WITH
UAS-TNT

The first cellular screen of neuronal function in Drosophila by
Sweeney etal. (1995) was facilitated by two developments: the
coupling of the Gal4-UAS system to enhancer-trap technolo-
gies by Brand and Perrimon (1993) and the cloning of tetanus
toxin light chain (TNT) by Mochida et al. (1990). TNT selectively
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cleaves the neuronal isoform of synaptobrevin in Drosophila and
thus suppresses synaptic transmission in the neurons that express
it. Using UAS-TNT, Sweeney and colleagues screened a collection
of enhancer trap-Gal4 lines and identified several that produced
deficits in an olfactory escape response. The expression pattern
of one line that produced particularly strong deficits was inves-
tigated and found to include neurons that projected into the leg
nerves, but no further identification of the locus of TNT action
was undertaken.

Although this early use of UAS-TNT as a screening tool was
occasionally emulated, as in the investigation of larval locomotion
by Suster et al. (2003), UAS-TNT was most extensively applied to
investigating the functions of candidate neurons or brain regions
already suspected of playing a role in particular behaviors (for a
review of these studies see Martin et al., 2002). Gal4 enhancer-trap
lines were typically screened anatomically to identify those that
expressed in neurons of interest, and these lines were then used
to suppress synaptic transmission so that the behavioral conse-
quences could be observed. In this way, the neural components
of various sensory and motor systems were investigated, as were
neurons contributing to functionally interesting structures within
the central nervous system, such as the mushroom bodies and the
central complex.

Because of their focus on pre-selected groups of candidate neu-
rons, these early UAS-TNT studies bear a closer relationship to
reverse-genetic approaches than to the “forward” approaches that
make use of random mutagenesis. In part, forward approaches
to neuronal screens were handicapped by the broad expression
patterns of most Gal4 enhancer-trap lines. Indeed, even in studies
where the enhancer-trap lines were selected because their expression

FIGURE 2 | Methods of transgene targeting. (A) The Gal4-UAS system
described in the text. Left panel: the schematic depicts the transgene
construct for Gal4 (blue outline) on one fly chromosome, and the transgene
effector construct (green rectangle) on another fly chromosome. The Gal4
gene lies downstream of the promoter/enhancer element, P1, which dictates
its pattern of expression. The effector transgene lies downstream of five Gal4
binding sites (i.e. “UAS," black ovals). In flies bearing both constructs, neurons
that express Gal4 protein (blue shapes) also express the effector protein
(green circles). Right panel: schematic of the fly CNS depicting coincident
expression of Gal4 (blue outline) and effector (green oval). (B) Subtractive
restriction of effector gene expression using Gal80. Left panel: In cells that
express the gene encoding Gal80 (brown outling) under the control of the
promoter/enhancer P2, Gal80 protein (brown circles) will inhibit Gal4 by
binding to its transcription activation domain and thus block effector gene
expression (red X). Right panel: if P1 and P2 have overlapping expression
patterns, Gal4 activity, and therefore effector expression, is eliminated in the
region of overlap (i.e. in Gal80 positive cells, brown). (C) Random restriction
using the “flp-out Gal80" system. Left panel: if the Gal80 transgene is placed
downstream of the ubiquitously active tubulin promoter (tub) and is flanked by
sites (triangles) that permit excision by heat-shock induced flp-recombinase
activity, the Gal80 gene will be deleted in random subsets of cells in animals
subjected to heat shock. Only cells that express Gal4, but not Gal80, will also
express the effector gene. Right panel: Effector expression (green) is limited
to cells within the Gal4 expression pattern (blue outline) that lack Gal80
expression. (D) Combinatorial restriction using Split Gal4. Left panel: If the
DNA-binding (blue, DBD) and transcription activation (yellow, AD) domains of
the Gal4 molecule are independently targeted to different neuronal groups
using promoters P1 and P2, Gal4 activity will be reconstituted and the effector
transgene expressed only in cells at the intersection of the P1 (blue) and P2
(yellow) expression patterns, as depicted in the right panel.
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Table 1 | Tools for manipulating neuronal excitability in Drosophila.

Type Tool

Action Reference

Constitutive suppressors Tetanus Toxin Light Chain (TNT)

Inward Rectifier (K 2.1)

Two-pored “leak” Channel (dORK)
Voltage-gated K* Channels (EKO, Shaw)
Dynamin Mutant (UAS-Shit?)

Bacterial Na* Channel (NaChBac)
TetheredToxin (8-ACTX-Hv1a)
Thermosensitive TRPs (TRPMS, dTrpA1)
ChR2

Light Uncaged ATP (P,X,)

Conditional suppressor
Constitutive activator

Conditional activators

Synaptic Block Sweeney et al., 1995

| Excitability Baines et al., 2001

| Excitability Nitabach et al., 2002

| Excitability Hodge et al., 2005; White et al., 2001b
Synaptic Block Kitamoto, 2001

T Excitability Luan et al., 2006a; Nitabach et al., 2006
T Excitability Wu et al., 2008

Depolarize Hamada et al., 2008; Peabody et al., 2009
Depolarize Schroll et al., 2006

Depolarize Lima and Miesenbock, 2005

included a particular set of neurons, concomitant expression out-
side the region of interest often meant that the effects of suppression
could not be attributed with complete confidence to the silencing
of the target neurons. This problem could sometimes be amelio-
rated by comparing results obtained with several lines that had
overlapping expression patterns (see for example Suster et al., 2003;
Broughton et al., 2004), but, in general, when expression cannot be
restricted to a single group of neurons — a condition often difficult
to meet — some ambiguity will remain.

ADDING TEMPORAL CONTROL: NEUROTRAPPING WITH THE
SYNAPTIC SUPPRESSOR UAS-Shi*!

