Chapter 4

Connectivity and Circuit Architecture
Using Transsynaptic Tracing

in Vertebrates

Kazunari Miyamichi and Lindsay A. Schwarz

Abstract The functions of the brain—such as sensory perception, memory for-
mation, and behavioral responses—are based on the activity patterns of large
numbers of interconnected neurons that form information-processing neuronal
circuits. Most brain areas contain diverse types of neurons with specific morphol-
ogy, gene expression profiles, input/output connectivity, and physiological response
profiles. One major goal of neuroscience is to decipher connection patterns among
different brain regions and cell types at the scale of the entire brain while keeping
synaptic resolution. In this chapter, we first review various circuit tracing methods,
and then introduce rabies virus (RV)-mediated transsynaptic tracing methods,
which allow one to identify presynaptic neurons of genetically, anatomically, or
functionally defined target neurons in a given brain area. This is achieved by
genetic control of ‘starter’ cells, from which retrograde transsynaptic spread of RV
occurs for only a single synaptic step. We will detail diverse methods that have
been developed to restrict starter cells to a unique neuronal type. Following an
introduction of RV transsynaptic tracing, the applications of these tools to three
diverse biological systems in mice will be discussed: olfaction, neuromodulation,
and motor control. From these examples, we will review how RV-mediated
transsynaptic tracing has begun to decipher complex circuit architectures
throughout the brain and spinal cord, and provides an important link between
neuronal connections and circuit function.
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4.1 Introduction

In the mammalian brain, billions of neurons with highly diversified cell types form
neuronal circuits by making trillions of synapses. One major goal of neuroscience is
to decipher the basic organization and connection patterns among different brain
regions and cell types. Diverse methods have been developed to contribute to this
goal. Figure 4.1 shows a schematic comparison of multiple methods in terms of the
limit of resolution in the presynaptic side (x-axis) and the postsynaptic side (y-axis).

4.1.1 Methods for Mapping of Neuronal Circuits
at Region-to-Region Resolution

The first category (purple in Fig. 4.1) is characterized by region-to-region resolu-
tion in mapping neuronal circuits. For example, axon degeneration [also known as
Wallerian degeneration after Waller’s histological finding that sectioning the nerve
caused degeneration of axons distal to the injured site (Waller 1850)] has greatly
contributed to our understanding of coarse brain organization. It cannot distinguish,
however, multiple intermingled cell types on the presynaptic side or pinpoint the
postsynaptic partners that the degenerating nerves innervated before induction of
the injury.

The second category (cyan) is classical neuronal tracers, which can be injected
locally into a brain region, without causing damage, to visualize region-to-region
connections in an intact brain (for review, Vercelli et al. 2000; Nassi et al. 2015).

Fig. 4.1 Schematic
comparison of various
mapping methods. The
resolutions of each mapping
method on the presynaptic
side (x-axis) and postsynaptic
side (y-axis) are mapped. For
details, see Sects. 4.1.1-4.1.5
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Importantly, some of these tracers exhibit direction selectivity: retrograde tracers,
such as Fluoro-gold (Schmued and Fallon 1986) and Retrobeads (Waselus et al.
2006), can be preferentially taken up by axons at the injection site and transported
back to the cell bodies of these neurons, which may be located in distant brain
areas. In contrast, anterograde tracers, represented by biotinylated dextran amine
(Veenman et al. 1992) and isotope labeled amino acids (e.g., 3H-leucline; Cowan
et al. 1972), can be taken up by cell bodies and dendrites at the injection site and
then spread through the neuron to label their axons. These methods do not dis-
tinguish between different cell types intermingled at the injection site and therefore
are primarily categorized as region-to-region resolution tracers. When combined
with other histochemical and electrophysiological methods, however, these tracers
can provide additional characterization of labeled neurons. For example, neurons
labeled with a retrograde tracer can then be stained with cell type specific markers
or have their electrophysiological properties determined, in order to better char-
acterize cell types (for example, see Fig. 4.2a).

4.1.2 Viral and Genetic Approaches for Axon Mapping

The third category in Fig. 4.1 (yellow) represents viral and genetic methods for
mapping neuronal circuits that provide genetic control for cell types from which the
tracing is initiated. One method in this category is axon projection mapping, which
allows the labeling of entire axonal projections from genetically defined neurons
located in a specific brain area. An example shown in Fig. 4.2b represents the axon
projection mapping from serotonin neurons located in the dorsal raphe nucleus.
GFP-labeled axons from these neurons are visualized throughout the brain, but are
enriched in selected nuclei such as the central amygdala (CeA) (for details of
serotonin circuit organization, see Sect. 4.4.1).

Utilizing differences in gene expression between cells is a powerful way to
define cells types in the brain. To gain access to specific types of neurons
expressing a gene X, researchers have generated a large number of transgenic and
knock-in mouse lines where expression of a fluorescent protein gene is under the
control of the promoter region of gene X (Fig. 4.3a). For example, to visualize
inhibitory GABAergic neurons in the brain, GAD2-GFP mice were generated
(Tamamaki et al. 2003), where GAD2 stands for glutamate decarboxylase 2 gene,
which encodes the specific enzyme that synthesizes GABA. Although powerful for
in vivo identification of GABAergic neurons, this mouse alone cannot be used to
precisely map axons of individual GABAergic neurons, as it labels millions of
neurons throughout the brain. To provide greater spatial resolution, a better
approach utilizes local infection by viral vectors (Fig. 4.3b). Tables 4.1 and 4.2
summarize the viral vectors that are often used in circuit mapping. Among them,
adeno-associated virus (AAV) is particularly useful, as it can be easily constructed,
is safe to handle, and stably drives transgene expression in cells, without apparent
cytotoxicity, for months to years. The major drawback of the AAV vector is its
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Fig. 4.2 Various examples of mapping methods. a Retrograde labeling of neurons in the
basolateral amygdala (BLA) projecting to either nucleus of accumbens (NAc, green) or central
amygdala (CeA, red). Two different colors of Retrobeads were used in this study. Researchers
analyzed electrophysiological properties of these labeled neurons following fear or reward
conditioning. Adapted with permission from Namburi et al. (2015). b Axon projection mapping
(Sect. 4.1.2) from serotonin neurons in the dorsal raphe nucleus (DR, B,). In this sample, a
Cre-dependent AAV vector (Fig. 4.3c—d) expressing GFP was injected into the DR of Sert-Cre
mice in which Cre is expressed in serotonin neurons. Dense axon arborization was visualized
throughout the brain, including central amygdala (CeA, B;). Images were taken with permission
from Allen Mouse Connectivity Atlas at http://connectivity.brain-map.org/ (sample#114155190).
Also see Oh et al. (2014). ¢ An example of rabies virus (RV)-mediated transsynaptic tracing
(Sects. 4.1.3 and 4.2) starting from the serotonin neurons in the DR using Sert-Cre mice (C,).
Presynaptic neurons were labeled throughout the brain, including Tac2 positive neurons in the
CeA (Cq). Adapted with permission from Weissbourd et al. (2014). d An example of paired
recordings (Sect. 4.1.4) from a synaptically connected mitral cell (MC) and parvalbumin neuron
(PVN) in an acute slice of the olfactory bulb. Left an action potential in the MC evokes excitatory
postsynaptic current (EPSC) in the PVN. Right in the same pair of cells, an action potential in the
PVN evokes an inhibitory postsynaptic current in the MC. This data unambiguously determines
that these cells are monosynaptically connected. Adapted with permission from Kato et al. (2013).
See Sect. 4.3.1. for details. e An example of ChR2-assisted circuit mapping (CRACM, Sect. 4.1.4)
that shows direct monosynaptic excitatory input from the anterior cortical (AC) areas to serotonin
and GABAergic neurons in the DR. EPSCs, generated by photostimulation, (I, blue bar) are
abolished by application of DNQX (2), an AMPA receptor agonist. Top traces are the average of
six trials from the same serotonin neurons. Bottom graph shows the change in EPSC amplitude
over time. As exemplified in this case, CRACM determines monosynaptically connected neurons
over a distance, with the ability to characterize their synaptic properties. Adapted with permission
from Weissbourd et al. (2014). A anterior; P posterior; D dorsal; V ventral; L lateral; M medial.
Scale bar in panel C; corresponds to 100 pm
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limited capacity; an AAV can only accommodate up to 4.7 kb of transgene,
including the promoter and transcriptional stop cassette, into its genome. Therefore,
in many cases, the limited AAV capacity does not allow inclusion of the full
promoter region that is necessary for restricting transgene expression in the defined
cell type. How can this problem be solved?

Researchers found an innovative solution by combining mouse genetics and
viral vectors, to create an approach now recognized as viral and genetic technology
(Fig. 4.3c). In 2003, the first Flip-Flop Excision (FLEx) switch (Fig. 4.3d) was
invented (Schnutgen et al. 2003), where a transgene is initially placed in the
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Fig. 4.3 Schematic representation of viral and genetic technology and Cre or tTA dependent
AAV vectors. a—c In this simplified neuronal circuit, three brain regions (columns) each containing
three neurons are connected by axons (arrows) as indicated. Genetically targeted cells (for
example, labeled by a fluorescent protein) are represented in green. Genetic methods can label a
specific neuronal type in each brain area, but labeling is often widely distributed in the brain (a).
Virus injection can provide better regional resolution, but it is difficult to regulate which cell types
in the injection site express the transgene (b). In viral and genetic technology, Cre-dependent
adeno-associated virus (AAV) is injected into the target brain region of a transgenic mouse line
expressing Cre (shown as blue PacMan symbols). Local injection of AAV provides regional
regulation and Cre expression provides the control of cell type-specific labeling. d Cre-dependent
AAV using the Flip-Flop Excision (FLEx) switch. Gray and white triangles represent loxP and its
mutant lox2272. Cre-mediated recombination between two loxP sites and between two lox2272
sites guarantees unidirectional inversion of a transgene. e Tetracycline transactivator (1TA)-
dependent AAV driven by tetracycline responsive element (TRE) promoter. A transgene under the
control of TRE promoter is activated by tTA, whose activity is blocked in the presence of
doxycycline (Dox)
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Table 4.1 Viruses that are replication-deficient (Viral vectors that are unable to replicate at all are
called replication-deficient. Unlike their parental strains, replication-deficient viral vectors are
usually nontoxic to the infected cells, and therefore can stably transduce transgene expression.) and

do not spread across cells

Species Genetic Typical Form of Cytotoxicity
materials applications transduction
Lentivirus Positive Stable transgene Mostly local by -
single-strand | introduction into using VSV
RNA host genome glycoprotein
Gammaretrovirus Transgene Mostly local -
introduction into
dividing cells
Adeno-associated | Single-strand | Stable transgene Mostly local -
virus (AAV) DNA expression (without | infection but some
viral integration serotypes support
into host genome) | retrograde
transduction
Canine Double strand | Retrograde From axons -
adenovirus type 2 | DNA transgene (retrograde)
(CAV2)?* expression from
axons
Human Stable transgene From axons -
adenovirus 5 expression (without | (retrograde)
viral integration
into host genome)
Helps simplex Double strand | Retrograde From axons -
virus (HSV1)* DNA transgene (retrograde)
Pseudorabies expression from
virus (PRV)* axons

“Replication-deficient forms of CAV2 (Soudais et al. 2001), HSV1 (Spaete and Frenkel 1982) and
PRV (Oyibo et al. 2014) are useful retrograde vectors; their particles are taken up by axons and
retrogradely transported to the cell bodies of neurons, allowing transgenes to be introduced into
neurons from their projection targets. We will discuss a specific application of CAV2 vector in
Sect. 4.2.4

opposite direction relative to the promoter activity, rendering it transcriptionally
inactive. Only after Cre recombinase irreversibly inverts the FLEx switch can the
transgene be expressed. This compact and efficient Cre-dependent switch has been
widely used with great success in many applications of AAV vectors.

