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ABSTRACT

ARTICLE HISTORY

Understanding the computations that take place in neural circuits requires identifying how neurons
in those circuits are connected to one another. In addition, recent research indicates that aberrant
neuronal wiring may be the cause of several neurodevelopmental disorders, further emphasizing
the importance of identifying the wiring diagrams of brain circuits. To address this issue, several
new approaches have been recently developed. In this review, we describe several methods that
are currently available to investigate the structure and connectivity of the brain, and discuss their
strengths and limitations.
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Introduction
In recent years, there has been a resurgence in interest
in the analysis of the wiring diagrams of nervous
systems, or the so-called connectomics. The study of
the connectome originated with the pioneering reconstruction of the entire C. elegans nervous system by
electron microscopy (EM) in 1980, and has expanded
to additional organisms, such as Drosophila and mice.
The C. elegans nervous system, comprised of just over
1000 neurons, is relatively simple to analyze. In addition, due to its fast generation time and reproductive
peculiarities, C. elegans is an outstanding model for
genetic analysis. However, there are a few issues that
limit the usefulness of C. elegans for studies of the
nervous system. First, C. elegans has a very limited
behavioral repertoire. Second, C. elegans neurons lack
voltage-gated sodium channels and consequently do
not ﬁre action potentials. Neurotransmitter release in
C. elegans occurs via graded depolarizations mediated
by voltage-gated calcium channels, a mechanism that
is not shared by vertebrates or most invertebrates.
Finally, electrophysiological recordings in C. elegans
are notoriously challenging. Consequently, it is difﬁcult to establish correlations between synaptic activity
and behavior in C. elegans.
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The mouse is an attractive model for neuroscience.
It is the most genetically tractable mammal, and there
is strong conservation of physiology and anatomy
between the rodent and human brain. In addition,
despite its relatively slow generation time, techniques
for genetic manipulation and electrophysiological
recordings in mice are highly sophisticated. However,
the mouse brain has more than 100,000,000 neurons,
making it very difﬁcult to analyze and understand the
structure and dynamics of its nervous system.
The Drosophila brain, by comparison, only has
around 100,000 neurons. The simplicity of its brain
combined with the sophisticated tools available for
genetic manipulation allow scientists to map entire circuits in Drosophila at the cellular level. At the same
time, Drosophila exhibit more sophisticated behavior
and circuitry than do C. elegans, making the study of its
nervous system pertinent to understanding our own.
In fact, some of its brain circuits, such as the olfactory
circuit, show signiﬁcant overlaps in organization and
function with equivalent circuits in the mammalian
brain. Ultimately, the Drosophila brain is an excellent
model system for understanding how the connectome
gives rise to function and behavior. As a result, many of
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the new methods to investigate the connectivity of neurons have been developed for use in Drosophila. These
methods can be broadly divided into 2 groups: those
based on electron microscopy (EM) analysis of brain
tissue, and those based on genetic techniques.

Analysis of synaptic organization by EM
EM represents the gold standard for analysis of brain
structure. Due to its high resolution, EM can unambiguously identify synapses. EM uses accelerated electron
beams instead of light as its source of illumination and
can consequently reveal the ultrastructure of biologic
tissue with xy-resolution as high as 2 nm. Chemical
synapses can be visually identiﬁed from EM image
because synaptic vesicles are concentrated at the presynaptic site and most Drosophila presynaptic sites
have a morphological specialization called the T-bar.
There are several variations of EM that can be used to
study brain connectivity, but the one that has been used
most extensively by neuroanatomists is serial-section
transmission electron microscopy (ssTEM). For this
technique, biologic tissue is ﬁxed, stained, embedded in
resin, and then serially cut into sections around 40 nm
thick with an ultramicrotome. The resulting slices are
collected and visualized by transmission electron
microscopy (TEM), which measures the electrons that
pass through the sample. TEM offers the best xy-resolution of all EM methods. After images are generated
from serial sections, they are ﬁrst aligned along the xyaxis. Then, cellular membranes and organelles are identiﬁed and marked in a process known as segmentation.
Finally, the segmented images are linked across the zaxis for 3D-reconstruction of neurons. Though the initial steps (sectioning, imaging, alignment and segmentation) can be automated with varying degrees of success,
reconstructing and proofreading a 3D-model from
serial images requires hundreds of hours of skilled labor
and represents the limiting step. Ongoing work seeks to
streamline this process.1,2
The resolution of EM reconstructions offer 2 main
advantages over other connectomic techniques. First,
EM reconstructions can yield a comprehensive understanding of a small neuronal circuit. For example, the
EM volume generated from the antennal lobe of Drosophila larva identiﬁed over 38,000 synapses among 160
neurons.3 Analysis of this connectome allowed the
authors to build a circuit-level model that suggests how
larva could move toward food sources while staying
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vigilant to predator-related olfactory cues. Additionally,
the high resolution of EM leads to a quantitative assessment of neural circuits. Because EM reconstructions can
reveal the size and the number of the synapses that exist
between neurons, EM can provide an estimation of the
strength of connection between neurons. This can be
subsequently used to support theories of circuit function.4 Although understanding circuit mechanisms
rarely comes from its wiring diagram alone, the detail of
connectomes generated by EM allow for models that
can be subsequently tested with functional experiments.
EM is an extremely powerful method, but it has
several important limitations. First, for tissues to be
analyzed by EM, they need to be ﬁxed and dehydrated.
This process kills the cells in the tissue, preventing the
direct combination of EM with functional analysis by
electrophysiological or optical recordings. Second, EM
is extremely time and labor-intensive. For reference,
the seminal reconstruction of the C. elegans connectome took several years to complete for one single
specimen. Similarly, EM reconstructions of the larval
antennal lobe,3 the adult optic medulla,4 and the A2
and A3 segments of VNC5 provide exhaustive connectomic data but only in localized circuits and for single
samples. Even with the continuing optimization of
automated reconstructions, EM will likely remain
unsuitable for studying the connectivity of neurons
with long-range projections. For example, when analyzing the structure of a brain circuit in Drosophila, it
is impossible to identify the origin of the axons that
belong to neurons located in the ventral nerve cord
(VNC). Additionally, the variability of neural connections across time, between individuals, or with respect
to directed mutations is unsuitable for analysis by EM.
Future advances for EM