A second impediment to the implementation of unbiased screen-
ing strategies using UAS-TNT was the inability of investigators to
temporally restrict UAS-TNT expression. The fact that synaptic
transmission was constitutively compromised meant that synaptic
suppression during development, and not acute suppression at the
time of testing, might account for the observed behavioral deficits.
There was also no guarantee that TNT would affect the same neu-
rons, or neurons governing the same functions, during develop-
mentand adulthood, since many enhancer-trap expression patterns
are dynamic and change as the animal grows. The broad range of
expression over development also meant that synaptic silencing was
frequently lethal due to TNT expression in some subset of neurons
essential for viability. An elegant solution to the problem of temporal
control was developed by Kitamoto with his introduction of UAS-
Shi*!, a UAS-construct encoding a temperature-sensitive mutant
of Shibiri, the Drosophila ortholog of dynamin (Kitamoto, 2001).
Shi*!, as is described more extensively in the Frontiers in Molecular
Neuroscience Special Topic titled “Genetic techniques and circuit
analysis” (see Kasuya etal.,2009), is a dominant inhibitor of synaptic
vesicle recycling and thereby blocks synaptic transmission. Using
flies bearing the UAS-Shi*! construct, Kitamoto demonstrated that
synaptic suppression could, in many cases, be induced by a simple
temperature shift within a matter of minutes.

Like UAS-TNT, UAS-Shi*' has been since used in many stud-
ies to inhibit synaptic transmission in candidate neurons for vari-
ous processes, in some cases with only minimal pre-selection of
enhancer-trap lines. In the latter cases, the resulting activity screens
are essentially “forward” neurotrapping screens. For example,
Pitman et al. (2006) screened 92 enhancer-trap lines with UAS-
Shi*! that were pre-selected for their relatively restricted expression

within different brain regions. These lines were chosen, however,
because their expression patterns collectively covered most of the
fly central nervous system. By using UAS-Shi*! to inhibit neurons
in each of these patterns, the authors were able to demonstrate a
specific role of the mushroom bodies in sleep.

Similarly, in a study of larval locomotion, Hughes and
Thomas (2007) anatomically pre-screened approximately 1800
Gal4 enhancer-trap lines and selected only those that expressed
in small subsets of CNS or PNS neurons. They then performed
a secondary screen on the chosen lines using UAS-Shi*!, which
allowed them to identify two classes of sensory neurons that pro-
vide proprioceptive feedback critical for larval crawling. A similar
screen that was carried out without anatomical pre-selection was
conducted by Song et al. (2007) and arrived at similar conclusions.
Song et al. used UAS-Shi*! to functionally screen approximately
1000 Gal4 enhancer-trap lines and identified 10 that drastically
reduced peristaltic rhythm and locomotion. All 10 were found
upon subsequent investigation to express strongly in peripheral
sensory neurons. One of these lines had no CNS expression, and,
as in the study of Hughes and Thomas, led to the identification of
multidendritic neurons as essential components of the circuitry
required for normal peristalsis during larval locomotion.

It is perhaps not surprising that the reported neurotrapping
screens often involve the identification of sensory neurons. The acces-
sibility of these neurons to manipulation and physiological recording
has long made them a favorite object of study and the availability of
specific drivers for subsets of them has facilitated their identification
in functional screens for the circuitry underlying specific behaviors.
Another example is a pilot screen reported by Suh et al. (2004), which
sought to identify neurons involved in a chemosensory-mediated
avoidance response. This screen of approximately 250 Gal4 enhancer-
trap lines uncovered one line that helped confirm the participation
of a subclass of odorant receptor neurons in this behavior.

Fewer neurotrapping screens have reported identifying com-
ponents of central circuits involved in more complex behaviors.
One notable exception is a study by Katsov and Clandinin (2008)
which used UAS-Shi*! to screen approximately 400 enhancer-trap
lines for specific visual processing defects using a high-throughput
behavioral assay. These authors identified one line in which expres-
sion was limited to two brain regions, one of which (the mushroom
body), could be ignored because its ablation did not cause the
visual processing defect. Remarkably, this left only a small set of
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three to four bilaterally represented neurons in each optic lobe as
the presumptive circuit components responsible for the process-
ing defect.

FURTHER NEUROTRAPPING METHODOLOGIES FOR
RESTRICTION IN TIME. ..

Although UAS-Shi*! affords excellent temporal control of synap-
tic transmission under many circumstances, it can also perturb
basic cellular functions. These effects can lead to ambiguities in the
interpretation of manipulations made with this tool (see Kitamoto,
2002b). An alternate method for temporally regulating synaptic
block is the flp-out TNT method introduced by Keller et al. (2002),
which employs a construct with a transcription stop cassette inter-
posed between the UAS and the TNT transgene. This stop cassette
can be excised by the flp recombinase, which can be ubiquitously
activated by heat shock in flies bearing the flp transgene expressed
behind the heat-shock promoter.

More general temporal control can be achieved by tech-
niques that permit conditional transgene expression such as the
GeneSwitch system (Osterwalder et al., 2001; Roman et al., 2001)
or the TARGET system (McGuire et al., 2004). The latter uses a
temperature-sensitive mutant of the Gal4 inhibitor Gal80 (i.e.
Gal80ts), which is capable of repressing Gal4-mediated transcrip-
tion at lower, restrictive temperatures, but not at higher, permis-
sive temperatures. This technique has been particularly useful
in suppressing the expression of TNT during development to
prevent lethality, and then releasing it in the adult where it can
suppress circuit function. This approach was used in two recent
studies (Gordon and Scott, 2009; Zhu et al., 2009). The general
applicability of the TARGET system in temporally regulating
Gal4-mediated transgene transcription also means that it can be
used with constitutive suppressors of neuronal activity besides
TNT (see Table 1).