Typically, for virus-mediated axon projection mapping (Figs. 4.2b, and 4.3c, d),
an AAV vector expressing a fluorescent marker protein (e.g., GFP) in a
Cre-dependent manner is injected into a target brain area of a transgenic mouse,
where Cre is expressed under a specific genetic promoter. Thus, the fluorescent
marker will only be expressed in the specific cell types that also contain Cre. In this
way, axons of the defined cell type in the defined brain region can be precisely
traced throughout the brain. Many brain areas have been mapped in this way using
a large number of different Cre lines (for example, see Allen Mouse Brain
Connectivity Atlas at http://connectivity.brain-map.org/). Although this method
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provides specificity for the cell types that are labeled on the presynaptic side of a
circuit, it cannot pinpoint the postsynaptic cell types to which the labeled axons
connect. How might one further improve this spatial resolution?

4.1.3 Transsynaptic Tracing with Genetic Control

Transsynaptic tracing offers genetic control of the cells from which the tracing is
initiated (called starter cells), and it can label synaptically connected cells
throughout the nervous system. Labeled neurons can then be characterized by
location, morphology, gene expression patterns, electrophysiological properties,
and receptive fields. Figure 4.2c shows an example of rabies virus (RV)-mediated
transsynaptic tracing, which will be discussed in greater detail in Sect. 4.2.

Transsynaptic tracing can be classified into two types: protein-based and
virus-based methods. Protein-based tracers, represented by Wheat Germ Agglutinin
(WGA) (Schwab et al. 1978), can be targeted into genetically defined cells, from
which it is transported both to upstream (retrograde) and downstream (anterograde)
neurons, presumably via synaptic connections (Yoshihara et al. 1999). As WGA is
not toxic to cells, this method allows one to map neuronal circuits in intact animals
in vivo with the potential to perform histochemical analyses on traced cell types.
The major drawback of this strategy, however, is the fact that the tracer protein is
easily diffused below a detection threshold because it is only generated in the starter
cells. Also, this method cannot control the direction of labeling (upstream versus
downstream). Finally, it is not fully established if the transneuronal transfer of
WGA is indeed restricted to the synaptic connections.

The second category of transsynaptic tracing includes viral tracers. Table 4.2
summarizes the most commonly used vectors. Compared with protein-based trac-
ers, viral tracers can be replicated in each step of cell-to-cell spread and therefore do
not suffer from decreased labeling intensity due to diffusion. There are five basic
properties to be considered when comparing viral tracers: (a) direction preference,
(b) synapse specificity, (c) tropism, (d) cytotoxicity, and (e) availability of
replication-conditional virus. Similar to classical chemical tracers, some viral
tracers exhibit direction preference, that is, they dominantly move in either the
anterograde or retrograde direction. For example, RV is a typical retrograde tracer
(Ugolini 1995), whose direction preference is determined by the glycoprotein on
the surface of the viral particles (Beier et al. 2011). A specific strain of pseudorabies
virus (PRV) called Bartha strain also exhibits retrograde direction preference (Card
et al. 1992). Although herpes simplex virus type 1 (HSV1) spreads both in retro-
and anterograde directions, a specific strain of HSV1, named HSV-H129, is known
to travel primarily in the anterograde direction (Zemanick et al. 1991; Sun et al.
1996). When viruses have clear direction specificity, researchers can easily map the
labeled cells relative to the starter cells to create precise connection diagrams.

Although wviral tracers travel from neuron to neuron (referred to as
‘transneuronal’), this alone does not guarantee synapse specificity of the viral
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spread, meaning that neurons can be labeled that are not directly connected to
starter cells. Several viral vectors have been characterized that vary in terms of their
synapse specificities for transneuronal spread. Thus far, synapse specificity of RV
spread has been the most intensively characterized in various contexts, including
in vivo circuit mapping (see Sects. 4.2.1 and 4.5.1) and ex vivo slice cultures (see
Sect. 4.2.2).

When using viral tracers, it is also important to keep in mind that not all neurons
in the brain are equally infected by a given viral tracer. The preference of viruses for
certain cell types is called viral tropism. Currently the full tropism of transsynaptic
viral tracers is not established and therefore caution is required when comparing
labeling of different cell types in the brain. Furthermore, unlike AAV, most
transsynaptic viral tracers that have been characterized so far are toxic to the
infected cells. The cytotoxicity of viral tracers is an important issue if one wants to
perform further analyses on infected neurons, such as electrophysiological
recording or gene expression analysis, or use infected animals for behavioral
experiments. Different viral tracers show a range of cytotoxicity (see Table 4.2).
For example, cytotoxicity of RV is low to modest and therefore researchers can
conduct Ca** imaging of RV-positive neurons several weeks after the infection
(Osakada et al. 2011; Reardon et al. 2016). In contrast, HSV or PRV is usually
more toxic, with signs of toxicity observed in the infected cells within a few days
(Ugolini et al. 1987; Ugolini 2011).

Lastly, replication-conditional viral tracers are very useful for controlling viral
spread. Wild-type viral tracers have full capacity to replicate (referred to as
replication-competent). For some viral tracers, a single gene has been identified that
is necessary for viral replication. This has enabled researchers to delete or tran-
scriptionally inactivate that gene to generate a crippled virus that cannot replicate or
propagate. However, replication of the virus can still occur if the missing gene is
supplied in trans, or transcriptional inactivation of the gene is removed. This
modified virus is called a replication-conditional virus. For example,
replication-conditional HSV-H129 (Lo and Anderson 2011) and Bartha strain of
PRV (DeFalco et al. 2001) were generated by transcriptional silencing of an
essential thymidine kinase (tk) gene. Once the transcription of tk gene from the
virus genome is restored by Cre-mediated recombination, the functional virus
particles are generated in the Cre+ starter cells and spread in the anterograde
(HSV-H129) or retrograde (PRV-Bartha) direction. As we will discuss in Sect. 4.2,
replication-conditional RV is generated by deleting a single essential glycoprotein
gene from the RV genome. By supplying rabies glycoprotein in trans only in the
starter cells, viral replication is restricted to the starter cells, and therefore allows
monosynaptic spread of the virus from these cells. Replication-conditional viral
tracers offer higher resolution and precision in mapping neuronal connections.
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4.1.4 Electrophysiological Methods for Mapping Neuronal
Circuits

In Fig. 4.1, the fourth category (green) represents electrophysiological methods to
map circuits. For local circuits, applying patch-clamp methods in brain slice
preparations, combined with genetic labeling of neurons, can identify synaptically
connected pairs of cells and also provides information regarding their cellular
identity. Figure 4.2d shows a paired recording from a parvalbumin positive
interneuron that is reciprocally connected to a mitral cell in the mouse olfactory
bulb (OB) (Kato et al. 2013). This method allows highly precise mapping of
connected neurons, although it can only be applied to a local circuit. In principle,
bulk stimulation of axon bundles while recording from the postsynaptic neuron can
map long-range connections with region-to-cell resolution. However, this approach
cannot distinguish between intermingled axons from different cell types in the
presynaptic structure that may be innervating the postsynaptic cell. The develop-
ment of optogenetics (Deisseroth 2015) has greatly improved the resolution on the
presynaptic side. Channelrhodopsin-2 (ChR2), a light activated cation channel
isolated from a green alga, can be targeted into genetically defined neurons, for
example by injecting Cre-dependent AAVs expressing ChR2 into a transgenic
animal where Cre is expressed in specific classes of cells (Fig. 4.3c, d). In this way,
the cell bodies and axons of a defined cell type, located in a defined brain region,
can be activated by light. Simultaneously, one can monitor electrical responses in
the presumed postsynaptic neurons with patch electrodes. If there is a monosynaptic
connection between the ChR2-expressing neurons and the neuron being recorded
from, an excitatory or inhibitory postsynaptic current should be observed imme-
diately (within several milliseconds) after the onset of the light stimulation. By
observing how long it takes the postsynaptic cell to respond after ChR2 activation,
researchers can distinguish between monosynaptic and polysynaptic connections.
This method, referred to as ChR2-Assisted Circuit Mapping (CRACM) (Petreanu
et al. 2007), can identify pre- and postsynaptic partners, and provide additional
information regarding their synaptic properties and cell types (defined by gene
expression patterns). As an example, Fig. 4.2e shows a direct excitatory monosy-
naptic connection from frontal cortex pyramidal cells to serotonin neurons in dorsal
raphe nucleus (Weissbourd et al. 2014). In this case, the distance between the
connected cells is >7 mm. CRACM can also characterize which subcellular
structures on the postsynaptic side are targeted by the ChR2-expressing axons, if
light activation is restricted to a very small brain region. Given these advantages,
CRACM is a standard way to map synaptic connections in many brain regions. One
major drawback of CRACM is its low-throughput nature: in a single recording
experiment, only one type of neuron can be labeled on the presynaptic side, while
electrophysiological methods limit the number of neurons sampled on the postsy-
naptic side.
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4.1.5 Ultrastructural Method to Map Synaptic Connections

The last categories of Fig. 4.1 (blue) are ultrastructural methods, represented by
electron microscopy (EM). EM is a highly reliable method to determine if two cells
form synaptic connections. In principle, complete reconstructions of serial EM
images can reveal neuronal circuits with synaptic resolution throughout the brain, a
method that has been established in nematode Caenorhabditis elegans (White et al.
1986). To generate a 3D reconstruction connection map, thin sections (usually less
than 50 nm) are collected and imaged. Then, neuronal structures are extracted from
individual images, consecutive images are aligned, and individual neuronal seg-
ments across many sections are reconstructed into a 3D volume. Finally, each
synaptic contact is assigned to a defined pair of neurons. For large nervous systems
such as entire mouse and human brain, these procedures are not only labor inten-
sive, but also require very high precision in each step, as small errors in stacking
many thousands of images could accumulate and lead to incorrect connection
diagrams. Although this approach is currently only applied to a small piece of brain
tissue (up to a few hundred microns, for examples, Helmstaedter et al. 2013;
Kasthuri et al. 2015), given rapid advances in computer science, most of the above
procedures and quality controls could be fully automated in the future.

4.2 Rabies Virus-Mediated Transsynaptic Tracing
with Genetic Control

In this section, we will focus on transsynaptic tracing methods introduced in
Sect. 4.1.3, starting with a brief history. Then we will introduce the principle of
monosynaptic restriction of RV tracing, followed by various ways to apply this
method to in vivo tracing experiments.

4.2.1 Development of Replication-Conditional
Rabies Tracer

Early in the twentieth century, a limited number of studies suggested that certain
types of neurotrophic viruses can travel across neuronal pathways, e.g.,
Goodpasture and Teague (1923). In the 1980s, researchers started to exploit
replication-competent viral tracers to map neuronal pathways from peripheral body
tissues to the central brain (for review Vercelli et al. 2000; Nassi et al. 2015;
Ugolini 2011). In these studies, HSV1 and PRV (Table 4.2) were widely used in
rodents and non-human primates. However, major pitfalls of these viral tracers are
that they induce neuronal degeneration and possibly spread via nonspecific spil-
lover of viral particles from infected neurons to nonconnected nearby cells (Ugolini
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et al. 1987). An important advancement was made in 1995 when a detailed time-
course for RV spread was characterized (Ugolini 1995). In this study, retrograde
tracing by RV (challenge virus standard, or CVS strain) was initiated from
hypoglossal motor neurons (MNSs) that control tongue movement in rat, and viral
spread was followed to the brainstem second-order neurons and higher order motor
control regions. The results established two important properties of RV: low tox-
icity and no ‘suspicious’ labeling that would indicate nonsynaptic infection.
Initially infected MNs were totally intact in their size and morphology at later stages
when third-order neurons were infected in the brain. Also, RV-infected hypoglossal
MNs did not spread virus to the inferior olive, which the RV-infected MNs passed
through without forming synaptic connections. By contrast, an equivalent experi-
ment using HSV1 did intensively label the inferior olive, presumably through
nonspecific spillover of the virus. Together, this pioneering study highlighted that
RV is a specific retrograde tracer with a long asymptomatic period.