New advances in EM techniques promise to address
some of the bottlenecks associated with traditional
ssTEM. For example, automatic tape-collecting ultramicrotome scanning electron microscopy (ATUMSEM) automates the process of collecting the serial
sections created with an ultramicrotome. Serial blockface scanning microscopy (SBEM), on the other hand,
utilizes an electron microscope with a built-in ultramicrotome such that the sample is imaged as the top
layer is serially sectioned and removed. Similarly, in
focused ion beam (FIB) SBEM, the surface of the sample is imaged, and then vaporized with a focused ion-
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beam to allow for imaging of the next layer. SBEM
techniques lead to ﬂawlessly automated alignment
across the z-axis. Though all of these techniques provide lower xy-resolution than ssTEM, FIB-SEM offers
higher z-resolution than does ssTEM (10 nm vs. 40
nm). The superior z-resolution enables scientists to
generate EM volumes with isotropic voxels that can be
digitally resectioned for best graphical representation
of neurites.6 Such advancements in EM techniques,
combined with ongoing efforts to automate 3Dreconstructions, offer the possibility of applying EM
to larger volumes and larger sample size in the future.
Additionally, there is great interest in developing
strategies for Correlative Light Electron Microscopy
(CLEM).7 Traditionally, sample preparations for EM
and LM have been incompatible, preventing the combination of EM and LM for the same sample. Several
methods now exist to allow for CLEM. Optimized
freeze-substitution embedding methods allow ﬂuorescence imaging and EM imaging of the same sample in
succession.8 In addition, a gene called miniSOG has
been designed to act as a genetically encoded tag that
can be visualized by LM and EM. miniSOG is a ﬂuorescent protein that can be directly imaged by ﬂuorescence
microscopy, and can be induced to produce singlet
oxygens that generate an electron-dense material
detectable by EM.9 Similarly, neurons of interest can be
tagged with GFP, imaged in vivo with 2-photon
microscopy, and marked by etching with a near-infrared laser for identiﬁcation at the EM level.10 Parallel
efforts in EM chemistry led to the development of multicolor EM.11 In this strategy, conjugated antibodies are
used to locally deposit lanthanides that have distinct
energy-loss spectra. The distribution of each lanthanide in the sample can be independently recorded with
energy-ﬁltered TEM to create pseudocolored images
that are overlaid on a traditional EM image. Currently,
there are 3 lanthanides that can be used to orthogonally
mark molecules on an EM image. Application of multicolor EM to connectomic studies, in conjunction with
advancements in CLEM, would allow scientists to conveniently integrate ultrastructural information about
synapses with genetic tools that can readily label distinct subpopulations of neurons.

Analysis of synaptic organization by LM
As mentioned above, the main limitations of EM are
that it cannot be used to examine live tissue, trace