...AND RESTRICTION OF EXPRESSION PATTERN

Gal80 (in its native, non-temperature-sensitive form) has also been
useful for narrowing down sets of neurons to identify those that
specifically function in a behavioral circuit. The general utility of
Gal80 in restricting the range of Gal4 activity was first demonstrated
by Lee and Luo with their introduction of the MARCM system
(Lee and Luo, 2001), which is routinely used to limit Gal4 activity
to individual neurons. Due to its inherently mosaic expression,
the MARCM system does not permit reproducible expression of
effectors in the same cells from animal to animal, and has not typi-
cally been used in neurotrapping screens. However, Gal80 itself
has proved useful in evaluating the lines generated by such screens
(Figure 2B) as was first demonstrated by Kitamoto, who used Gal80
to suppress the cholinergic subset of neurons within the expres-
sion pattern of a particular Gal4 enhancer-trap line (Kitamoto,
2002a,b). This line was isolated from a screen designed to analyze
the neural basis of courtship behavior. When subjected to transient
suppression, males resulting from crosses of this line to UAS-Shi*!
engaged in aberrant male-male courtship. By selectively relieving
suppression in the cholinergic neurons of this pattern using a Gal80
construct expressed behind the choline acetyltransferase promoter,
Kitamoto showed that male courtship patterns returned to nor-
mal. By this means he was able to demonstrate that cholinergic

neurons within the expression pattern of the enhancer-trap line
were responsible for the behavioral deficit seen in response to syn-
aptic block.

While this example illustrates the utility of Gal80 in restrict-
ing an expression pattern to isolate a cell group of interest, it also
illustrates one of the challenges of this approach. Because Gal80-
mediated restriction represents a negative selection strategy that
subtracts neurons from a pattern of interest (see Figure 2B), these
neurons are then no longer available for manipulation. Further
narrowing of the pattern to identify the minimal set of behaviorally
relevant neurons therefore becomes difficult. A positive selection
strategy that does not share this drawback couples the use of Gal80
to the flp recombinase in such a way that the behavioral phenotype
of interest is seen only in conjunction with restricted expression
patterns. This “flp-out Gal80” system, illustrated in Figure 2C relies
on the stochastic activation of flp by heat shock and can lead to the
restoration of Gal4 activity in small sets of cells within an expression
pattern, in some cases as few as one. This method was recently used
in conjunction with a neurotrapping screen by Gordon and Scott
(2009) to identify individual neurons involved in a sensorimotor
taste circuit.

The latter study is perhaps the most elegant implementation to
date of the neurotrapping strategy and provides a good example of
what can be done using some of the latest tools. Starting with a sup-
pressor screen of 534 Gal4 enhancer-trap lines, Gordon and Scott set
out to identify neurons involved in taste-related behaviors. They used
Gal80ts to prevent developmental mortality and identified 47 lines
that gave rise to adult deficits in a sensorimotor taste reflex. These
deficits fell into four different categories, including motor deficits.
By analyzing one of the six motor defective lines using the flp-out
Gal80 technique, they were able to identify and characterize a single
pair of motor neurons that were necessary for the execution of a
subprogram of the taste reflex. In addition to the synaptic blocker,
TNT, the authors used a potent suppressor of excitability, Kir2.1, to
conduct their screen and also made use of the light-sensitive channel,
ChannelRhodopsin2 (i.e. ChR2). Indeed, by using ChR2 to selectively
stimulate the pair of motor neuronsidentified using TNT and Kir2.1,
they were able to demonstrate that activation of these neurons was
sufficient to induce the same behavioral subprogram that was lacking
in the flies in which these neurons were suppressed.

EMERGING TECHNOLOGIES FOR NEUROTRAPPING

While the study of Gordon and Scott convincingly demonstrates
the efficacy of existing neurotrapping techniques in Drosophila,
emerging technologies promise to facilitate both the consistent
targeting of small groups of neurons and the rational dissection of
a large group of neurons into smaller subsets. In addition, an ever
broadening palette of tools for manipulating excitability promises
to increase the range of manipulations of neuronal activity that
can be made for neurotrapping. Each of these is discussed in turn
in the sections below.

RESTRICTION OF TRANSGENE EXPRESSION

Unbiased transgene targeting is at the heart of neurotrapping.
Given the large number of neurons in even the modestly-sized brain
of the fruitfly, it is clear that generating Gal4 lines to target each
individual neuron would be overwhelming and quite possibly also
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unproductive. Redundancy of function both within and between
circuits will undoubtedly obscure the behavioral contributions of
individual neurons in many cases. On the other hand, if one wants
to target multiple neurons, it is unclear what number should be
targeted: Targeting too many neurons risks hitting multiple circuits
and confounding the behavioral effects of any given manipulation;
on the other hand, targeting too few neurons risks missing circuits
that are broadly distributed and rely on the participation of many
weakly contributing components.

The data from neurotrapping screens conducted with Gal4
enhancer-trap lines indicates that 1-10% of lines can be expected
to produce a phenotype of interest when used to drive suppressors,
but only one to two per 1000 will have an expression pattern small
enough to analyze easily using existing methods. This would suggest
that having more Gal4 lines with small expression patterns would
be beneficial. Pfeiffer et al. (2008) recently described a method for
generating such lines using random 3 kb fragments of putative
regulatory DNA from the flanking and intronic regions of genes
known to be expressed in the nervous system. They report that Gal4
lines made with 44 such enhancer fragments labeled only about a
quarter as many central brain neurons on average (approximately
100) as conventional enhancer-trap lines. Happily, these authors are
in the process of making several thousand such lines using putative
enhancer regions from many different genes. They estimate that
these lines will collectively provide coverage of most neurons in
the Drosophila brain.