The next landmark event for transsynaptic tracing techniques was the develop-
ment of replication-conditional RV, which later allowed genetic control of starter
cells and monosynaptic tracing (Wickersham et al. 2007a; Sect. 4.2.2). To under-
stand how this was achieved, it is useful to cover some basic facts of RV virology
(Fig. 4.4a). RV is a single-strand negative RNA virus (meaning the genome of RV
is complementary to its mRNA) with a small genome (about 12 kb) encoding only
five proteins: a nucleoprotein (N), a matrix protein (M), an RNA-dependent RNA
polymerase (L), a polymerase cofactor phosphorylated protein (P), and a rabies
glycoprotein (RG). The core of the virion consists of helically arranged genomic
RNA associated with N, P, and L. These proteins support initial replication of the
RV genome in the host cell before RV’s own gene transcription. The core is
surrounded by M and lipid bilayers originated from the host cell, on which RG is
anchored. Thanks to this simple organization, the functional viral particles can be
de novo generated in cultured cells by introducing plasmids containing the RV
genome and some of the RV genes listed above (Schnell et al. 1994; Fig. 4.4b, c).
This made it possible to genetically manipulate the viral genome: for example,
inserting a marker transgene (Mebatsion et al. 1996a) or deleting a rabies gene
(Mebatsion et al. 1996b). Using this technique, a complete loss-of-function mutant
was generated from an attenuated RV strain called Street Alabama Dufferin
(SAD) B19 by deleting the RG gene. Because RG is necessary for efficient budding
of RV (Mebatsion et al. 1996b), simple deletion of RG from the RV genome made
it difficult to recover viral particles (with naked envelope) from the cultured cells.
Researchers, therefore, added back the missing RG in trans via a plasmid trans-
fected into the cultured cells, which allowed the mutant RV genome to be packed
into an intact viral envelope (Fig. 4.4d). Hereafter, we will refer to this virus as
RVdRG+RG, where the italic dRG represents the genome of the RV with deletion
of RG, and +RG indicates the envelope protein supplied in trans. When RVdRG
+RG was injected into rat and mouse brains, initial infection occurred normally,
since the virus was coated with normal RG, allowing the virus to interact with
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Fig. 4.4 Generation of replication-conditional RV and the monosynaptic tracing technique. a—
f Schematic flow showing how to generate RV mutant virus that is used for monosynaptic tracing.
For details, see text. A wild type RV particle is shown in the fop left. a Cloning the RV genome
into a plasmid. b Genetic modification of the RV genome to delete (del) RG and insert GFP.
¢ Transfection of the mutant RV genome plasmid, as well as plasmids for N, P, L, and RG into a
cultured host cell. d Budding of the mutant particle RVARG-GFP+RG. e Infection of RVdRG-
GFP+RG into a BHK-EnvA cell that stably expresses EnvA. f Budding of the pseudotyped
RVdARG-GFP+EnvA. This particle is used for monosynaptic tracing. g An example of
RV-mediated monosynaptic tracing using ex vivo slice cultures. In this sample, TVA, RG and
DsRed2-expressing red neurons in hippocampal slice culture are selectively infected by RVdRG-
GFP+EnvA (shown in yellow) to become a starter cell. Many putative presynaptic neurons of
starter cells were labeled with GFP. Right schematic of a starter cell. Images are taken with
permission from Wickersham et al. (2007a)

rabies receptors expressed in the mammalian nervous system (Lafon 2005).
However, transsynaptic spread was completely abolished and infected animals were
still healthy 11 days after infection, while control animals that had received the
same amount of wild-type RV were killed by rabies (Etessami et al. 2000). This
experiment clearly demonstrated that RG is necessary for transsynaptic spread of
RV and that RVARG+RG is a valuable nonpathogenic, replication-conditional
tracer for in vivo applications.
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4.2.2 Development of Monosynaptic Tracing Technique

The key idea behind introducing RV as a monosynaptic tracing technique is to
provide in vivo trans-complementation of replication-conditional RVdRG, by
supplying the missing RG as a transgene. If RG is expressed in neurons of interest,
and these neurons are then infected with RVdRG, then they can produce RVdRG
+RG particles by trans-complementation (as in cultured cells, see Fig. 4.4d).
According to the natural tropism of RG, these particles can spread retrogradely and
transsynaptically to the presynaptic neurons, where proliferation of RVdRG occurs.
However, if these second order presynaptic neurons do not express RG, RVdRG
cannot spread to third-order neurons, because RG is essential for viral spread from
neuron to neuron. In this way, this approach can identify monosynaptic connections
that are presynaptic to the initially infected neurons of interest.

To make this technique widely applicable, two problems must be
solved: unequivocal visualization of RVdRG-infected neurons, and specific intro-
duction of RVdRG into RG-expressing neurons of interest. The first problem was
solved by introducing a fluorescent protein gene (e.g., GFP) into the RVdRG
genome plasmid, resulting in RVARG-GFP (Wickersham et al. 2007b; Fig. 4.4b).
When coated with RG, these viral particles can efficiently label neurons, including
their fine subcellular structures, such as dendritic spines. This allows unambiguous
detection of RV-infected neurons in fixed sections, in time-lapse imaging of cul-
tured neurons, or even in vivo via two-photon microscopy. The second problem
was also elegantly solved by using a virology technique called pseudotyping, that
is, altering the envelope proteins of a virus to change its tropism. The envelope
protein of avian sarcoma and leucosis virus, called EnvA, restricts viral infection to
cells expressing the corresponding receptor, TVA, a protein which is found in birds
but not in mammals (Bates et al. 1993; Young et al. 1993). When a cell line
constitutively expressing EnvA is infected with RVdRG-GFP, mutant RV particles
coated with EnvA (referred to as RVARG-GFP+EnvA) are released into the culture
medium (Fig. 4.4f). Alone, this virus cannot infect mammalian cells, since they do
not express TVA. However, it can infect genetically modified target neurons where
expression of a TVA transgene has been transduced.

As a proof-of-principle, transduction of TVA and RG was introduced into a very
small number of neurons in hippocampus slice culture, along with a red fluorescent
marker, DsRed2. When RVdRG-GFP+EnvA was applied to the culture medium,
starter cells that expressed both DsRed2 (a marker for co-expression of RG and
TVA) and GFP (from RV) were generated. These neurons, labeled yellow in the
culture, specifically promoted de novo production of RVdRG-GFP+RG. Dozens of
neurons labeled with GFP alone surrounded the starter cells, suggesting that they
were transsynaptically labeled from at least one of the starter cells (Fig. 4.4g;
Wickersham et al. 2007a). Along with negative control experiments, these exper-
iments in slice culture neurons established that RVdRG-GFP+EnvA infection is
specific to TVA expressing neurons, and that RG is necessary and sufficient for
transsynaptic spread of RV. Importantly, monosynaptic restriction of RV spread
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could be validated electrophysiologically. Using a slice with very sparse starter
cells (yellow) and putative presynaptic partners (green), paired recording between
these labeled neurons validated that 9 out of the 11 recorded pairs were indeed
direct synaptic partners.

Before discussing how this monosynaptic RV tracing technique has been applied
to in vivo circuit tracing, let us consider the advantages of monosynaptic tracing
over classical multistep tracing. First, monosynaptic tracing allows genetic control
of starter cells by selectively expressing TV A receptor and RG in a defined cell type
(see Sect. 4.2.3). This specificity is impossible to achieve when tracing with wild
type RV, as RV infects multiple types of neurons indiscriminately. Second,
monosynaptic tracing technique allows unequivocal identification of direct synaptic
partners, whereas classical multistep tracing can only infer the order of connectivity
by the timing of the viral spread (Ugolini 1995). Although informative, variability
in viral replication in different host cells, the speed and distance of retrograde
transport, and the type of synapses that the virus crosses may create timing dif-
ferences in transsynaptic labeling, compromising the accuracy in which the synaptic
order of connected neurons can be identified. Third, RVdRG is less toxic to infected
animals compared to classical RV tracing, and therefore allows one to visualize
neuronal circuits in relatively healthy animals. This also allows monosynaptic
tracing to be combined with other physiological and behavioral experiments that
require live animals (for example see Sect. 4.2.5).

4.2.3 Cre-dependent Transsynaptic Tracing

A significant advance of monosynaptic RV tracing lies in the ability to genetically
control the generation of starter cells. This can be done by selective targeting of RG
and TVA to defined types of neurons. Generally, cell types can be characterized by
a combination of the following criteria: stereotyped locations, unique gene
expression, unique morphology, axonal projection patterns, developmental history,
electrophysiological properties, and unique receptive fields. Currently, not all of
these criteria can be readily utilized to generate starter cells, but some are available.
In this section, we will discuss the methodology behind Cre-dependent tracing
methods. Other methods will be discussed in the following sections.

Numerous mouse lines are available that express Cre recombinase in a selective
cell type. The viral and genetic technology (see Sect. 4.1.3 and Fig. 4.3¢c) is a
powerful way to generate starter cells of a defined cell type in a defined brain
region. Let us use a specific example, such as parvalbumin-positive interneurons
(PVNs) in the left primary motor cortex in mice (Wall et al. 2010; Miyamichi et al.
2013). To transsynaptically trace from these cells, we first need a transgenic mouse
line where Cre is specifically expressed in the PVNs. Next, we stereotactically
inject a small volume (usually 50-300 nl) of a mixture of two Cre-dependent
AAVs, expressing RG and TVA fused with a red fluorescent marker mCherry
(TVA-mCherry), into the left motor cortex of a PV-Cre mouse (Fig. 4.5a). In 2
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Fig. 4.5 Cre-dependent RV transsynaptic tracing. a Left constructs of two AAV vectors, one
expressing TVA-mCherry and one expressing RG in a Cre-dependent manner using FLEx switch
(see Fig. 4.3d). WPRE, woodchuck hepatitis virus posttranscriptional regulatory element, which
can enhance transgene expression from an AAV vector. The oval in the middle represents a cell
expressing Cre (blue PacMan) in which TVA-mCherry and RG are also expressed. Circles on the
right represent neurons, one of which corresponds to a Cre-positive cell (with blue PacMan).
b RVARG-GFP+EnvA infects a Cre-positive cell that is expressing TVA and RG, resulting in a
yellow starter cell (due to TVA-mCherry from the AAV and GFP from the RVdRG). Note that by
mixing two separate AAVs before injection, >80% neurons at the injection site co-express both
transgenes (Miyamichi et al. 2013). ¢ If RG is present at the plasma membrane of starter cells
(vellow), RVARG-GFP+RG can transsynaptically spread to presynaptic partners and label them
with GFP

weeks, hundreds of PVNs in the left MC will express RG and TVA-mCherry. There
are millions of PVNs throughout the mouse brain, but focal injection of the AAVs
restricts the location of the starter cells. In the motor cortex, >95% neurons are
non-PVNs, but they do not express RG or TVA-mCherry because they do not
contain Cre. We then stereotactically deliver a small amount of RVdRG-GFP
+EnvA into the same left motor cortex (Fig. 4.5b) to initiate transsynaptic tracing.
Finally, 4-7 days after RV infection, we harvest the brain and detect neurons
labeled with both GFP and mCherry (starter cells, labeled yellow, Fig. 4.5¢) and
those labeled with GFP alone (presynaptic partners of the starter cells). In one
example, 1012 starter cells were generated close to the injection site, and 8656 GFP
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+ cells were detected far away from the starter cells in the contralateral motor
cortex, ipsilateral somatosensory cortex, and motor-related thalamus. In addition,
many thousands of locally infected neurons labeled with GFP were detected near
the starter cells (Miyamichi et al. 2013). This tracing strategy has been used with
great success in a wide range of brain regions including the olfactory system
(Miyamichi et al. 2011, 2013), neuromodulatory systems (Weissbourd et al. 2014;
Lerner et al. 2015; Schwarz et al. 2015; Ogawa et al. 2014; Watabe-Uchida et al.
2012; Menegas et al. 2015; Pollak Dorocic et al. 2014; Beier et al. 2015), amygdala
(Haubensak et al. 2010), hypothalamus (Krashes et al. 2014), hippocampus (Sun
et al. 2014; Kohara et al. 2014), neocortex (Fu et al. 2014; Zhang et al. 2014;
Adelson et al. 2014; DeNardo et al. 2015; Kim et al. 2015), striatum (Reardon et al.
2016; Wall et al. 2013), cerebellum (Wall et al. 2010), and spinal cord (Reardon
et al. 2016; Ni et al. 2014).