long distance connections, or investigate large
numbers of samples. These bottlenecks of EM can be
overcome by LM, which is considerably less time- and
labor-intensive. Unfortunately, the resolution of LM is
restricted to the wavelength of light used to illuminate
the samples (400–600 nm). However, recently developed techniques such as STED (STimulated Emission
Depletion) microscopy,12,13 PALM (PhotoActivatable
Light Microscopy), and STORM (STochastic Optical
Reconstruction Microscopy)14,15 allow investigators to
image the brain at subdiffraction limit resolution.
STED uses patterned illumination to restrict light
emission to a small region, while PALM and STORM
use spare photoactivation of ﬂuorophores to achieve a
similar goal.16 At this resolution, subcellular structures
such as individual neurotransmitter vesicles or T-bars
can be discerned. Although the resolution of these
methods is still lower than that of TEM, LM offers 2
major advantages. First, LM can be directly combined
with genetic methods for labeling cells. The wealth of
genetic tools in ﬂies makes it possible to direct expression of ﬂuorescent proteins or other transgenes to
neuronal subpopulations. In conjunction with thousands of promoter elements that are widely available,
there are 3 modular systems (Gal4/UAS, LexA/LexAop, and QF/QUAS) that can be used orthogonally to
express pre- and postsynaptic markers in distinct sets
of neurons, but also combinatorially to direct expression to highly precise subpopulations of neurons.17
Additionally, LM can be used in live animals with parallel electrophysiological and optical imaging techniques. This allows researchers to combine structural
and functional information in a way that EM cannot.
Several methods, including STaR (Synaptic Tagging
with Recombination), use genetic labeling of synaptic
sites to identify putative synaptic contacts between
neurons.18-21 These methods have been used to study
the variation in synaptic organization among individuals in different conditions and at different developmental stages, and to compare the changes in
connectivity caused by mutations.19-23 In these methods, pre- and postsynaptic markers need to be genetically fused with different tags, such as ﬂuorescent
proteins, or tags that can be detected by immunocytochemical staining, such as the V5, HA, or OLLAS tag
(Fig. 1). Therefore, by analyzing the proximity of preand postsynaptic markers, putative synaptic sites can
be revealed directly by LM imaging. Moreover, as in
most methods that depend on LM, ﬂuorescent
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protein-tagged synaptic markers allow for the monitoring of changes in synapses in the same animal over
time by live imaging using methods such as 2-photon
microscopy.20
The most common tagged marker to locate presynaptic sites is Bruchpilot (Brp), a large protein that selectively localizes to most active zones in the presynaptic
site. However, it is important to note that several EM
studies have shown that some presynaptic sites in the
Drosophila brain, such as the calyx of the mushroom
body (MB), are devoid of the T-bar structure, and the
Brp protein level in some of the T-bars is either too
low to be detected or completely absent.5,24,25 Therefore, it is necessary to validate the expression of the
tagged Brp marker in different types of synapses in different brain regions before using this marker. As an
alternative, tagged synaptic vesicular proteins, such as
synaptobrevin and synaptotagmin, can be used to mark
presynaptic sites.26-29 Because these 2 markers are
located in the synaptic vesicular pools, they would
likely label the entire presynaptic boutons, not just the
active zones where the neurotransmitter release occurs.
There is currently no pan-postsynaptic marker available
for Drosophila. However, tagged neurotransmitter
receptors can be used to label postsynaptic sites. Examples include the histamine-gated chloride channel, Ort,
for some neurons in the optic lobe20 and the acetylcholine receptor subunit, nAChRa7, in the AL and
MB.19,30 However, it is important to note that using
these neurotransmitter receptors will only detect the
synapses that are mediated by those receptors. Thus,
these strategies are useful to conﬁrm the presence or
absence of synaptic connections that are known
(or suspected) a priori, but are not suitable to discover
synaptic connections in an unbiased way.
Additionally, it is important to note that overexpression of full length Brp or neurotransmitter receptors might disturb normal synaptic properties and
neural circuits.31-36 Close attention should be paid to
the possible inﬂuences on native function of synapses
when synaptic markers are overexpressed. Alternatively, using endogenous regulatory promoters of synaptic markers allows investigators to recapitulate
normal expression levels and avoid overexpression.
For example, for STaR, Chen et al.20 used the full
length of genomic locus of Brp and Ort incorporated
into a bacterial artiﬁcial chromosome (BAC) that
included their endogenous regulatory promoter to
keep the expression at physiologic levels. In this case,
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a stop cassette ﬂanked by FRT sites followed by the
tag epitopes was replaced the stop codon of Brp or
placed after the signal peptide of Ort. By crossing
these ﬂies to ﬂies expressing the Flp recombinase in
the desired neuronal types, the stop cassette was
removed, and the tagged synaptic markers were selectively expressed in those neurons. Finally, instead of
using the full-length tagged Brp, which is a very large
protein, it is possible to use the C-terminal fragment
of Brp fused with a ﬂuorescent protein (Brp-short-FP)
to label presynaptic sites.19,21,37-39 The advantage of
using Brp-short-FP is that it will bind to the endogenous Brp clusters in T-bars without forming aggregation, minimizing any potential changes to native
synaptic properties.18,39,40
To precisely analyze the proximity of pre- and postsynaptic markers, especially in regions with dense
synapses, super-resolution microscopy methods (see
above) may be required. Recently, these technologies
have been used in Drosophila brain thin sections
(8 mm) or whole brains.41 By using super-resolution
microscopy in Drosophila brain sections, individual
active zones labeled with Brp-short-mCherry could be
clearly recognized. Moreover, combined with the
proper image analysis methods, the spatial organization of the tagged synapses can be analyzed with
resolving powers that approach those of EM. However, because of the inﬂuence of light scattering and
spherical aberrations, only the top 1–3 mm of the sections can be imaged to obtain the optimal resolution.
For this reason, reconstructing the connectome from a
large piece of ﬂy brain by super-resolution microscopy
would still be time-consuming. If super-resolution
microscopy could be combined with methods that
allow for imaging in thick tissues, such as tissue clariﬁcation techniques, this would beneﬁt the processes to
analyze the synaptic organization in large brain
regions or even whole brains in Drosophila. Recently,
Ke et al.42 used super-resolution microscopy to image
the optic lobe neurons in whole Drosophila brains
treated by a tissue-clearing method called SeeDBD2.
Their approach allowed them to reconstruct the morphology of entire axon terminals of Mi1 medullary
neurons at the resolution of 50–150nm.
GRASP (GFP reconstitution across synaptic partners)

GRASP is a genetic method used to identify cell contacts and synapses in living animals.43 It was initially