Even enhancer-trap lines with small expression patterns, how-
ever, will at best identify a set of candidate neurons in neurotrapping
screens. This set will then have to be winnowed down to the mini-
mal subset that gives rise to the behavioral deficit of interest when
suppressed. In addition to the flp-out Gal80 method, there are sev-
eral other combinatorial techniques that use the flp recombinase to
restrict transgene expression. These include the UAS > STOP > TNT
system described above, and UAS > STOP > Shi*!, which was intro-
duced by Stockinger et al. (2005). One drawback of these techniques
as they are traditionally used (i.e. in combination with hs-flp) is that
excision of the FRT-flanked cassette is stochastic, and the restricted
expression patterns are therefore not reproducible from animal
to animal.

An alternative methodology that provides reproducible expres-
sion patterns is the Split Gal4 system introduced by Luan et al.
(2006b). In this system (Figure 2D), the Gal4 molecule is split into
its two component domains, the DNA-binding domain (DBD) and
transcription activation domain (AD), which can then be inde-
pendently targeted to different neuronal groups. Gal4 transcrip-
tional activity, and therefore the expression of UAS transgenes,
is thus restricted to the intersection of the expression patterns of
the two domains. By making a fly line in which the expression of
one domain (e.g. the DBD) is restricted to a cell group of interest,
and crossing this line to enhancer-trap lines made with the other
domain (i.e. the AD), one can produce many different patterns
of expression in subsets of the original group (Luan et al., 2006b;
Luan and White, 2007). These patterns are reproducible from
animal-to-animal and can be generated at will.

The Split Gal4 system can be used in neurotrapping screens
in two principal ways. In the first, a primary screen can be
conducted using enhancer-trap (ET) lines made with one com-

ponent (e.g. ET-DBD) while the other component is expressed
throughout the nervous system (e.g. the AD driven by a pan-
neuronal promoter). Each ET-DBD line that yields a behavioral
deficit of interest in the primary screen can then be used in a
secondary screen with AD enhancer-trap lines. In this way, the
patterns of the individual ET-DBD lines from the primary screen
can be subdivided in the secondary screen. Alternatively, if a Gal4
enhancer-trap line has been isolated in a neurotrapping screen, it
can be converted into a Split Gal4 line by P-element swap (Sepp
and Auld, 1999) to subdivide its expression pattern. Gao et al.
(2008) have recently demonstrated the efficacy of converting an
existing enhancer-trap Gal4 line into a DBD line which shares the
expression pattern of the original. The process of swapping a Split
Gal4 component for Gal4 could also be streamlined by using Gal4
constructs that permit recombinase-mediated cassette exchange
(RMCE, Horn and Handler, 2005). In any case, application of the
Split Gal4 technique provides a strategy for systematically parsing
the pattern of an identified enhancer-trap line into smaller groups
so that their function can be analyzed.

BEYOND SYNAPTIC SILENCING: EXCITABILITY SUPPRESSION AND
NEURONAL STIMULATION

Although most neurotrapping screens conducted thus far have
used UAS-TNT or UAS-Shi*, these tools will not block communi-
cation through electrical synapses or necessarily impede signaling
by hormones and neuromodulatory factors (Thum et al., 2006). In
principle, neuronal function can be more universally suppressed by
inhibition of membrane excitability, which should block all signal-
ing mechanisms used by neurons. As described in the Frontiers in
Molecular Neuroscience Special Topic titled “Genetic techniques
and circuit analysis” (see Hodge, 2009) numerous tools have been
developed to block neuronal excitability, from the potent inward
rectifying Kir2.1 K*-channel to the relatively weak EKO channel. As
noted above, UAS-Kir2.1 was used in conjunction with UAS-TNT
to perform the neurotrapping study of Gordon and Scott (2009),
though no differences in the efficacy of the two tools was reported.

In contrast, TNT and EKO display clear differences in efficacy in
suppressing wing expansion behaviors (Luan et al., 2006a). These
behaviors are regulated by the hormone bursicon, which is expressed
in a subset of neurons that express the neuropeptide CCAP. In con-
trast to EKO, TNT poorly blocks wing expansion when expressed in
CCAP-expressing neurons and Kir2.1, because of its greater potency,
causes developmental lethality at the pupal stage. Luan et al. (2006a)
therefore chose to use the EKO channel to conduct a screen of
enhancer-trap lines to identify neurons involved in wing expansion.
This screen identified 24 lines (from a total of 114) that produced
wing expansion deficits when crossed to EKO. Using a CCAP-Gal80
construct, 23 of these lines were shown to act by suppressing CCAP-
expressing neurons. Because of its selective expression in a subset of
bursicon-secreting neurons, one of these lines permitted a functional
dissection of the bursicon-expressing group.

Although there is, as yet, no conditional suppressor of excitabil-
ity available for use in Drosophila, an increasing number of options
are available for acutely stimulating neurons using either light or
temperature (see Table 1). As indicated by the use of ChR2 to stimu-
late motor neurons in the study of Gordon and Scott (2009), or the
recent use of the temperature-sensitive TRP channels to selectively
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stimulate neurons promoting wakefulness (Parisky et al., 2008) or
wing expansion (Peabody et al., 2009), these tools can be used to
identify sets of central neurons that are capable of inducing behav-
ioral programs. More generally, they have the potential of being
used to identify neurons that act as “command systems” in gener-
ating behavioral outputs. Neurotrapping screens using activators
rather than suppressors of neuronal activity thus offer an additional
important tool for exploring behavioral control in Drosophila.

In addition to screens that involve suppressing and activating
neurons, the general strategy described here can be applied to study
any neuronal function of interest. Indeed, screens have been carried
out using numerous other effectors, including UAS-transformer to
feminize neurons in studies of courtship behavior (Ferveur et al.,
1995), UAS-PKA™, a PKA inhibitor, to study brain regions sensi-
tive to alcohol (Rodan et al., 2002), and UAS-mC¥, a constitutively
active form of PKA, to study neural substrates of sleep (Joiner
et al.,2006). With the recent availability of UAS-RNAIi constructs to
virtually every gene in the Drosophila genome (Dietzl et al., 2007),
diverse neurotrapping strategies can now be envisaged that ask not
only which neurons are necessary for executing different behaviors,
but which genes in those neurons are necessary.