At a glance, this method seems complex. Instead of serially injecting AAVs and
RV, one could drive expression of RG and TVA via Cre-dependent transgenes
introduced into the genome of the animal. In this scenario, all Cre-expressing
neurons throughout the brain (for instance all PVNs in a PV-Cre animal) will
express RG and TVA. Stereotactic injection of RVARG-GFP+EnvA into the left
motor cortex of these animals will convert PVNs at the injection site into starter
cells, and transsynaptic tracing will occur. However, if there are any PVNs located
presynaptically to the starter PVNSs, they can become ‘secondary’ starter cells
because they will also express RG, and their presynaptic partners will also be
labeled. Thus, this process can significantly compromise the accuracy of restricted,
monosynaptic RV tracing. It is therefore advantageous to spatially restrict the
expression of RG using an AAV.

For successful Cre-dependent transsynaptic tracing, two important points should
be considered. First, starter cells should be unequivocally labeled to validate their
numbers and cell types. Second, Cre-independent, nonspecific labeling of RV
should be monitored and controlled. Ideally, Cre-dependent tracing should only
originate from Cre-positive starter cells. However, in many cases, it is possible that
a small amount of ‘leaky’ expression of TVA and RG can occur. In the example
mentioned above (PV-Cre tracing in the motor cortex), negative control experi-
ments omitting Cre still labeled ~70 GFP+ neurons close to the injection site. This
Cre-independent GFP expression is likely due to the extremely efficient interaction
between TVA receptor and RVdRG-GFP+EnvA. Because these nonspecific GFP+
neurons are indistinguishable from real presynaptic neurons of the starter cells, they
compromise the accuracy of tracing within local circuits near the injection site,
although usually less than 5% of local GFP+ neurons arise from Cre-independent
tracing (Weissbourd et al. 2014; Miyamichi et al. 2013; Schwarz et al. 2015). Note
that long-range tracing outside of the injection site is less affected by nonspecific
labeling, since leaky expression of RG is not strong enough to support trans-
complementation of RVdRG.

To eliminate Cre-independent local labeling, TVA-EnvA interactions can be
reduced without affecting TVA-mCherry expression levels. To achieve this, a TVA
mutant with 10% affinity to the EnvA-pseudotyped virus (Rong et al. 1998),
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TVAggr, was used instead of wild-type TVA. The resulting tracing with TVAger
showed no Cre-independent GFP labeling within the brain (Weissbourd et al. 2014;
Miyamichi et al. 2013). Although the tracing efficiency of long-range inputs were
also reduced (due to a decrease in the number of RVdRG-GFP+EnvA viral particles
that initially infect the starter cells), this technique is suitable for analyzing local
neuronal circuits. We will see applications of this technique in the OB in Sect. 4.3.

Approaching the end of this section, let us consider a way to control the number
of starter cells, in addition to specifying cell types as discussed above. Generally,
reducing the titer of AAVs would decrease the number of starter cells. To more
empirically control the number of starter cells, a tamoxifen-inducible Cre (CreER)
transgenic mouse was crossed with a mouse line conditionally expressing tetra-
cycline transactivator (tTA2) in a Cre-dependent manner, to obtain double trans-
genic mice. Small amounts of tamoxifen were injected into these mice, resulting in
a sparse induction of neurons expressing tTA2 throughout the brain. Instead of
using Cre-dependent AAVs, an AAV vector expressing RG and TVA (with a
fluorescent marker), driven by tTA2, was injected into a defined brain area
(Fig. 4.3e). In the olfactory cortex (Miyamichi et al. 2011), this strategy generated
sparse starter cells (samples varied from 4 to 105 starter cells). A ‘lucky’ example in
the somatosensory cortex contained a single starter cell, which is useful for ana-
lyzing how individual neurons integrate information from different brain regions.
Generation of sparse starter cells can also be achieved by single-cell electroporation
method (see Sect. 4.2.5).

4.2.4 Tracing the Relationship Between Input
and Output (TRIO)

Axonal projection patterns can be used to define different classes of neurons in the
brain. For example, pyramidal neurons of motor cortex located in layer 5 (one of the
major output layers of the cortex) can be classified into two major types based on
their projection patterns: callosal projection neurons (CPNs) and subcerebral pro-
jection neurons (SCPNs) (Greig et al. 2013). CPNs provide callosal projections to
the contralateral motor cortex, in addition to bilateral projections to somatosensory
cortex and striatum, while SCPNs provide long descending axons to the ipsilateral
striatum, medulla and pons, on their way to the spinal cord. Importantly, these two
types of neurons are highly intermingled in the cortex, and therefore can potentially
be contacted by the same presynaptic neurons that send axons into the motor cortex.
Given that their target areas are mostly nonoverlapping, a question arises: do CPNs
and SCPNs receive the same input? And if not, what is unique about their presy-
naptic inputs, and can differences in their input patterns be quantitatively com-
pared? This question can be generalized to many different brain regions, and thus
can provide valuable insight into different circuit logics that underlie specific
information flow.
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Axonal projection patterns have been successfully used to define starter cells in
specific cases, such as MNs in the spinal cord and retinal ganglion cells (RGCs) in
the eye. Let us analyze these cases, and discuss how to generalize the concept of
input—output connectivity for applications in the central brain. In the spinal cord, a
group of MNs (a motor pool) innervating the same muscle can be selectively
labeled by RV injected into the target muscle. Injecting RVARG-GFP+RG, along
with AAV expressing RG, into the target muscle can convert the MNs of a defined
motor pool to starter cells. The RV can then transsynaptically spread to premotor
neurons that are presynaptic to that motor pool (for details, see Sect. 4.5.1; Stepien
et al. 2010; Tripodi et al. 2011). Note that in this particular case, AAV serotype 6
can efficiently infect MNs retrogradely from their axons at the target muscle only
during the neonatal stage. Retrograde infection of AAV in the central brain at adult
stages is usually inefficient, though efficiency varies considerably by AAV ser-
otype, titer, lot, and the target brain regions.

In the retina, a specific type of RGCs that convey direction-selective motion
were converted to starter cells (Yonehara et al. 2011; Yonehara et al. 2013). This
was possible because these RGCs selectively project to the medial terminal nucleus
(MTN) in the midbrain. By injecting RVdRG-GFP+RG together with a helper virus
(HSV1 or AAV) expressing RG into the MTN of neonatal mice, researchers suc-
cessfully detected amacrine cells and bipolar cells connecting to the starter RGCs in
the retina. These methods that deliver RVARG-GFP+RG by using the outputs of a
neuronal population, however, cannot easily select specific starter cells in the
central brain, because many different brain regions and cell types often send con-
vergent projections to the same target. Going back to the motor cortex example,
layer 5 SCPNs can be targeted retrogradely from the medulla, but there are millions
of neurons throughout the brain that also project to the medulla, including cells in
other parts of the cortex, hypothalamus, cerebellum, and spinal cord. To make
spatially restricted starter cells, one needs a method to generate starter cells based
both on brain region and projection type.

Given that Cre-dependent RV tracing with AAV helper viruses can restrict the
location (by AAV injection site) and cell type (by Cre expression) of starter cells
(Sect. 4.2.3, Figs. 4.5 and 4.6a), a natural extension of this technique is to supply
Cre via the axons of starter cells (Fig. 4.6b). A canine adenovirus 2 (CAV?2) driving
Cre is well suited for this purpose, as it can efficiently and retrogradely introduce
Cre into many types of neurons in the mouse brain (Table 4.1; Soudais et al. 2001;
Hnasko et al. 2006). By pairing Cre-dependent RV tracing with CAV2-Cre,
(a method called tracing the relationship between input and output, or TRIO), one
can determine and compare synaptic inputs to starter cells that have been defined by
their location in the brain and output projection patterns (Schwarz et al. 2015). This
system was applied to quantitatively analyze presynaptic partners of CPNs and
SCPNs in motor cortex layer 5, by injecting CAV2-Cre into contralateral motor
cortex versus ipsilateral medulla, respectively. However, a problem with this
method is that CPNs are distributed broadly from layer 2/3 to layer 6; the projection
pattern alone is not specific enough to restrict starter cells to CPNs only in the
layer 5. Note that this is a general problem for many brain regions and cell types.
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Fig. 4.6 Schematic representations of trans-synaptic tracing, TRIO, cTRIO and pseudo-TRIO. In
this simplified neuronal circuit, three brain regions (columns of circles), each containing three
neurons, are connected by axons (arrows) as indicated. a In Cre-dependent RV trans-synaptic
tracing (Miyamichi et al. 2013; Watabe-Uchida et al. 2012; Sect. 4.2.3), starter cells (yellow) are
generated in the neurons expressing Cre (represented by blue PacMan symbols) in the target brain
region (middle column) regardless of their projection patterns. b In TRIO (Schwarz et al. 2015),
CAV2-Cre is injected (blue needle) into one of the output regions to retrogradely supply Cre to the
target region. Then, Cre-dependent RV tracing is conducted as in (a). In this case, different cell
types within the target regions are not distinguished. ¢ In cTRIO (Schwarz et al. 2015), a TRIO
experiment is conducted in transgenic mice in which Cre recombinase is expressed in a specific
cell type. The purple PacMan represents Flp recombinase. Note that the cell indicated by the
asterisk cannot become a starter cell because it does not express Cre, even though it projects to the
same output region. d Schematic representation of pseudo-TRIO. In this experiment using a Cre
transgenic mouse, RVARG-GFP+EnvA is directly injected into one of the output regions, instead
of Cre-dependent CAV2-Flp in (c). Cre-dependent AAVs expressing RG and TVA are injected
into the target region as in (a). A starter cell, defined by Cre expression and its projection, is
generated in the middle of the target region. However, there is another Cre-expressing cell,
indicated by a dagger symbol (T) in the target region that also receives the AAV expressing RG.
This cell does not project to the RV injection site, but does connect to the starter cell. This cell can
become a secondary starter cell, and its presynaptic partners will also be labeled by RV particles
(in green). This causes pseudo-positive labeling of input cells (compare input patterns in panel
¢ and d)

For example, targeting dopamine neurons in the ventral tegmental area (VTA) that
project to the striatum would also label GABAergic neurons in the VTA that also
project to the same striatum region, ‘contaminating’ the specificity of the starter cell
type (see Sect. 4.4.3). What we need here is an additional restriction of starter cells
based on the cell type (defined by a genetic marker) in the TRIO method.

This led the development of cell-type-specific TRIO, or cTRIO (Fig. 4.6¢),
which allows input mapping to genetically defined neuronal populations based on
their output patterns (Schwarz et al. 2015). In ¢TRIO, a transgenic mouse line is
used in which Cre is expressed in a specific cell type. Cre-dependent CAV2 driving
Flp recombinase is injected into an output region to which the Cre-expressing
neurons send their axons. This results in expression of FLP only in the neurons of a
defined cell type (by Cre) with a defined projection pattern (by CAV2), which will
become the starter cells. Next, Flp-dependent AAVs driving RG and TVA-mCherry
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Fig. 4.7 Example of cTRIO and single-cell-initiated monosynaptic tracing. a Schematic of
c¢TRIO in mouse motor cortex. Cre-dependent CAV2-Flp was injected into contralateral motor
cortex (cMC, for CPNs) or medulla (for SCPNs) along with AAVs expressing Flp-dependent
TVA-mCherry and RG into the motor cortex, followed by RVdARG-GFP+EnvA. Example coronal
sections of motor cortex CPNs starter cells in ¢cTRIO are shown in the middle. Labeled cells
include starter cells (yellow, a subset indicated by arrowheads) and local input cells (green), as
well as input neurons from the somatosensory cortex (SC) and ventral anterior thalamus (VA).
Average fraction of total input neurons in cTRIO is shown in the right graph. Values represent the
average fraction of input in each category. Error bars s.e.m. *** p < 0.001. Scale, 250 pm
(middle row), 100 pm (bottom row). Adapted with permission from Schwarz et al. (2015).
b Single cell-initiated RV tracing expressing GCaMP6s in the primary visual cortex (VI). Left
image represents a 300-um thick slice containing an electroporated layer 2/3 pyramidal starter cell
(vellow) and its local presynaptic neurons (green). Right image shows an example of
3D-reconstruction of the location of a starter cell and its presynaptic neurons. Each filled circle
represents a neuron and is colored according to the preferred motion direction (color code is shown
at bottom right). Cells that did not respond to the visual stimuli are represented by small black
circles. Cells that responded to motion equally in all directions are represented by small gray
circles. Images are taken with permission from Wertz et al. (2015)

are injected directly into the brain region where these neurons are located, followed
by RVdRG-GFP+EnvA to initiate transsynaptic tracing. As a proof-of-principle,
retinol binding protein 4 (Rbp4)-Cre mice were used to restrict starter cells in
layer 5 of cortex (Gerfen et al. 2013), with CAV2-FLEx-Flp injected into con-
tralateral motor cortex or ipsilateral medulla. This time, CPNs and SCPNs in
the motor cortex layer 5 were selectively converted to starter cells, and GFP+
input neurons were quantified in the cortex and thalamus. Interestingly, CPNs
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received proportionally more input from the cortex, while SCPNs obtained more
input from the thalamus (Fig. 4.7a). Thus, CPNs and SCPNs in the motor cortex
layer 5, albeit with highly intermingled dendritic trees, receive differential cortical
versus thalamic input. The functional significance of this organization, as well as
the local circuit connectivity of CPNs and SCPNs (Kiritani et al. 2012) remains to
be explored.