228

D. LEE ET AL.

developed in C. elegans, but it has been subsequently
applied to the study of Drosophila brain connectivity.
GRASP labels synapses based on the proximity of the
pre- and postsynaptic plasma membranes. In CNS
(central nervous system) synapses, the membranes of
2 synaptic partners are typically separated by less than
100 nm of extracellular space, which is known as the
synaptic cleft. This distance can be spanned by transmembrane proteins expressed in the 2 interacting neurons. As the name implies, GRASP is based on the
reconstitution of 2 fragments of the split-GFP across
the synapses of interacting neurons. Each of the 2
non-ﬂuorescent split-GFP fragments are added to carrier transmembrane proteins. The 2 fragments of the
split GFP assemble into a ﬂuorescent form only when
the membranes are sufﬁciently close to permit carrier
proteins to span the intercellular gap. One fragment of
the split GFP, spGFP1–10, is 214 aa long while the
second fragment, spGFP11, is just 16 residues long.
The spGFP11 fragment can therefore be inserted into
many different proteins without affecting their
function.
In initial experiments in C. elegans, each fragment
of GFP was fused to the extracellular domain of the
cell adhesion molecule CD443. However, this molecule
is homogeneously distributed throughout the plasma
membrane, without any speciﬁcity for synaptic sites.
As a result, this implementation of GRASP led to GFP

reconstitution throughout the membrane including at
sites of non-synaptic contact (Fig. 2A). To improve
the speciﬁcity of the system, one or both of the GRASP
components were fused to synaptically localized
proteins, restricting GFP reconstitution to synapses
(Fig. 2B).
Gordon and Scott44 demonstrated that GRASP
works efﬁciently in ﬂies by using it to detect cell-cell
contact at the synapses between olfactory receptor
neurons (ORNs) and projection neurons (PNs). The
power of ﬂy genetics has allowed the GRASP system
to be expanded for studying neuron-muscle connections,45,46 the visual circuit,47 the circadian rhythm
circuit,48,49 and the olfactory circuit.50 A recent modiﬁcation of the GRASP system has taken advantage of
the properties of some synaptic proteins that are
displayed on the membrane only after the release of
neurotransmitters.51 To limit GFP reconstitution to
active synapses, the investigators fused spGFP1–10 to
the extracellular domain of N-synaptobrevin (NSyb),
which is exposed to the synaptic cleft only after vesicle
release (NSyb::spGFP1–10). They tested this by
expressing NSyb::spGFP1–10 in ORNs and its GRASP
partner CD4::spGFP11 broadly in PNs. GFP was
reconstituted at synapses after artiﬁcial stimulation
with KCl or natural stimulation with cognate odorants, demonstrating that NSyb::GRASP can preferentially label active synapses in the Drosophila brain.

Figure 1. Visualization of synapse by genetically tagging synaptic proteins. (A) Fluorescent proteins or epitope tags can be targeted to
synaptic membranes by fusion to synaptically localized proteins. For example, tags fused to Brp (curly black line) or synaptic vesicular
proteins (white rectangle) will localize to the presynaptic-terminal (left). There are no pan-neuronal postsynaptic markers, but tags (red
oval) fused to neurotransmitter receptors such as Ort have been successfully used in the past. (B) The axon terminal (triangle) of the presynaptic neuron of interest (light gray) is marked with tags that are fused to presynaptic proteins (green). A different tag (red) is
expressed at the postsynaptic sites of candidate partner neurons (dark gray). The proximity of these 2 distinct tags (green, red) is
assessed to verify synaptic connection.
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precludes the combination with functional methods
such as electrophysiological or optical recordings. Second, the interaction between the sp11 and sp1–10
fragments is irreversible, and can artiﬁcially render
permanent cell-cell contacts that are natively transient.
Third, GRASP reveals the point of contact between
cells, but it does not allow for genetic manipulation of
synaptically connected neurons, a feature that would
be invaluable for functional analysis of circuitry.
Photoactivatable ﬂuorescent protein

Figure 2. GFP Reconstitution Across Synaptic Partners (GRASP).
(A) CD4::spGFP1–10 (dented rectangle) is distributed homogeneously throughout the membrane of the presynaptic neuron.
As a result, GFP reconstitution (green) can occur at the synapse
(right) as well as at sites of non-synaptic contact (top). (B) A presynaptic neuron (black) expressing CD4::spGFP1–10 makes contact with 2 neurons (gray) expressing CD4::spGFP11. GFP
reconstitution occurs at all sites of membrane contact and is not
speciﬁc to synapses. (C) NSyb::spGFP1–10 (dented rectangle) is
localized to synaptic vesicles. Upon synaptic release, NSyb::
spGFP1–10 is exposed speciﬁcally to the synaptic cleft. As a
result, GFP reconstitution (green) only occurs at synaptic sites
when synaptic vesicles fuse. (D) A presynaptic neuron (black)
expressing NSyb::spGFP1–10 makes contact with 2 neurons
(gray) expressing CD4::spGFP11. GFP reconstitution occurs at the
synapse but not at the site of nonsynaptic contact.