FUTURE PROSPECTS
With recent advances, neurotrapping screens are beginning to
realize their full potential. Although technical challenges to imple-
menting them remain, the most recent advances provide proof that
success is possible and suggest that whole circuits will soon yield to
the neurotrapping approach. Whether all circuits can be “cracked”
by this approach remains to be determined, but the answer is soon
likely to depend less on the availability of techniques than it will on
biology. Like all nervous systems, the Drosophila nervous system
is densely interconnected and we have much to learn about how
it is organized: How many behaviors are governed by “command”
systems as opposed to “multifunctional” networks that broadly
coordinate the animal’s responses to environmental inputs? How
are conflicts between motor outputs resolved and what mechanisms
govern behavioral choice? What compensatory mechanisms and
circuits exist to allow for behavioral flexibility in the face of envi-
ronmental challenge or developmental damage? How are complex
behavioral programs assembled? All these questions remain, but
given recent developments, neurotrapping in Drosophila seems
poised to provide at least some of the answers.

The answers derived from Drosophila will undoubtedly inform
our thinking about the functional architecture of other nervous
systems, including our own. Will it be possible to also gain direct

REFERENCES

Adamantidis, A. R., Zhang, F,
Aravanis, A. M., Deisseroth, K.,and De
Lecea, L. (2007). Neural substrates of
awakening probed with optogenetic
control of hypocretin neurons. Nature
450, 420—429.

Baines, R. A., Uhler, J. P, Thompson, A.,
Sweeney, S. T., and Bate, M. (2001).
Altered electrical properties in
Drosophila neurons developing with-
out synaptic transmission. J. Neurosci.
21,1523-1531.

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

Broughton, S. J., Kitamoto, T., and
Greenspan, R.]. (2004). Excitatory and
inhibitory switches for courtship in
the brain of Drosophila melanogaster.
Curr. Biol. 14, R290-R547.

Deisseroth, K., Feng, G., Majewska, A. K.,
Miesenbock, G., Ting, A., and
Schnitzer, M. J. (2006). Next-

insights into the function of vertebrate nervous systems from
neurotrapping studies? Despite the technical challenges of longer
generation times, larger chromosome numbers, and increased costs
encountered in working with vertebrate preparations and the fact
that neuronal identities in such organisms are often epigenetically
sculpted and less stereotyped between individuals than they are in
Drosophila, the answer is almost certainly yes. Indeed, the feasibility
of neurotrapping in fish has already been demonstrated by Wyart
et al. (2009). Using multiple zebrafish Gal4 enhancer-trap lines that
drive expression in spinal cord neurons, these authors expressed a
light-activated cation channel to identify the stimulatory inputs to
the swim central pattern generator in the spinal cord.

Demonstrations of neurotrapping’s feasibility in mammalian
preparations may well follow. Sophisticated approaches for gene
targeting and neuronal manipulation are available in the mouse
(Deisseroth et al., 2006; Luo et al., 2008), and have already been
extensively used in what might be called “reverse” neurotrapping
studies in which targeted neuronal manipulations have been used to
demonstrate the functional roles of defined neuronal populations
(see for example Yu et al., 2004; Adamantidis et al., 2007; Tan et al.,
2008; Sohal et al., 2009; Tsai et al., 2009). A particularly elegant
example is the study of Kim et al. (2009), who used an intersectional
expression system to synaptically silence a subclass of serotonergic
neurons and show that silencing correlated with a reduction in
anxiety-related behaviors. Because the technical challenges men-
tioned above are a particular impediment to neurotrapping in the
mouse, progress in this animal may have to exploit different strate-
gies than those used in Drosophila. It would be particularly helpful
if random neuronal manipulations could be correlated with behav-
ioral changes in single animals. This would be facilitated if advances
in gene expression profiling of mouse neurons (Lein et al., 2007; Ng
etal., 2009) could be leveraged to identify the neurons randomly
targeted by viral transduction. Whether such strategies will prove
tractable will be decided by future developments. However, as the
work reviewed here indicates, technical development is unlikely to
limit progress for long, and neurotrapping, in Drosophila and in
other organisms, is likely to play an increasing role in elucidating
the circuitry that governs behavior.

ACKNOWLEDGMENTS

We dedicate this review to the memory of Thomas Osterwalder who
coined the term “neurotrapping” and who died of cancer in 2005.
We thank Grace Gray and Dave Sandstrom for critically reading
the manuscript. Benjamin White is supported by the Intramural
Research Program of the National Institute of Mental Health.

Ferveur, J. E, Stortkuhl, K. E, Stocker, R.
E,and Greenspan, R.]. (1995). Genetic
feminization of brain structures and
changed sexual orientation in male
Drosophila. Science 267, 902-905.

Gao,S., Takemura, S.Y., Ting, C.Y., Huang,
S., Lu, Z., Luan, H., Rister, J., Thum,
A. S.,Yang, M., Hong, S. T., Wang, J.
W., Odenwald, W. E,, White, B. H.,
Meinertzhagen, I. A., and Lee, C. H.
(2008). The neural substrate of spec-
tral preference in Drosophila. Neuron
60, 328-342.

generation optical technolo-
gies for illuminating genetically
targeted brain circuits. J. Neurosci.
26, 10380-10386.

Dietzl, G., Chen, D., Schnorrer, F.,
Su, K. C., Barinova, Y., Fellner, M.,
Gasser, B., Kinsey, K., Oppel, S.,
Scheiblauer, S., Couto, A., Marra,
V., Keleman, K., and Dickson, B. J.
(2007). A genome-wide transgenic
RNAI library for conditional gene
inactivation in Drosophila. Nature
448, 151-156.