At first glance, TRIO/cTRIO looks complicated. Indeed, it requires precise
targeting of three different viruses into the correct stereotactic coordinates. One may
want to eliminate the CAV2 injection and instead generate starter cells in a
pathway-selective manner using the fact that RVARG-GFP can retrogradely
transduce starter cells from axons (Fig. 4.6d). This strategy, although used in
several influential studies, has a major pitfall regarding input—output specificity. Let
us use a specific example from the motor cortex again. In this hypothetical
experiment, AAVs conditionally expressing RG and TVA-mCherry are injected
into the motor cortex of Rbp4-Cre mice, such that layer 5 CPNs and SCPNs express
TVA in their cell bodies and axons. Thanks to the sensitivity of TVA-EnvA
interactions, RVARG-GFP+EnvVA injected into the medulla could convert SCPNs in
motor cortex layer 5 into starter cells (although in reality this long-range retrograde
transduction of EnvA-pseudotyped RV is not very efficient). Presynaptic partners of
SCPNs are then labeled by transsynaptic RV spread, resembling cTRIO. However,
if any CPNs in motor cortex layer 5 are presynaptic partners to any of the starter
SCPNs, they can also become starter cells, because they contain Cre, and therefore
can express RG, if infected by AAV (see Fig. 4.6d, ‘secondary’ starter cell indi-
cated by a dagger symbol). This would result in transsynaptic labeling of SCPN and
CPN inputs. Therefore, this strategy does not guarantee that starter cells are specific
for a defined projection target. Introducing RG based on the projection pattern is
crucial for the specificity achieved by TRIO/cTRIO, accomplished through coor-
dinated injections of CAV2 and AAVs.

Finally, a few basic properties of CAV2 that are useful to know for interpreting
tracing results must be discussed. The degree of local CAV2 spread at the injection
site is important for precisely targeting neurons based on their projections. The
olfactory system was used to assess this (Schwarz et al. 2015), thanks to the
well-understood organization of mitral cell axonal projections. Mitral cells
(MCs) are the projection neurons of the OB, and their axons form a bundle from
which thin collaterals innervate cortical pyramidal cells in layer la of the piriform
cortex. CAV2-Cre was injected into Cre-reporter mice at varied distances from layer
1a in the piriform cortex and labeled MCs in the OB were quantified. This analysis
revealed that CAV2 local spread is mostly limited to within 200 pm from the
injection needle. However, it was also observed that CAV2 has potential to infect
axons in passage, as MCs in the accessory OB, which send myelinated axon
bundles through the piriform cortex without making synapses (Shepherd 2004),
were also labeled. Careful design of the CAV2-injection site is needed to avoid
unwanted labeling from passing axons. Although CAV2 can transduce diverse cell
types throughout the brain, the labeling efficiency may vary depending on the brain
regions, type of neurons, and distance of retrograde transport. Keeping these
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cautions in mind, CAV2-based tracing tools are broadly applicable to many brain
regions. As no genetically engineered animal is required for TRIO, it can be used in
wild type mammals beyond mice. As a proof-of-principle demonstration, presy-
naptic partners of motor cortex neurons that project to striatum or contralateral
motor cortex were visualized in rat (Schwarz et al. 2015). We will also discuss
applications of TRIO/cTRIO in neuromodulatory systems (Lerner et al. 2015;
Schwarz et al. 2015; Beier et al. 2015) in Sect. 4.4.

4.2.5 Tracing from Defined Neurons
by Developmental History

Utilizing developmental history is a powerful way to define cell types. A salient
example is cell birth date, which can be used to target developmentally defined
types of neurons associated with a specific brain region, layer, projection pattern,
and function. Generation of starter cells based on the birth date of neurons has been
used with great success in the research field of ‘adult-born’ neurons. Although most
neurons in the brain are generated in a short time window during embryonic
development, neurogenesis continues throughout life at two specific locations: the
subventricular zone (SVZ) of the lateral ventricles and the subgranular zone
(SGZ) of the dentate gyrus (DG) in the hippocampus (Zhao et al. 2008). The SVZ
generates OB interneurons that migrate a great distance through the rostral
migratory stream, while the SGZ generates local granule cells (GCs) of the DG. To
analyze how these neurons are integrated into existing circuits, researchers selec-
tively converted adult-born neurons to starter cells. This was achieved by using a
gammaretrovirus that selectively infects dividing cells (Table 4.1), which made it
possible to infect neuronal progenitors, but not postmitotic neurons.
Gammaretrovirus-expressing TVA and RG constitutively (Deshpande et al. 2013;
Vivar et al. 2012) or Cre-dependently (Nakashiba et al. 2012) was injected into the
DG of postnatal mice to generate starter cells, and RV tracing labeled their
presynaptic neurons. The Cre-dependent gammaretrovirus can be used to further
refine the starter cells based on expression of a specific gene. Another strategy is to
utilize transgenic mouse lines expressing TVA and RG in a Cre-dependent manner,
in conjunction with gammaretrovirus-expressing Cre (Li et al. 2013). Collectively,
these studies revealed the timecourse of progressive integration: adult-born neurons
receive local connections from multiple types of interneurons before long-range
projections are established.

In the case of the OB interneurons, transient induction of a transgene into the
SVG can target neurons of a defined birthdate. Several methods have been suc-
cessfully used to provide TVA and RG to the SVG including electroporation of a
plasmid (Arenkiel et al. 2011), infection of gammaretrovirus (Deshpande et al.
2013), or infection of lentivirus-expressing Cre into a transgenic mouse that con-
ditionally expresses TVA and RG (Garcia et al. 2014). These studies revealed
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previously uncharacterized connectivity in the local OB circuits (see Sect. 4.3), as
well as a temporal sequence for the integration of input to the adult-born GCs in the
OB. Some basic properties of RV spread were also reported, which have relevancy
beyond OB circuits. For example, researchers found that enriched olfactory expe-
rience induced a 3-fold increase in the number of RV-labeled local presynaptic
partners of newborn GCs (Arenkiel et al. 2011), a phenomenon that was also
observed for newborn GCs in the DG after exercise (Deshpande et al. 2013). This
can be explained by two scenarios: (1) neuronal activity increased the number of
synaptic connections from local neurons to the starter GCs, or (2) RV particles more
efficiently spread across active synapses. To distinguish between these two possi-
bilities, neuronal activity was manipulated in cultured OB explants during RV
tracing. It was found that blocking SNARE-dependent neurotransmitter release,
action potentials, or fast glutamatergic neurotransmission had no significant effect
on the number of transsynaptically labeled cells (Arenkiel et al. 2011). Thus,
transsynaptic spread of RV is insensitive to changes in neuronal activity, a phe-
nomenon also suggested from in vivo tracing experiments of NMDA receptor
knockout starter cells in the neocortex (DeNardo et al. 2015).

Neuronal birth date is also useful to define starter cells beyond just adult-born
neurons. In utero electroporation of a Cre-expressing plasmid during specific
developmental time windows successfully targeted neurons of defined layers in the
neocortex (DeNardo et al. 2015). This method, combined with Cre-dependent RV
tracing (Sect. 4.2.3), allowed researchers to map local and long-distance input to
the layer 2/3 neurons in the somatosensory cortex, which were compared to inputs
of layer 5 starter cells (generated using an Rbp4-Cre mouse). In principle, in utero
electroporation-based methods can be used in many animals beyond mice to define
cell types or layers of starter cells.

4.2.6 Tracing from Defined Neurons
by Electrophysiological Properties

Other useful characteristics for defining starter cells include their electrophysio-
logical properties and their receptive fields. To achieve this, electroporation of
plasmids into a single cell in vivo was performed after whole-cell patch-clamp
recording (Rancz et al. 2011), which promoted transgene expression in the recorded
cells after patching. In this way, TVA and RG were introduced into layer 5 pyra-
midal cells with defined orientation selectivity in mouse primary visual cortex. RV
transsynaptic tracing resulted in the generation of a single starter cell and labeled on
average 346 presynaptic neurons. A follow-up study (Velez-Fort et al. 2014)
demonstrated that corticocortical projection neurons in the visual cortex layer 6 are
broadly tuned in their orientation selectivity and predominantly receive input from
deep layers of local visual cortex, whereas cortical-thalamic projection neurons in
the same area are sharply tuned to orientation and direction information, and receive
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more long-range input from higher cortical areas. Thus, similar to CPNs and SCPNs
in the motor cortex layer 5 analyzed by cTRIO (Sect. 4.2.4), visual cortex layer 6
projection neurons with distinct output specificities integrate different contextual
and stimulus-related information within and outside of the cortical network. Thanks
to advancements in engineering-modified RV variants (Osakada et al. 2011;
Reardon et al. 2016), RV-expressing Ca**-indicator GCaMP6 was used in single
cell-initiated monosynaptic tracing in visual cortex (Wertz et al. 2015). Two-photon
Ca®* imaging revealed motion direction preferences of individual presynaptic
neurons labeled from a single visual cortex layer 2/3 neuron of a defined direction
preference (Fig. 4.7b). This allowed a systematic comparison of the direction
preference of each presynaptic neuron with its postsynaptic partner across all layers
of cortex. The result revealed rather unexpected properties: (1) Presynaptically
labeled neurons within each layer exhibited similar direction preference; and
(2) only one-third of visual cortex layer 2/3 neurons received presynaptic input with
similar preferred direction selectivity. In other words, two-thirds of visual cortex
layer 2/3 neurons receive ‘untuned’ presynaptic input that cannot be distinguished
from a pool of neurons with random direction selectivity. How the postsynaptic
receptive field is correctly tuned, as well as the significance of such an organization,
remains to be explored. Collectively, these pioneering studies uncovered a link
between the neuronal connectivity, electrophysiological properties, and receptive
fields of each neuron at single-cell resolution in vivo.