Many useful ﬂuorescent proteins, such as GFP itself
or the calcium indicator GCaMP,52 cannot be used
simultaneously with GRASP since initially it was only
available in green. Recently developed variants such as
CRASP (cyan)53 or YRASP (yellow)51 allow investigators more ﬂexibility because they do not overlap with
GCaMP signal. In addition, the 3 reconstitution techniques can be used in parallel to study multiple synaptic connections orthogonally.
The GRASP system is very powerful, but it has 3
important limitations. First, the reconstituted ﬂuorescence is often weak, making it difﬁcult to detect in
vivo. The reconstitution of GFP can be detected in
ﬁxed tissue using immunoﬂuorescence with different
GFP antibodies that can selectively detect spGFP1–10,
spGFP11, or the reconstituted GFP. However, immunostaining requires ﬁxing the tissue, and thus it

When using GRASP or STaR to analyze synaptic contacts, putative pre- and postsynaptic neurons have to
be known a priori so that the transgenic proteins can
be expressed precisely in these neurons. Therefore,
these strategies cannot be used to discover novel synaptic partners in an unbiased manner. In contrast,
photoactivatable green ﬂuorescent protein (PA-GFP)
is an ideal tool for discovering novel synapses, and has
been successfully used in Drosophila.54-57 To implement this tool, a neuron of interest (ﬁrst-order neuron) must be marked with dye or ﬂuorescent proteins
to outline its neurites. PA-GFP is genetically expressed
pan-neuronally, or more narrowly in candidate subsets of neurons that are hypothesized to be connected
to the ﬁrst-order neuron. By spatially restricting the
application of UV light to speciﬁc dendrite or axon
arborizations of the ﬁrst-order neuron, only the PAGFP in neurites of partner neurons is converted from
a weakly ﬂuorescent state to a strongly ﬂuorescent
state (»100 fold increase).58 Gradually, the activated
PA-GFP diffuses from the neurites to the cell body to
highlight the morphology of the entire neuron
(Fig. 3A). Recently, 2 new enhanced variants of PAGFP, SPA-GFP and C3PA-GFP, have been generated,
with the latter having the strongest ﬂuorescence.54
One caveat of this approach is that it can highlight
any neuron that has arborizations within the illuminated region, including neurons that have passing
axons or dendrites which do not synapse with the
ﬁrst-order neuron (Fig. 3B). Therefore, electrophysiological recordings or genetically encoded calcium indicators (GECIs) are required to conﬁrm the existence
of synaptic connections between the highlighted neurons and the ﬁrst-order neuron. The recently developed PA-GECIs have the features of PA-GFP (highcontrast of ﬂuorescence intensity after photoactivation) and GECIs (high-sensitivity of calcium
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Figure 3. Detection of synaptic partners by PhotoActivatable GFP (PA-GFP). (A) A neuron of interest (red) is ﬁrst highlighted with dye or
ﬂuorescent proteins to mark its neurites while PA-GFP is expressed in all candidate partner neurons (gray). When UV light is applied just
outside the neurite of the highlighted neuron, PA-GFP in its synaptic partner (green) is converted to a strongly ﬂuorescent state. The
converted PA-GFP then diffuses throughout the partner neuron, highlighting its entire morphology. (B) One of the pitfalls of this technique is that UV light stimulation can also activate PA-GFP in bystander neurons. In this scenario, PA-GFP in 2 neurons (green) is activated but only one of these is synaptically connected to the neuron of interest (red). In practice, functional studies need to be
performed to conﬁrm the candidate synaptic connections identiﬁed with PA-GFP.

detection).59 PA-GECIs could provide a more convenient way of investigating connectivity by allowing
investigators to initially identify the potential synaptic
partners and subsequently test their functional connectivity in the same animals.
Transsynaptic tracers

Transneuronal tracing in mammals has beneﬁted
from the availability of speciﬁc neurotropic viruses
that are selectively transported across synapses.
Herpes simplex virus type 1, pseudorabies virus, and
rabies virus have all successfully been used to elucidate
neural connections in mice.60 Unfortunately, none of
the transsynaptic viruses that have been used in mammals work in Drosophila, presumably due to the lack
of receptors or host cellular machinery that these
viruses require for entry and replication. Non-viral
tracers such as C-fragment of tetanus toxin or wheat
germ agglutinin (WGA), can be expressed as transgenes into speciﬁc “source” neurons, and transferred
across their synapses.61 The transfer of tracing agents

may occur in an anterograde (from the source neuron’s axon to its postsynaptic partner) or retrograde
(from the source neuron’s dendrite to its presynaptic
partner) manner. WGA, in particular, has been used
successfully as a transneuronal tracer in multiple
species including Drosophila.62
WGA is a lectin protein that binds certain sugar
moieties of glycoproteins covering eukaryotic cell
membranes. WGA is transported preferentially to the
axon terminal, where it is secreted and endocytosed
by the postsynaptic partner of the source neuron.
WGA can then be visualized by staining or by conjugation to horseradish peroxidase. After being produced by a source neuron, secreted into the synaptic
cleft and endocytosed by a postsynaptic partner,
WGA can be repeatedly passed along a circuit of connected neurons. However, this multi-synaptic transport of WGA may not give a clear interpretation of
data. Because only a small fraction of the WGA from
the source neurons jumps across the synapse, and
WGA does not replicate, the little WGA that reaches
the synaptic partner can be difﬁcult to detect. To solve
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this problem, adeno-associated viruses (AAV) encoding WGA fused with Cre recombinase, WGA-Cre, has
been used in combination with Cre-dependent reporters in mice to amplify the WGA signal.63,64 However,
this strategy does not seem to work robustly in mammals, and it remains to be tested whether parallel
strategies such as WGA-Flp or WGA-GAL4 can be
used in Drosophila.
Tango