Frontiers in Molecular Neuroscience

www.frontiersin.org

November 2009 | Volume 2 | Article 20 | 7



White and Peabody

Neurotrapping: tool for circuit discovery

Gordon, M. D,, and Scott, K. (2009).
Motor control in a Drosophila taste
circuit. Neuron 61, 373-384.

Hamada, F. N., Rosenzweig, M., Kang,
K., Pulver, S. R., Ghezzi, A., Jegla, T.J.,
and Garrity, P. A. (2008). An internal
thermal sensor controlling tempera-
ture preference in Drosophila. Nature
454, U217-U255.

Han, X., Qian, X., Stern, P., Chuong,
A., and Boyden, E. S. (2009).
Informational lesions: optical per-
turbation of spike timing and neural
synchrony via microbial opsin gene
fusions. Front. Mol. Neurosci. 2. doi:
10.3389/neuro.02.012.2009.

Hodge, J. (2009). Ion channels to
inactivate neurons in Drosophila.
Front. Mol. Neurosci. 2. doi:
10.3389/neuro.02.013.2009.

Hodge, J. J., Choi, J. C., O’Kane C.J., and
Griffith, L. C. (2005). Shaw potas-
sium channel genes in Drosophila.
J. Neurobiol. 63, 235-254.

Holford, M., Auer, S., Laqua, M., and
Ibafiez-Tallon, I. (2009). Manipulating
neuronal circuits with endogenous
and recombinant cell-surface tethe-
red modulators. Front. Mol. Neurosci.
2. doi: 10.3389/neuro.02.021.2009.

Holmes, T. C., Sheeba, V., Mizrak, D.,
Rubovszky, B.,and Dahdal, D. (2007).
Circuit-breaking and behavioral analy-
sis by molecular genetic manipulation
of neural activity in Drosophila. In
Invertebrate Neurobiology, G. North,
and R.J. Greenspan, eds (Cold Spring
Harbor, NY, Cold Spring Harbor
Laboratory Press), pp. 19-52.

Horn, C., and Handler, A. M. (2005).
Site-specific genomic targeting in
Drosophila. Proc. Natl. Acad. Sci.
U.S.A. 102, 12483-12488.

Hughes, C. L., and Thomas, J. B. (2007).
A sensory feedback circuit coordinates
muscle activity in Drosophila. Mol.
Cell. Neurosci. 35, 383-396.

Joiner, W.J., Crocker, A., White, B. H.,and
Sehgal, A. (2006). Sleep in Drosophila
is regulated by adult mushroom bod-
ies. Nature 441, 757-760.

Kasuya, J., Ishimoto, H., and Kitamoto,
T. (2009). Neuronal mechanisms of
learning and memory revealed by
spatial and temporal suppression of
neurotransmission using shibiretsl,
a temperature-sensitive dynamin
mutant gene in Drosophila mela-
nogaster. Front. Mol. Neurosci. 2. doi:
10.3389/neuro.02.011.2009.

Katsov, A. Y., and Clandinin, T. R.
(2008). Motion processing streams in
Drosophila are behaviorally special-
ized. Neuron 59, 322-335.

Keller, A., Sweeney, S. T., Zars, T.,
O’Kane, C.J., and Heisenberg, M.
(2002). Targeted expression of
tetanus neurotoxin interferes with
behavioral responses to sensory

input in Drosophila. J. Neurobiol. 50,
221-233.

Kim, J. C., Cook, M. N., Carey, M. R,,
Shen, C., Regehr, W. G., and
Dymecki, S. M. (2009). Linking genet-
ically defined neurons to behavior
through a broadly applicable silencing
allele. Neuron 63, 305-315.

Kitamoto, T. (2001). Conditional modi-
fication of behavior in drosophila by
targeted expression of a temperature-
sensitive shibire allele in defined neu-
rons. J. Neurobiol. 47, 81-92.

Kitamoto, T. (2002a). Conditional dis-
ruption of synaptic transmission
induces male-male courtship behav-
ior in Drosophila. Proc. Natl. Acad. Sci.
US.A. 99, 13232-13237.

Kitamoto, T. (2002b). Targeted expression
of temperature-sensitive dynamin to
study neural mechanisms of complex
behavior in Drosophila. J. Neurogenet.
16,205-228.

Lee, T. M., and Luo, L. Q. (2001). Mosaic
analysis with a repressible cell marker
(MARCM) for Drosophila neural
development. Trends Neurosci. 24,
251-254.

Lein, E. S., Hawrylycz, M. J., Ao, N.,
Ayres, M., Bensinger, A., Bernard, A.,
Boe, A. F., Boguski, M.S.,
Brockway, K. S., Byrnes, E. J., Chen,
L., Chen, L., Chen, T. M., Chin, M. C.,
Chong, J., Crook, B. E., Czaplinska,
A., Dang, C. N, Datta, S., Dee, N.
R., Desaki, A. L., Desta, T., Diep, E.,
Dolbeare, T. A., Donelan, M. J., Dong,
H.W.,, Dougherty, J. G., Duncan, B. .,
Ebbert, A. J., Eichele, G., Estin, L. K.,
Faber, C., Facer, B.A., Fields, R., Fischer,
S.R,, Hliss, T. P, Frensley, C., Gates, S.
N, Glattfelder, K. J., Halverson, K. R.,
Hart, M. R., Hohmann, J. G., Howell,
M.P,Jeung, D.P,Johnson,R.A.,Karr,
P. T., Kawal, R., Kidney, J. M., Knapik,
R.H.,Kuan,C.L.,Lake,]. H., Laramee,
A. R, Larsen, K. D., Lau, C., Lemon,
T. A, Liang, A. ], Liu, Y., Luong, L. T,
Michaels, J., Morgan, J. J., Morgan, R.
J., Mortrud, M. T., Mosqueda, N. E,
Ng, L. L., Ng, R, Orta, G. J., Overly,
C. C, Pak, T. H., Parry, S. E., Pathak,
S. D, Pearson, O. C., Puchalski, R. B.,
Riley, Z. L., Rockett, H. R., Rowland,
S. A, Royall, J. J., Ruiz, M. J., Sarno,
N. R,, Schaffnit, K., Shapovalova, N.
V., Sivisay, T., Slaughterbeck, C. R.,
Smith, S. C., Smith, K. A., Smith, B. L,
Sodt, A. J., Stewart, N. N., Stumpf, K.
R., Sunkin, S. M., Sutram, M., Tam, A.,
Teemer, C. D., Thaller, C., Thompson,
C.L.,Varnam,L.R., Visel, A., Whitlock,
R. M., Wohnoutka, P. E., Wolkey, C.
K., Wong, V. Y., Wood, M., Yaylaoglu,
M. B, Young, R. C., Youngstrom, B. L.,
Yuan, X. E, Zhang, B., Zwingman, T.A.,
and Jones, A.R. (2007). Genome-wide
atlas of gene expression in the adult
mouse brain. Nature 445, 168—-176.