In addition to technical advances and biological findings, these studies also
provide a useful insight with regards to the number of presynaptic neurons that are
labeled by RV from a single starter cell. An important limitation of RV tracing is
that it only labels a subset of inputs, presumably due to the limited number of RV
particles that each starter cell can generate. The labeling efficiency of RV can be
enhanced by increasing the amount of RG expressed in the starter cells for trans-
complementation and increasing the number of RVdARG particles entering the starter
cells (Miyamichi et al. 2013). The strain of RV also has an influence on efficiency
(CVS strain is more efficient than SAD) (Reardon et al. 2016). As the actual number
of inputs per cell in the brain is unknown, it is impossible to determine the exact
efficiency of RV tracing. However, based on a few simple assumptions (Miyamichi
et al. 2011), cortical pyramidal cells in mice are estimated to collect input from
400-1600 presynaptic neurons. The number of RV-labeled cells per a single starter
cell observed in the single-cell tracing sample was about 250 [somatosensory cortex
layer 5 neuron (Miyamichi et al. 2011)], about 350 [V1 layer 5 neuron (Rancz et al.
2011)], about 380 [cortical-striatal projection neurons in V1 layer 6 (Velez-Fort
et al. 2014)] and about 420 [V1 layer 2/3 neuron (Wertz et al. 2015)]. Thus, the RV
tracing is estimated to visualize 20-100% of putative presynaptic partners in these
cases. With improvements to the RV genome, strains of RV, and methods to drive
RG, the efficiency of RV tracing will be further increased in the future.
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4.3 Transsynaptic Tracing in the Olfactory System

In this section, we will discuss how RV tracing has been used to identify new
components of a neuronal circuit, and to analyze the topography of the neuronal
map. The mouse olfactory system provides examples for these applications of RV
tracing. First, let us summarize the basic knowledge of the organization of the
mouse olfactory system (Mori and Sakano 2011). The sense of smell is the primary
means for most animals to find food, mates, and predators from a distance. Airborne
odorants in the environment are initially detected by odorant receptors (ORs), a
diverse family of G-protein-coupled receptors expressed in the olfactory epithelium.
The olfactory coding in the epithelium is combinatorial: each OR is activated by
multiple odorants, and each odorant is recognized by a unique combination of ORs.
This enables the olfactory system to distinguish many more odorants than the
number of OR genes. Two important rules underlie the transformation of this
combinatorial OR code in the nose into neuronal activity patterns by which the
brain can interpret the identity, concentration, and in some cases, the meanings of
odorants. (1) One neuron—one receptor rule, that is, individual olfactory receptor
neurons (ORNGs), the sensory neurons in the olfactory epithelium, express a single
type of OR. By this rule, the combinatorial code of OR activation is converted into
population neuronal activities of ORNs on a one-to-one basis. (2) One OR-one
projection site rule, that is, thousands of ORNs expressing the same OR-type
project their axons to a common projection site, called a glomerulus, in the OB
(Fig. 4.8a). In mice, there are ~ 1000 intact OR genes, and therefore ~ 1000 ORN
types. Their projections form ~2000 glomeruli, with each ORN type corre-
sponding to approximately two glomeruli on the surface of the OB. This organi-
zation allows the transformation of ORNs’ population activities in the epithelium
into discrete patterns of glomerular activities (an odorant map) in the OB. How does
the odorant map inform higher olfactory centers? RV transsynaptic tracing has been
used in several efforts to answer this question.

4.3.1 Transsynaptic Tracing in the Olfactory Bulb

Within each glomerulus in the OB, ORN axons form glutamatergic synapses with
the primary dendrites of MCs and tufted cells (TCs), the two types of projection
neurons of the OB (Fig. 4.8a; Shepherd 2004). Hereafter, these two types of pro-
jection neurons are collectively referred to as MTCs. Individual MTCs send a single
primary dendrite to a single glomerulus. Importantly, MTCs are not just relaying
olfactory information from the epithelium to the cortex, as there are diverse local
interneurons in the OB. The precise function of these local networks remains
elusive because of the heterogeneity of these interneurons, their diverse physio-
logical properties and their complex synaptic connectivity. By using Cre-dependent
RV transsynaptic tracing with reduced nonspecific local background (Sect. 4.2.3)
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Fig. 4.8 Basic organization of mouse olfactory system and RV trans-synaptic tracing in the OB.
a Side view of the mouse brain highlighting the organization of the olfactory system. Two types of
ORNs (out of ~ 1000 types) are shown in two colors. ORNs of the same type send convergent
axonal projections to the target glomerulus. In the OB, each mitral (blue, red) and tufted (green)
cell sends an apical dendrite to a single glomerulus, where it receives input from a single type of
ORN. MCs project long-distance axons to many olfactory cortical areas, whereas tufted cells
innervate only anterior parts of the olfactory cortices (Igarashi et al. 2012). © 2015 from Principles
of Neurobiology by Luo. Reproduced by permission of Garland Science/Taylor & Francis
Group LLC. b Left a coronal section of the OB showing one of starter MCs and presynaptically
labeled cells with GFP in the OB. PVNs are visualized by anti-PV antibodies in magenta. Note that
most GFP+ cells in the external plexiform layer (EPL) are PV+ (indicated by yellow arrowheads).
Right a 3D-reconstructed OB sample (lateral view) showing the spatial distribution of starter
MTCs (yellow) and their presynaptic PVNs located in the EPL (magenta). Images are obtained
with permission from Miyamichi et al. (2013). ¢ Top, schematic drawing of OB local circuits.
Three MCs are shown in three colors. Each PVN in the EPL (represented by a magenta cell)
receives input from, and sends output to, widely distributed MTCs (for example, green and cyan
MCs) for broad lateral inhibition of MTC output. In contrast, the feedback loop mediated by GCs
(represented by a red cell) connects nearby MCs (blue and cyan MCs) for local lateral inhibition.
GL glomerular layer; MCL mitral cell layer; IPL internal plexiform layer; GCL granule cell layer.
d Schematic summary of pharmacogenetic inactivation of PVNs to analyze odorant response
profiles of MCs. The graph represents tuning curves of MCs to seven different odorants before
(blue) and after (red) inactivation of nearby PVNs. Adapted with permission from Kato et al.
(2013). A anterior; P posterior; D dorsal; V ventral; L lateral; M medial

and a transgenic mouse line driving Cre exclusively in the MTCs (Pcdh21-Cre), the
presynaptic neurons to MTCs within the local OB circuits were determined
(Miyamichi et al. 2013). In addition to GCs, which are known to provide feedback
inhibition to MCs (Shepherd 2004), an unexpected presynaptic partner of MTCs
were labeled via these tracing studies: cells within the external plexiform layer.
About 40% of GFP+ neurons presynaptic to the starter MTCs were located in this
layer, ~90% of which were parvalbumin positive interneurons (PVNs, Fig. 4.8b).
3D-reconstruction of labeled GFP+ cells showed that MTCs receive input from
widely distributed PVNs (~300 pm in distance), which was in sharp contrast to the
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narrowly organized input from GCs (<100 pm in distance). To characterize the
electrophysiological properties and odorant response profiles of these PVNs in the
OB, individual PVNs in the dorsal surface of the OB were recorded by in vivo
two-photon targeted patch-clamp method, while the animals received odorant
stimulations. This revealed that PVNs were activated less-selectively by many
odorants. Because PVNs do not directly receive input from the ORNS, the source of
this broad odorant receptive range was unclear. RV transsynaptic tracing was
therefore applied to PVNs (using PV-Cre mice), which revealed that PVNs received
broad MTC input. Together, these data uncovered a previously unknown feedback
loop in the OB, with MTCs — PVNs — MTCs, by which a single MTC can
inhibit hundreds of MTCs at a distance (Fig. 4.8c).

Before dissecting the function of this circuit, let us confirm that RV tracing
reports precise synaptic connectivity between neurons. Although synapse speci-
ficity of RV spread has been supported in various contexts (Ugolini 1995; Reardon
et al. 2016; Miyamichi et al. 2011; Wickersham et al. 2007a), OB interneurons are
unique in that they form dendrodendritic synapses: PVNs and GCs send dendrites
to the EPL where they receive excitatory input from the secondary dendrites of
MTCs, and send inhibitory output to the dendrites of the same or other MTCs. It
was not clear if RV transsynaptic tracing works in such connections. RV tracing
data in the OB was therefore compared with the connection diagram obtained from
an independent mapping method, paired recording in the OB slice (Kato et al.
2013). Paired recording revealed that MTC — PVN connections are about tenfold
more frequent than MTC — CG connections. This ratio is very similar to what was
observed in the RV tracing, supporting the precision of these methods. Thus, RV
tracing can map synaptic partners connected by dendrodendritic synapses.

What would be the function of PVNs in processing olfactory information in the
OB? To answer this question, researchers combined in vivo Ca®* imaging of MCs
(Kato et al. 2012) with pharmacogenetic silencing (Magnus et al. 2011) of PVNs.
Upon inactivation of local PVNs, the odorant responses of MTCs were elevated
almost linearly without changing their tuning curve (Fig. 4.8d; Kato et al. 2013).
This linear transformation of odorant tuning is consistent with the model that PVNs
provide output gain control to MTCs, that is, scaling odorant response intensities of
individual MTCs to allow intensity-invariant information processing.

Another example of using RV tracing to find an uncharacterized circuit com-
ponent is the identification of local corticotropin releasing hormone (CRH)-
expressing inhibitory interneurons in the EPL of the OB that connect to adult born
GCs (Garcia et al. 2014; also see Sect. 4.2.5). Although CRH-expressing neurons in
the paraventricular nucleus of the hypothalamus (PVN) are well known for medi-
ating systemic stress response, the function of CRH in the OB was completely
unknown. Therefore researchers analyzed gene knockout mice that lack CRH, and
found that these animals had a reduced number of surviving adult born GCs. In
addition, conditional loss of the CRH receptor in the adult-born GCs decreased their
survival. Overexpression of a constitutively active form of the CRH receptor in the
adult born GCs induced an increase in dendritic arborization and expression of
synaptic proteins. Together, these data suggest that EPL interneurons provide CRH
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to newborn GCs and facilitate synaptogenesis in the OB. As CRH+ neurons in the
EPL significantly overlap with PVNs, which are tuned to a wild range of odorants,
this CRH-mediated assembly of newborn GCs can partially explain why an
odorant-enriched environment increases the number of GCs (Arenkiel et al. 2011)
in the OB. As highlighted in these studies, RV tracing can identify a previously
uncharacterized circuit component and provide anatomical basis for dissecting its
function. In the OB local circuits, many types of neurons remain to be functionally
analyzed in future investigations.

4.3.2 Transsynaptic Tracing from the Olfactory Cortex

Olfactory information, after being processed in the OB local circuits, is then
transferred to various regions of the olfactory cortex via long axonal projections of
MCs and TCs (Fig. 4.8a). How the spatial glomerular map in the OB is anatomi-
cally represented in the olfactory cortex is a fundamental question that would help
us to ultimately understand the nature of olfactory perception. Therefore, RV
tracing was applied to generate a small number of starter cells in the different parts
of the olfactory cortex, and the spatial organization of RV-labeled MCs and their
corresponding glomeruli were analyzed in a 3D-reconstructed OB model
(Miyamichi et al. 2011). This study revealed three principles that define cortical
representations of the OB input.

First, individual cortical neurons receive direct input from MCs representing at
least four glomeruli. This convergence of multiple MC inputs enables cortical
neurons to integrate information from discrete olfactory channels. In addition, layer
1 GABAergic neurons in the piriform cortex receive input from a greater number of
glomeruli than layer 2/3 pyramidal cells, consistent with slice physiology data (Poo
and Isaacson 2009; Stokes and Isaacson 2010). This organization allows layer 1
GABAergic neurons to integrate broad olfactory information and provide global
feedforward inhibition to the cortical pyramidal neurons. Second, neurons restricted
to small olfactory cortical regions (as few as 2—4 neurons that are less than 100 pm
apart) receive input from glomeruli that are broadly distributed in the OB (Fig. 4.9).
This organization suggests that, in contrast to visual and somatosensory systems
where cortical neurons maintain a peripheral topographic map, olfactory cortex
discards the fine spatial map used in the OB. Third, different cortical areas receive
differentially organized OB input. For example, the cortical amygdala
(CoA) preferentially receives dorsal OB input, whereas the piriform cortex samples
the whole OB without obvious bias. The lack of spatial organization in
MC — piriform cortex connections revealed by RV tracing is also supported by
fine axon tracing experiments from defined glomeruli (Sosulski et al. 2011) and
individual MCs (Igarashi et al. 2012), supporting the reliability of RV tracing in the
olfactory cortex.