Several recently developed genetic tools have adopted
the molecular mechanisms of the Delta-Notch signaling pathway to monitor and modify interacting cells.
The Delta-Notch pathway plays signiﬁcant roles in
controlling cell fate during development, through cellcell interactions. The Notch receptor includes a set of
EGF motif repeats at its N-terminus, followed by a key
structural element called the Notch regulatory region
(NRR), which is located in the extracellular domain
(ECD), just outside of the transmembrane domain
(TMD).65 Without Delta binding, the NRR is folded
in such a way that a cleavage site (called S2) is inaccessible to the action of ubiquitous metalloproteases such
as Kuzbanian (in Drosophila) or TACE (tumor necrosis factor-a-converting enzyme, or ADAM17, in vertebrates).66 Upon Delta-Notch binding, it is
hypothesized that the mechanical force generated by
the endocytosis of Delta partially unfolds the NRR,
exposing the S2 site for cleavage by metalloproteases.66-69 After S2 cleavage, a subsequent cleavage
(called S3) by the ubiquitous metazoan gamma-secretase complex occurs in the TMD, within the lipid
bilayer,70,71 which releases the intracellular domain
(ICD). The released ICD then translocates to the
nucleus where it regulates transcription of cell faterelated genes.72,73
The Tango assay is one such tool derived from the
molecular logic of Delta-Notch signaling. It was initially developed to monitor the interaction of a receptor of interest with its ligand or agonist in the
extracellular space. In the Tango assay, 3 exogenous
genetic elements are introduced into a “receiver” cell.
The ﬁrst element is a protein fusion consisting of a
transmembrane receptor fused to an intracellular transcription factor. The transmembrane domain and
intracellular domain are separated by a cleavage site
that is targeted by a site-speciﬁc protease, such as
tobacco etch virus (TEV) protease. The second

231

element is a protein fusion consisting of the aforementioned protease linked to a protein that associates with
the receptor upon agonist-binding. The third element
is a reporter gene that can be activated by the transcription factor. The binding of the agonist recruits
the protease to the receptor. The protease then frees
the transcription factor from its membrane anchoring,
allowing it to reach the nucleus and activate transcription of the reporter cassette. This results in a visual
indication of receptor activation.
Barnea et al.74 initially developed Tango assays that
could be used to monitor receptor activation in G protein-coupled receptors (GPCRs), receptor tyrosine
kinases, and steroid hormone receptors, in vitro. In
designing the Tango assay for GPCRs, the human
arginine vasopressin receptor 2 (AVPR2) was used as
a model. The receptor was fused to a transcription factor by a TEV Protease Cleavage Site (TCS), and the
TEV protease was fused to human b-arrestin2, which
associates with AVPR2 upon receptor activation.
When these 2 chimeric constructs and a reporter gene
were introduced into a cell line, the Tango-modiﬁed
AVPR2 was able to induce the reporter gene expression upon binding to its respective agonist. The GPCR
Tango assay has since been adopted for use in the
Drosophila nervous system. The assay can be used to
both screen which circuits are responsive to a speciﬁc
neurotransmitter (Tango-map) and identify the
postsynaptic partners of known neurons (TangoTrace) that use GPCRs as neurotransmitter receptors.
Inagaki et al.75 applied the Tango-map assay to
dopamine receptors in the Drosophila nervous system
to investigate the neural circuits on which dopamine
acts. In transgenic ﬂies, they expressed the Tangomodiﬁed dopamine receptor, arrestin-TEV protease,
and a reporter transgene in all neurons, to assess its
functionality as a mapping system (Tango-map)
(Fig. 4). They were able to detect expression of the
GFP reporter in receiver cells that expressed the modiﬁed dopamine receptor upon their activation by dopamine. Next, they used this technique to explore which
neurons received dopamine signaling following starvation periods, to determine how hunger affects the
action of neuromodulators, like dopamine.
The Tango approach was next used by Jagadish
et al.,76 to identify synaptic partners of neurons in
Drosophila. They developed a Tango-based technique
called Tango-Trace to trace the synaptic connections
of photoreceptor neurons in the Drosophila visual
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Figure 4. Identifying functional synaptic contact using Tango-modiﬁed GPCRs. (A) When neurotransmitters (red) are released from the
active zone of the presynaptic neuron (left), they bind Tango-modiﬁed GPCRs on the postsynaptic neuron (right). The binding of neurotransmitter recruits an intracellular protease (blue) that cleaves the transcription factor (orange) which is tethered to the GPCR. This transcription factor then translocates to the nucleus to activate transcription of reporter genes such as GFP (green rectangle). (B) After the
presynaptic neuron of interest (dark gray) ﬁres an action potential, it releases neurotransmitters (pink) that bind to the Tango-modiﬁed
GPCRs expressed in the postsynaptic neuron. This induces GFP expression in the postsynaptic neuron (green) but not in the bystander
neuron (light gray).