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

Luan, H., Lemon, W. C., Peabody, N. C.,
Pohl, J. B., Zelensky, P. K., Wang, D.,
Nitabach, M. N., Holmes, T. C., and
White, B. H. (2006a). Functional
dissection of a neuronal network
required for cuticle tanning and wing
expansion in Drosophila. J. Neurosci.
26, 573-584.

Luan, H., Peabody, N. C., Vinson, C. R.,
and White, B. H. (2006b). Refined
spatial manipulation of neuronal
function by combinatorial restric-
tion of transgene expression. Neuron
52, 425-436.

Luan, H., and White, B. H. (2007).
Combinatorial methods for refined
neuronal gene targeting. Curr. Opin.
Neurobiol. 17, 572-580.

Luo, L., Callaway, E. M., and Svoboda, K.
(2008). Genetic dissection of neural
circuits. Neuron 57, 634—660.

Martin, J. R,, Keller, A., and Sweeney, S. T.
(2002). Targeted expression of tetanus
toxin: anew tool to study the neurobiol-
ogy of behavior. Adv. Genet. 47,1-47.

McGuire, S.E.,Roman, G.,and Davis, R. L.
(2004). Gene expression systems in
Drosophila: a synthesis of time and
space. Trends Genet. 20, 384-391.

Mochida, S., Poulain, B., Eisel, U., Binz, T.,
Kurazono, H., Niemann, H., and
Tauc, L. (1990). Exogenous mRNA
encoding tetanus or botulinum neu-
rotoxins expressed in Aplysia neu-
rons. Proc. Natl. Acad. Sci. US.A. 87,
7844-7848.

Ng, L., Bernard, A., Lau, C., Overly, C. C.,
Dong, H. W,, Kuan, C., Pathak, S.,
Sunkin, S.M.,Dang, C.,Bohland, J. W,
Bokil, H., Mitra, P. P., Puelles, L.,
Hohmann, J., Anderson, D. J.,
Lein, E. S.,Jones, A. R.,and Hawrylycz,
M. (2009). An anatomic gene expres-
sion atlas of the adult mouse brain.
Nat. Neurosci. 12, 356-362.

Nitabach,M.N.,Blau, J.,and Holmes, T. C.
(2002). Electrical silencing of
Drosophila pacemaker neurons stops
the free-running circadian clock. Cell
109, 485-495.

Nitabach, M. N., Wu, Y., Sheeba, V.,
Lemon,W. C., Strumbos, J.,
Zelensky, P. K., White, B. H., and
Holmes, T. C. (2006). Electrical hyper-
excitation of lateral ventral pacemaker
neurons desynchronizes downstream
circadian oscillators in the fly circadian
circuit and induces multiple behavio-
ral periods. J. Neurosci. 26, 479-489.

Osterwalder, T., Yoon, K. S., White, B. H.,
and Keshishian, H. (2001). A
conditional tissue-specific transgene
expression system using inducible
GALA4. Proc. Natl. Acad. Sci. U.S.A. 98,
12596-12601.

Parisky, K. M., Agosto, J., Pulver, S.R.,
Shang, Y., Kuklin, E., Hodge, J. J.,
Kang, K., Liu, X., Garrity, P. A,
Rosbash, M., and Griffith, L. C. (2008).
PDF cells are a GABA-responsive
wake-promoting component of the
Drosophila sleep circuit. Neuron 60,
672-682.

Peabody, N. C., Pohl, J. B., Diao, E,
Vreede, A. P., Sandstrom, D. J,,
Wang, H., Zelensky, P. K., and
White, B. H. (2009). Characterization
of the decision network for wing
expansion in Drosophila using tar-
geted expression of the TRPMS chan-
nel. J. Neurosci. 29, 3343-3353.

Pfeiffer, B. D.,Jenett, A., Hammonds, A. S.,
Ngo, T. T. B., Misra, S., Murphy, C.,
Scully, A., Carlson, J. W., Wan, K. H.,,
Laverty, T. R., Mungall, C., Svirskas,
R., Kadonaga, J. T., Doe, C. Q., Eisen,
M. B,, Celniker, S. E., and Rubin, G.
M. (2008). Tools for neuroanatomy
and neurogenetics in Drosophila.
Proc. Natl. Acad. Sci. U.S.A. 105,
9715-9720.

Pitman, J. L., McGill, J. J., Keegan, K. P.,
and Allada, R. (2006). A dynamic role
for the mushroom bodies in promot-
ing sleep in Drosophila. Nature 441,
753-756.