In vivo Ca** imaging experiments demonstrated that individual piriform cortex
neurons activated by specific odorants were distributed broadly across the piriform
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olfactory bulb (OB)

Fig. 4.9 Organization and function of olfactory cortical areas. Patterns of glomeruli retrogradely
labeled by RV tracing from piriform cortex (red anterior; magenta posterior) and cortical amygdala
(three samples combined, green). Left schematic of injection sites. Right standard OB glomeruli
model and superimposed glomeruli map visualized by RV tracing after reconstruction into 3D
space based on serial sections. A anterior; P posterior; D dorsal; V ventral. Adapted from with
permission from Miyamichi et al. (2011). © 2015 from Principles of Neurobiology by Luo.
Reproduced by permission of Garland Science/Taylor & Francis Group LLC

cortex without obvious spatial patterns (Stettler and Axel 2009). Seemingly random
input from MCs to the piriform cortex provides an anatomical basis for this
physiological data, together with intensive association fibers that connect broadly
distributed piriform neurons (Franks et al. 2011). This organization allows piriform
cortex neurons to receive a large number of combinations of different olfactory
channels, and can serve as a basis on which olfactory experiences plastically adjust
the strength of connections to create odorant representations based on an individ-
ual’s experience. In contrast, MC axons originating from defined glomeruli
exhibited stereotyped broad patches of innervation in the CoA (Sosulski et al.
2011), and many neurons in this structure received biased input that favors glo-
meruli in the dorsal OB (Miyamichi et al. 2011), which is known to mediate
odorants with innately defined meanings (Kobayakawa et al. 2007).

To decipher the principles of information processing in each olfactory cortical
area, more integrated connection diagrams are needed among olfactory cortical
areas, which receive input from higher brain centers and also send outputs to
various brain areas in the hypothalamus, frontal cortex, hippocampus, and ventral
striatum. These maps should include detailed information about the types of pre-
and postsynaptic neurons that are connected, and their synaptic properties. RV
tracing and TRIO will be valuable tools to draw such connection diagrams in the
future.
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4.4 Transsynaptic Tracing in Neuromodulatory Systems

So far, the RV tracing studies we have described were performed on neuronal
circuits with fairly specific functions in the nervous system. For instance, to relay
detection of a specific odorant, MCs in the OB project to brain areas that are highly
relevant for olfaction (see Sect. 4.3). But not all neuronal circuits in the brain have
such a narrow function with regards to the information they relay, the brain areas
they project to, or the behaviors they regulate. Frequently, it is important for the
brain to adjust the activity of many neuronal circuits simultaneously, depending on
internal and external cues, to modify behaviors accordingly. The process it uses to
accomplish this is called neuromodulation (Marder 2012).

The specific cells that mediate this process are called neuromodulatory neurons,
and they differ in several important ways from other types of neurons. First of all,
whereas most neurons in the brain communicate via the rapid release of neuro-
transmitters, such as glutamate or GABA, at specific synaptic sites, neuromodu-
latory neurons can release their neurotransmitters more diffusely into the
extracellular space. This bulk release of neurotransmitter allows neuromodulatory
neurons to broadly activate both synaptic and extra-synaptic receptors (most
commonly G-protein coupled receptors) that are located on target cells. This
method of release allows neuromodulatory neurons to signal over longer distances,
and slower and longer time courses, than synaptic communication. Another key
difference is that classes of neuromodulatory neurons release different types of
neurotransmitter, including monoamines [dopamine, serotonin, histamine, and
norepinephrine (NE)], acetylcholine, and a variety of neuropeptides. Of note, it was
long thought that different classes of neuromodulatory neurons release distinct
neurotransmitters, but recent studies indicate that the neurotransmitter profiles of
certain neuromodulatory neurons are actually quite diverse, and can contain com-
binations of fast neurotransmitters and neuromodulators (Stuber et al. 2010; Liu
et al. 2013; Hnasko et al. 2010; Saunders et al. 2015). Overall though, the majority
of neurons that express and secrete different types of neuromodulators can be found
in largely segregated areas of the brain (Fig. 4.10a).

Now that the concept of neuromodulation has been introduced, let us quickly
discuss the unique challenges that researchers face when studying the organization
and function of these systems. Unlike many of the circuits that we have discussed
so far, which have specialized roles, neuromodulatory neurons participate in a huge
assortment of complex behaviors related to motivation, mood, attention, movement,
sleep, and memory (to name a few!). Thus, these neurons must communicate with
many anatomically and functionally distinct areas of the brain and spinal cord,
making their anatomical organization exceedingly complex. Additionally, the
location of the neuromodulatory neurons themselves presents several challenges.
As mentioned above, the majority of neurons for each of the neuromodulatory
systems can be found in specific regions of the brain (Fig. 4.10a). However, these
regions are located far below the surface of the brain, and they often lack clear
anatomical landmarks or boundaries, making them difficult to target with high
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Fig. 4.10 Transsynaptic tracing studies in the serotonin system. a Schematic of cell body
locations for the major neuromodulatory systems in the brain. b 3D reconstructions of whole brain
monosynaptic inputs to 5-HT neurons in the DR (left) or MR (right). Starter cells generated in the
DR or MR of Sert-Cre mice are labeled in red. RVARG-GFP infected input neurons are labeled in
green. Adapted with permission from Pollak Dorocic et al. (2014). ¢ Examples of RV
transsynaptic spread from either 5-HT+ or Gad2+ starter cells within the DR. DR-5HT neurons
receive much more input from prefrontal cortical areas than DR-GABA neurons. D dorsal;
V ventral; L lateral; M medial. Adapted with permission from Weissbourd et al. (2014). d RV
tracing (green) was combined with in situ hybridization labeling (red) to identify specific cell types
within the PVN that provide input to DR-5HT neurons. Adapted with permission from Weissbourd
et al. (2014). Abbreviations: DR dorsal raphe; LC locus coeruleus; LDT laterodorsal tegmental
nucleus; MR median raphe; MS medial septal nucleus; NBM nucleus basalis of Meynert; PVN
paraventricular nucleus of the hypothalamus; PPT pedunculopontine nucleus; 7M tuberomam-
milary nucleus; SNc substantia nigra compacta; VTA ventral tegmental nucleus. Scale bars:
250 um (c)

specificity. In addition, neuromodulatory neurons within these brain areas are often
interspersed with other cell types, such as excitatory or inhibitory neurons. This
heterogeneity limits the accuracy with which neuromodulatory neurons can be
specifically manipulated for experiments, while not affecting neighboring cells.

Thus, genetically regulated RV tracing provides several advantages for studying
the anatomical organization of neuromodulatory systems. The robustness of the RV
spread allows inputs to be visualized throughout the entire brain, which is ideal for
neuromodulatory neurons that likely receive inputs from diverse brain regions.
Also, the ability to precisely control which neurons become starter cells is beneficial
for neuromodulatory circuit tracing, due to the challenges discussed above. Because
of these advantages, RV tracing of neuromodulatory systems has produced many
new insights into how the anatomy of these systems contributes to their functional
diversity in the brain.
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4.4.1 Transsynaptic Tracing in the Serotonin System

The main source of serotonin (5-HT) in the brain comes from two adjacent areas at
the midline of the midbrain and brainstem, called the dorsal and median raphe (DR
and MR, Fig. 4.10a). Neurons that express and release 5-HT (~ 20,000 in the rat
brain) are heterogeneously distributed throughout these structures, along with large
populations of glutamatergic, GABAergic, and peptidergic neurons (Bang and
Commons 2012; Hioki et al. 2010). In fact, it is estimated that only a quarter of the
neurons within the DR and MR express 5-HT (Steinbusch et al. 1980)! Release of
5-HT from DR and MR neurons can regulate mood, arousal, food seeking, sexual
behavior, pain modulation, and aggression. Dysfunction in 5-HT release is also
strongly correlated with several severe neurological disorders, such as depression
and anxiety, and drugs that change brain levels of 5-HT are the most commonly
prescribed treatment for these diseases (Miiller and Jacobs 2010). Therefore,
identifying the organizational principles controlling delivery of 5-HT throughout
the brain has both physiological and clinical implications.

While inputs to the DR and MR regions of the brain have been classically
characterized (Aghajanian and Wang 1977), the variability of cell types within
these structures made it impossible to discretely determine which inputs were
connected to which cell types. Thus, the ability to restrict the transsynaptic spread
of RV from specific starter cells was a huge advancement for determining input
connectivity within the 5-HT system. Utilizing the Cre-dependent transsynaptic
tracing system (Sect. 4.2.3), several groups recently characterized the inputs
received by specific populations of neurons within the DR and MR, shedding light
on how these neurons may achieve their functional diversity (Weissbourd et al.
2014; Ogawa et al. 2014; Pollak Dorocic et al. 2014). Overall, the DR received
more inputs than the MR, but the densest inputs into both regions came from
neurons within the somatomotor cortices, amygdala, lateral hypothalamus, striatum,
pallidum, inferior colliculus, and sensory and motor-related areas of the pons and
medulla (Fig. 4.10b). MR-5HT neurons received less input from the prefrontal
cortex, but had a preference for inputs from the hypothalamus and brainstem,
compared to inputs targeting DR-5HT neurons. Meanwhile, DR-5HT neurons
received more input from the CeA. Of importance, RV tracing illuminated several
inputs onto DR-5HT neurons that had previously been disputed in the field; inputs
arising from the prefrontal cortex and lateral habenula (LHb) (Fig. 4.10c). Using a
combination of electrophysiology and optogenetics, the authors were able to
functionally verify these anatomical projections, supporting the ability of RV
reagents to accurately identify specific connections throughout the brain
(Weissbourd et al. 2014; Pollak Dorocic et al. 2014; see also Fig. 4.2e).

While these studies comprehensively described the brain-wide inputs received
by 5-HT neurons in the DR and MR, it is important to remember that extensive
diversity also exists within these structures, which could contribute to differences in
connectivity. To address this question, RV tracing was used to characterize the
inputs received by two different cell types (5-HT and GABA) within the DR
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(Weissbourd et al. 2014). Overall, these neuronal subsets had similar input profiles,
with the densest number of inputs to both populations contributed by the
hypothalamus, amygdala, medulla, and cortex. However, differences were also
observed, such as the DR-5HT neurons receive twice as much input from the
cortex, while DR-GABA neurons receive greater input from the CeA and BNST.
Cortical to DR connections were also functionally verified using CRACM strategies
(see Sect. 4.1.4). Another important advance of broad interest from this work was
the pairing of RV tracing with in situ labeling methods to validate the cell type
identity (glutamatergic, GAB Aergic, or peptidergic) for many of the inputs received
by DR neuron populations (Fig. 4.10d). These experiments highlighted that dif-
ferences in neuronal circuit anatomy exist on multiple levels: starter cells can
receive input from different brain areas, and also receive input from different cell
types within the same brain area.