system. Their goal was to identify the synaptic partners of the 4 inner photoreceptors in the different
layers of the optic lobe. Jagadish et al. adapted the
Tango assay to the histamine (HA) receptor, since
Drosophila photoreceptor neurons use HA as their
main neurotransmitter. As in the previous study, 2
fusion proteins were constructed (HA receptor-TCSGal4 and Arrestin-TEV protease) and expressed in
ﬂies with a reporter. In this variant of the Tango
method, there was very little activation of the receptor
by the endogenous levels of HA in the brain. However,
by artiﬁcially stimulating HA release in speciﬁc photoreceptor neurons with a temperature-sensitive cation
channel (trpA1), they were able to visualize the postsynaptic partners to the trpA1-expressing cells.
The Tango assay as described here has several beneﬁts that make it a versatile, useful tool for visually
detecting cell-cell interactions. The assay can be
applied to 89 members of the GPCR class, making it
suitable for many different cell types. In addition,
since all 3 components of the receptor and reporter
are exogenous, there is very little risk that endogenous
proteases or transcription factors will cross-react with
the system. Also, although the native receptor is modiﬁed with the protease cleavage site and transcription
factor intracellular domain, the speciﬁcity of the
ligand binding is unaffected, allowing receptor activation to remain speciﬁc to its respective ligand. Additionally, if neurotransmitter release can be controlled
speciﬁcally in presynaptic neurons of interest, as with

the trpA1 channel, Tango can allow for identiﬁcation
of its functional postsynaptic partners.
Tango also has several limitations. Although Tango
can be adapted for many members of the GPCR family, it is currently restricted to the study of cell-cell
interactions mediated by GPCRs. This precludes the
use of Tango for studying synapses mediated by ionotropic receptors. Furthermore, Tango requires a priori
knowledge of the neurotransmitter used by the presynaptic neuron of interest, preventing its application
for unbiased identiﬁcation of uncharacterized synapses. Second, Tango has caveats that could possibly
lead to false identiﬁcation of connectivity. Theoretically, if the neurotransmitters diffuse outside of the
synaptic cleft, neighboring neurons that express the
receptor, but are not synaptically connected to the
source neuron may be activated. To overcome these
limitations, Tango-based systems used for future
applications could be modiﬁed such that a membrane-tethered ligand localized to a presynaptic site
could activate a Tango-modiﬁed receptor located in
its postsynaptic partner.
TRanscellular Activation of Transcription (TRACT)

In contrast to Tango, which was designed to monitor
interactions of a receptor to its soluble ligand or agonist, other applications of the Delta-Notch system
have aimed at studying the contact between the
plasma membranes of neighboring cells. The Delta-
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Notch system can be engineered to monitor cell-cell
contact without interfering with endogenous signaling. By replacing the EGF repeats with a single-chain
antibody domain (SCAD), a synthetic version of
Notch can be made to recognize orthogonal ligands,
such as CD19 or GFP, instead of Delta. In addition,
the ICD of Notch can be replaced with an orthogonal
transcriptional regulator such as Gal4 or tTA. Ultimately, “emitter” cells expressing the artiﬁcial ligand
can trigger proteolysis of the modiﬁed Notch receptor
in “receiver” cells by membrane-membrane contact.
Used in conjunction with UAS or tetO, membranemembrane contact can be observed by expression of a
reporter gene such as GFP (Fig. 5A).
This strategy has been used in vitro to engineer cellcell interactions based on their contact77 and to
enhance T cell activity against tumor cells in mice.78
Our group has developed a parallel method called
TRACT, which we have used to investigate neuronglia interactions in the Drosophila nervous system
(Fig. 5B).79 As a proof of concept, we expressed the
CD19 ligand in 2 different subsets of glial cells under
either the alrm or repo driver and the receptor in all
neurons. The spatial pattern of each of these drivers is
distinct: whereas the repo driver leads to strong
expression of the ligand in many types of glial cells,
the alrm driver is relatively speciﬁc to astrocytes. Consistent with our expectations, depending on which
glial cells were expressing the ligand, different populations of neurons were induced to transcribe GFP. This
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suggested that TRACT was capable of detecting glianeuron contact in vivo. We tested this in subsequent
experiments by restricting ligand expression to few
cells. When the receptor was expressed in all astrocytes (under the alrm driver) and the ligand in subsets
of neurons with a restricted localization in the brain,
we observed GFP expression only in the astrocytes
that contact the ligand-expressing neurons. For example, expressing the ligand in the ORNs (under the orco
driver) led to GFP expression in the astrocytes surrounding the ORN axons in the antennal lobe. Similarly, expressing the ligand in neurons that produce
the PDF peptide (under the pdf driver) led to GFP
induction in a small set of astrocytes bordering PDFC
neurons. Our results clearly demonstrate that TRACT
is capable of detecting neuron-glia contact in Drosophila. In addition, this application of TRACT serves as a
much-needed tool for selectively labeling groups of
glial cells. Though systems such as MARCM or FlipOut can be used to sparsely label glial cells in mosaic
clones, both systems are inherently stochastic and cannot be used to control gene expression in a stereotypical set of cells. With TRACT, we have shown that it is
now possible to readily identify and consistently label
subpopulations of glial cells based on their contact
with known neuronal types.
TRACT can also be used in neurons to identify synaptic partners. In preliminary experiments, expression
of the ligand in ORNs, and the receptor in all neurons
(under the elav driver) resulted in GFP induction the