Rodan, A. R., Kiger, J. A., Jr., and
Heberlein, U. (2002). Functional dis-
section of neuroanatomical loci regu-
lating ethanol sensitivity in Drosophila.
J. Neurosci. 22,9490-9501.

Roman, G., Endo, K., Zong, L., and
Davis, R. L. (2001). P[Switch], a sys-
tem for spatial and temporal control
of gene expression in Drosophila mela-
nogaster. Proc. Natl. Acad. Sci. U.S.A.
98, 12602-12607.

Schroll, C., Riemensperger, T., Bucher, D.,
Ehmer, J., Voller, T., Erbguth, K.,
Gerber, B., Hendel, T., Nagel, G.,
Buchner, E., and Fiala, A. (2006).
Light-induced activation of distinct
modulatory neurons triggers appeti-
tive or aversive learning in Drosophila
larvae. Curr. Biol. 16, 1741-1747.

Sepp, K. J., and Auld, V. J. (1999).
Conversion of lacZ enhancer trap lines
to GAL4 lines using targeted trans-
position in Drosophila melanogaster.
Genetics 151,1093-1101.

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

Sohal, V. S., Zhang, E, Yizhar, O., and
Deisseroth, K. (2009). Parvalbumin
neurons and gamma rhythms enhance
cortical circuit performance. Nature
459, 698-702.

Song, W., Onishi, M., Jan, L. Y., and
Jan, Y. N. (2007). Peripheral multiden-
dritic sensory neurons are necessary
for rhythmic locomotion behavior in
Drosophila larvae. Proc. Natl. Acad.
Sci. U.S.A. 104, 5199-5204.

Frontiers in Molecular Neuroscience

www.frontiersin.org

November 2009 | Volume 2 | Article 20 | 8



White and Peabody

Neurotrapping: tool for circuit discovery

Stockinger, P, Kvitsiani, D., Rotkopf, S.,
Tirian, L., and Dickson, B. J. (2005).
Neural circuitry that governs
Drosophila male courtship behavior.
Cell 121, 795-807.

Suh,G.S.B.,Wong,A.M.,Hergarden, A. C.,
Wang, J. W, Simon, A. E, Benzer, S.,
Axel,R.,and Anderson, D.]J. (2004). A
single population of olfactory sensory
neurons mediates an innate avoidance
behaviour in Drosophila. Nature 431,
854-859.

Suster, M. L., Martin, J. R,, Sung, C., and
Robinow, S. (2003). Targeted expres-
sion of tetanus toxin reveals sets of
neurons involved in larval locomo-
tion in Drosophila. J. Neurobiol. 55,
233-246.

Sweeney, S. T., Broadie, K., Keane, J.,
Niemann, H.,and Okane, C.]. (1995).
Targeted expression of tetanus toxin
light-chain in Drosophila specifically
eliminates synaptic transmission and
causes behavioral defects. Neuron 14,
341-351.

Tan, W., Janczewski, W. A., Yang, P.,
Shao, X. M., Callaway, E. M., and
Feldman, J.L.(2008). Silencing preBotz-
inger complex somatostatin-expressing
neurons induces persistent apnea in
awake rat. Nat. Neurosci. 11, 538-540.

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

Tsai, H. C., Zhang, F., Adamantidis, A.,
Stuber, G. D., Bonci, A., de Lecea, L.,
and Deisseroth, K. (2009). Phasic fir-
ing in dopaminergic neurons is suf-
ficient for behavioral conditioning.
Science 324, 1080-1084.

White, B., Osterwalder, T., and
Keshishian, H. (2001a). Molecular
genetic approaches to the targeted
suppression of neuronal activity. Curr.
Biol. 11, R1041-R1053.

‘White, B. H., Osterwalder, T. P,,Yoon, K. S.,
Joiner, W.J., Whim, M. D., Kaczmarek,

L. K., and Keshishian, H. (2001b).
Targeted attenuation of electrical
activity in Drosophila using a geneti-
cally modified K+ channel. Neuron 31,
699-711.

Wu, Y., Cao, G., Pavlicek, B., Luo, X., and
Nitabach, M. N. (2008). Phase cou-
pling of a circadian neuropeptide with
rest/activity rhythms detected using
a membrane-tethered spider toxin.
PLoS Biol. 6, €273. doi: 10.1371/jour-
nal.pbio.0060273.

Wyart, C., Bene, E.D., Warp, E., Scott, E. K.,
Trauner, D., Baier, H.,and Isacoff, E. Y.
(2009). Optogenetic dissection of a
behavioural module in the vertebrate
spinal cord. Nature 461, 407-410.

Yu,C.R,,Power, ., Barnea, G.,O’Donnell,S.,
Brown, H. E., Osborne, J., Axel, R., and
Gogos,J. A. (2004). Spontaneous neural
activityis required for the establishment
and maintenance of the olfactory sen-
sory map. Neuron 42, 553-566.

Zhu, Y., Nern, A., Zipursky, S. L., and
Frye, M. A. (2009). Peripheral visual

circuits functionally segregate motion
and phototaxis behaviors in the fly.
Curr. Biol. 19, 613-619.

Conflict of Interest Statement: The
authors declare no commercial or financial
relationships that could be construed as
a potential conflict of interest related to
this work.

Received: 01 July 2009; paper pending pub-
lished: 24 July 2009; accepted: 05 October
2009; published online: 16 November 2009.
Citation: White and Peabody (2009)
Neurotrapping: cellular screens to iden-
tify the neural substrates of behavior in
Drosophila. Front. Mol. Neurosci. 2:20.
doi: 10.3389/neuro.02.020.2009
Copyright © 2009 White and Peabody. Thisis
an open-access article subject to an exclusive
license agreement between the authors and
the Frontiers Research Foundation, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the
original authors and source are credited.

Frontiers in Molecular Neuroscience

www.frontiersin.org

November 2009 | Volume 2 | Article 20 | 9




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