Figure 5. Visualizing cell-cell contact using the TRACT method. (A) The ligand (red) is localized to the plasma membrane in the cell of
interest (left). When the ligand binds to the receptor (light blue) on a neighboring cell (right), it partially unfolds the NRR to allow for
proteolysis of the receptor (S2). S2 induces another proteolysis (S3), liberating the transcription factor (orange oval) that is fused to the
receptor. This transcription factor then translocates to the nucleus to activate transcription of reporter genes such as GFP (green rectangle). (B) TRACT can be used in Drosophila to detect neuron-astrocyte contact in vivo. The artiﬁcial ligand is expressed in the neuron of
interest (red) while the receptor is expressed in all astrocytes (green, gray). Only the astrocyte that is in contact with the ligand-expressing neuron is induced to express GFP (green). (C) With optimization, TRACT could also be used to detect neuron-neuron contact. For
anterograde tracing, the ligand needs to be localized to the presynaptiC-terminal in the neuron of interest (red). If the receptor is
expressed at the postsynaptic sites of all candidate neurons (green, gray), only the neuron postsynaptic to the neuron of interest (red)
will be induced to express GFP (green). Alternatively, for retrograde tracing, the ligand would be localized at the postsynaptic sites in
the neuron of interest, and the receptor would be localized at the presynaptic sites of all candidate neurons.
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Table 1. An overview of the advantages and disadvantages associated with each method of identifying synaptic connections.
Technique

Advantages

Disadvantages

Electron Microscopy

Provides detailed wiring diagram of small volumes.

Synaptic Tagging

Can monitor synapses in vivo.

GRASP

Can monitor synapses in vivo. With NSyb::GRASP, can
speciﬁcally detect active synapses.
Can be used for unbiased identiﬁcation of novel
synapses.
Only requires a single transgene. Simple to implement.

PA-GFP
WGA
Tango-Trace

Can identify functional synapses. Allows genetic
manipulation based on synaptic input.

TRACT

Allows genetic manipulation based on cell-cell contact.

antennal lobe PNs and LNs, the established postsynaptic targets of ORNs (unpublished). Although this
observation indicates that TRACT can be used to
detect membrane-membrane contact between interacting neurons, it does not guarantee that TRACT can
speciﬁcally identify synaptic connections - at least in
its current implementation. As was the case for
GRASP, it would be necessary to localize the molecular components to pre- and postsynaptic sites. Theoretically, targeting the ligand and/or receptor to
synaptic sites will prevent the possibility of receptor
activation by membrane-membrane contact at nonsynaptic sites (for instance, between fasciculating
axons).
We anticipate that with optimization TRACT will
become useful as a neural tracer. Because it does not
require prior knowledge of the neurotransmitters used
or putative synaptic partners, TRACT would be ideal
for unbiased identiﬁcation of novel synaptic connections. In addition, TRACT offers investigators the
power to regulate expression of transgenes such as
GECIs,80 TRPA1, or light-sensitive channels81 based
on synaptic contact for functional analysis of newly
identiﬁed circuits.

Concluding remarks
Each of the methods described here has its advantages
and disadvantages (Table 1). In choosing the appropriate method for tracing nervous system connectivity,
it is crucial to ﬁrst identify the nature of the question
at hand. EM is impractical for investigating how synapses change over time or in response to genetic perturbations. But when resources allow, EM is an
extremely valuable tool to build systems-level models

Time and labor-intensive. Impractical for long-range
connections or for many samples.
For regions dense with synapses, super-resolution
microscopy may be required. Need genetic drivers for
putative synaptic partners.
May be not sensitive enough for in vivo detection. Can
induce irreversible binding at natively transient synapses.
Not conclusive by itself. Requires functional studies to
conﬁrm.
Can result in labeling of higher-order synapses. The signal
can be difﬁcult to detect because it gets diluted.
Requires prior knowledge of neurotransmitters. Requires a
way of artiﬁcially stimulating the presynaptic neuron of
interest.
Requires optimization to trace neuron-neuron connections.

of complex microcircuits. To directly test if 2 subsets
of neurons are synaptically connected, straightforward
LM techniques such as synaptic tagging or GRASP
will sufﬁce. If the connectivity of the neuron of interest
has never been characterized, PA-GFP may be the best
place to begin. On the other hand, if the neurotransmitter is already known and it is feasible to selectively
stimulate the neuron of interest, Tango is a useful
option. Tango additionally provides the option to
genetically manipulate neurons based on their synaptic input. Similarly to Tango, TRACT allows for
genetic manipulation based on cell-cell contact. With
optimization, TRACT may be better suited for unbiased identiﬁcation of novel synapses, since it does not
require prior knowledge of the neurotransmitter and
can theoretically be used for both anterograde and retrograde tracing. As connectomic methods continue to
develop for higher organisms, there is a lesson to be
learned from the precedent in C. elegans: the connectome alone, no matter how complete, cannot explain
how brain circuits work in real time. The most efﬁcacious use of the connectomic methods described in
this review, therefore, is in synergy with each other,
and more importantly, with electrophysiological or
optical recordings to establish an understanding of the
dynamics of neural circuits in parallel.
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