4.4.2 Transsynaptic Tracing in the Norepinephrine System

Next, we will discuss the organization of another neuromodulatory system with
significant functional overlap to the 5-HT system, specifically, the NE system.
Structurally, the NE system is very different from many of the other neuromodu-
latory systems, in that the neurons supplying almost all of the brain’s NE are
restricted to a very tiny nucleus in the hindbrain, called the Locus Coeruleus
(LC) (Fig. 4.10a). Also unlike other neuromodulatory structures, the LC is thought
to be homogeneous in that all cells contained within it express NE (~ 1500 neurons
per LC) (Swanson and Hartman 1975). This small population of neurons sends
projections to almost all areas of the brain and spinal cord to release NE. LC-NE
neurons are activated by a huge range of diverse behaviors broadly related to arousal,
such as wakefulness, attention, memory formation, and stress response (Berridge
and Waterhouse 2003). Thus, similar to the 5-HT system, an important question for
LC-NE neurons is how they might be organized to mediate these different behavioral
responses. One hypothesis is that subsets of LC neurons may be connected with
distinct brain areas that participate in different arousal behaviors. Traditionally, this
has been especially challenging to address for the NE system, as the small size of the
LC makes it difficult to specifically target for anatomical studies. However, RV
tracing and TRIO methodologies (see Sect. 4.2.4) have revealed new organizational
properties regarding the brain-wide connectivity of NE neurons. RV tracing indi-
cates that LC neurons receive inputs from over one hundred different brain areas
(Schwarz et al. 2015), which is a much more diverse input profile than previously
reported (Aston-Jones et al. 1986; Cedarbaum and Aghajanian 1978). However,
TRIO and cTRIO studies illuminated that the NE system is highly integrative.
Specifically, LC neurons projecting to diverse areas of the brain (OB, auditory
cortex, hippocampus, cerebellum, or medulla) received similar distributions of
inputs from widespread areas of the brain (Fig. 4.11a). Additionally, LC neurons
were found to collateralize their axons extensively between many brain regions,



4 Connectivity and Circuit Architecture ... 125

further emphasizing a broad anatomical organization (Schwarz et al. 2015; Nagai
et al. 1981; Room et al. 1981). This is in contrast to the dopamine system, where
several specificities with regards to the input—output connectivity of these neurons
have been observed (see Sect. 4.4.3 and Fig. 4.11c, d). The functional significance
of this broad organization, and how LC neurons promote distinct arousal behaviors,
have yet to be determined, but the pairing of viral-genetic tools with functional
manipulations should provide additional insight.
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Fig. 4.11 Transsynaptic tracing studies in the Catecholamine systems. a Schematic of TRIO
results from subpopulations of LC neurons projecting to different regions of the brain. Overall, it
was observed that populations of LC neurons received similar input regardless of the brain regions
that they projected to. Adapted with permission from Schwarz et al. (2015). b Unlike the
norepinephrine system, differences were observed in the amount of RV-labeled input neurons for
different populations of DA neurons. For instance, VTA-DA neurons received more input from the
PLH (top), while SNc-DA neurons received more input from the STh (bottom). Scale bar = 1 mm.
Adapted with permission from Watabe-Uchida et al. (2012). ¢ TRIO identified a specific
population of VTA-DA neurons that receive increased input from the Ant Ctx, and send specific
projections to the lateral NAc. To identify a role of this circuit, researchers expressed ChR2 in Ant
Ctx neurons while implanting an optical fiber over the VTA. Mice were subjected to an intracranial
self-stimulation procedure, where nosepokes into different ports induced different frequencies of
photostimulation. Experimental mice developed a strong preference for the 20 Hz stimulation,
suggesting that Ant Ctx to VTA projections are reinforcing. Adapted with permission from Beier
et al. (2015). d TRIO performed on populations of SNc-DA neurons also uncovered specificities.
Anatomically, DMS- and DLS-projecting neurons make strong reciprocal connections (left). These
populations of SNc-DA neurons also responded differently to appetitive (sucrose) or aversive
(shock) stimuli (right). Adapted with permission from Lerner et al. (2015). Abbreviations: Ant Ctx
anterior prefrontal cortex; CeL lateral division of the central amygdala; cp cortical peduncle; DLS
dorsolateral striatum; DMS dorsomedial striatum; DR dorsal raphe; DS dorsal striatum; LC locus
coeruleus; NAc nucleus accumbens; PLH peduncular part of the lateral hypothalamus; PSTh
parasubthalamic nucleus; SNc¢ substantia nigra compacta; S7h subthalamic nucleus; VTA ventral
tegmental nucleus; ZI zona incerta
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4.4.3 Transsynaptic Tracing and Functional Analysis
in the Dopamine System

Unlike the 5-HT and NE systems discussed above, dopaminergic (DA) neurons
have traditionally been thought to have a more specific role in the brain: modulation
of goal-directed behavior. DA neurons in the VTA and substantia nigra compacta
(SNc) are activated by rewards, or cues indicating a reward is coming (Mirenowicz
and Schultz 1996). This is supported by classic neuroanatomical data showing that
midbrain DA neurons send strong projections to brain areas involved in
goal-directed behavior, such as the striatum, nucleus accumbens (NAc), and frontal
cortex (Beckstead et al. 1979). Studies have also indicated that several drugs of
abuse increase DA signaling in these output areas to enhance their addictive
properties (Bassareo et al. 1996). However, other studies demonstrate that the
function of DA neurons is likely more complex, as they can also encode saliency,
valence, aversion, memory formation, and movement coordination
(Bromberg-Martin et al. 2010). Further supporting a more diverse role for DA
neurons, subsets of DA neurons within the VTA and SNc differ in their electro-
physiological properties and their projection targets (Lammel et al. 2011; Lammel
et al. 2008; Margolis et al. 2008). Therefore, while it is increasingly clear that DA
neurons have many roles in the brain, their organizational properties (e.g., who do
they receive input from, and where do they project to?) are less obvious. To
comprehensively address this question, several groups have utilized RV strategies.

The first study to do this performed transsynaptic RV tracing from DA neurons
in the VTA and SNc to visualize the brain-wide inputs received by these neurons
(Watabe-Uchida et al. 2012). Several important advances arose from this work.
First of all, the authors introduced Cre-mediated RV transsynaptic tracing (see
Sect. 4.2.3). Furthermore, the authors performed a brain-wide analysis of
RV-labeled inputs to VTA and SNc-DA neurons to compare the synaptic input
profiles received by these two populations. Their comprehensive analysis revealed
that DA neurons in both the VTA and SNc receive direct synaptic inputs from many
more brain areas than previously thought (such as many areas of the cortex),
emphasizing the improved sensitivity of RV tracing for detecting anatomical con-
nectivity of neurons over traditional tracing reagents (discussed in Sect. 4.1). While
most of the input received by these two DA populations arose from similar brain
areas, specific differences were also observed. For instance, DA neurons in the VTA
received more input from the lateral hypothalamus, while SNc-DA neurons
received preferential input from the subthalamic nucleus and somatosensory and
motor cortices (Fig. 4.11B). The authors hypothesized that these input differences
may underlie the preference of different DA neurons to encode saliency
(cortical/thalamic inputs) versus value (hypothalamic inputs). RV tracing also
resolved an ongoing debate in the field regarding which neurons in the SNc receive
input from the striatum, as input tracing from DA neurons (using DAT-Cre) or
GABA neurons (using Vgat-Cre) labeled distinct subsets of neurons in the striatum
(Chuhma et al. 2011; Xia et al. 2011).
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Thus, this study lays an important anatomical groundwork for how differences in
the anatomical connectivity of DA circuits may affect their function. However, it
focused on identifying inputs received by DA neurons, but it is also important to
consider where DA neurons send their projections to. Also, to make the leap
between anatomy and function, it is necessary to expand upon the observations
made from anatomical studies with other technologies, such as electrophysiology,
optogenetics, or pharmacology. As a first step towards this, non-pseudotyped RV
labeling was paired with other labeling and electrophysiology methods to make
several findings about connectivity differences for subsets of DA neurons. It was
found that DA neurons located in the lateral VTA preferentially project to the NAc
and receive input from the laterodorsal tegmentum (LDT) (Lammel et al. 2012).
Meanwhile, medially located VTA-DA neurons project strongly to the prefrontal
cortex (PFC) and receive input from the LHb. To explore this functionally, RV
expressing channelrhodopsin-2 (RV-ChR2) was injected into the VTA, to retro-
gradely infect neurons in the LDT or LHb, and an optical fiber was implanted into
the LDT or LHb. Phasic stimulation of LDT — VTA neurons in vivo induced
robust conditioned place preference (CPP), meaning that the mice strongly pre-
ferred the side of a behavioral arena that was paired with light stimulation.
Remarkably, activation of the LHb — VTA neurons had the opposite effect: strong
conditioned place aversion (CPA) was induced in these animals. Overall, this study
nicely highlights the power of combining RV tracing with other methods to uncover
important specificities within seemingly similar neuronal populations (DA neurons
of the VTA). However, experiments were focused on a small number of brain areas
connected to the VTA. Furthermore, tracing was limited to DA neurons within the
VTA. Yet, neurons within the VTA are known to receive input from many brain
areas, and are molecularly heterogeneous. Therefore, it is likely that greater
diversity exists within the DA system beyond the specific circuits characterized here
(Watabe-Uchida et al. 2012; Margolis et al. 2012; Hnasko et al. 2012).

Toward this, two groups recently performed input—output anatomical and con-
nectivity studies on a greater scale (Fig. 4.11c, d). Specifically, one study used RV
tracing and TRIO methodologies to compare the inputs received by populations of
VTA-DA neurons projecting to the lateral or medial shell of the NAc, the medial
prefrontal cortex (mPFC), or the amygdala (Beier et al. 2015). The largest differ-
ences in connectivity were observed for the NAc-projecting populations, with
VTA-DA neurons projecting to the lateral NAc receiving more input from the
anterior cortex, dorsal striatum, and NAc, but less input from the dorsal raphe.
Meanwhile, VTA-DA neurons projecting to the medial shell receive more medial
shell input (forming a strong reciprocal connection), but much less striatal input.
But how would the activation of these specific circuits affect the behavior of the
mouse? Focusing on the anterior cortex — VTA — lateral NAc, the authors
introduced ChR2 into the anterior cortex while placing an optical fiber over the
VTA (Fig. 4.11c). The animals were then trained on intracranial self-stimulation
protocol, where nose pokes induced stimulation of different frequencies (1-20 Hz).
Overall, mice had a strong preference for the 20 Hz stimulation, indicating that
anterior cortex — VTA connections could be strongly rewarding.
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Finally, could there also be differences in the connectivity of SNc-DA neurons
that further explain the diverse roles of DA release in the brain? Such a hypothesis
seems plausible since it was observed that DA subtypes had differences in their
anatomical connectivity (Watabe-Uchida et al. 2012). In addition, subsets of
SNc-DA neurons vary in their firing rates (Schiemann et al. 2012). However, others
have argued that SNc neurons may be functionally similar, as manipulating
SNc-DA neurons projecting to either the dorsal medial striatum (DMS) or dorsal
lateral striatum (DLS) similarly affects cognitive processes (Darvas and Palmiter
2010; Darvas and Palmiter 2009). To explore these potentially disparate results,
TRIO was applied to trace the brain-wide inputs of either DMS or DLS-projecting
SNc-DA neurons (Lerner et al. 2015). Whereas DMS-projecting SNc-DA neurons
received strong input from NAc and DMS, DLS-projecting SNc-DA neurons
received strong input from DLS, indicating a robust reciprocal connectivity for
these SNc sub-circuits (Fig. 4.11d). But how might these anatomical differences
relate to the animal’s behavior? To address this, GCaMP6 was expressed in either
DMS or DLS-projecting SNc neurons, and an optical fiber was implanted into SNc.
Using fiber photometry, the activity of these neuronal subsets was monitored while
the mice received either appetitive or aversive stimuli. DMS and DLS-projecting
SNc-DA neurons showed similar activation patterns when the outcome was
rewarding (sucrose delivery), but did not respond if sucrose was withheld.
However, these neuron populations had opposing responses to aversive stimuli
(foot shock), with DMS-projecting neurons showing a dip in their activity during
the shock, while DLS-projecting neurons increased their activity (Fig. 4.11d).
Together, these experiments emphasize that discrete circuits exist through the SNc
to relay a variety of information related not only to reward, but also for aversive
cues.

An independent study of the input—output organization of DA circuits addi-
tionally observed that a subset of VTA-DA neurons, projecting to the very posterior
end of the striatum, had the greatest differences from other VTA-DA neurons with
regards to the inputs they received (Menegas et al. 2015). Of note, this study failed
to observe some of the differences in input—output connectivity reported in previous
papers, though this could be explained by differences in technical aspects of the
tracing methodologies. Still, this collection of papers nicely emphasize that
RV-based anatomical studies provide important insight to guide more functional
studies of relevant brain circuits.

4.4.4 Transsynaptic Tracing in Peptidergic Circuits

Beyond the main neuromodulatory systems discussed above, RV tracing has also
been useful for determining the connectivity of complex peptidergic circuits in the
brain. Many of these circuits are contained within the hypothalamus, which is an
incredibly diverse brain region, both in terms of the many different cell types that
are present there, and the many brain regions that it connects to. Thus, RV tracing
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has allowed researchers to target several intermingled peptidergic circuits within the
hypothalamus with an accuracy and resolution that has not been possible with
classic anatomical tools. For instance, neurons within the arcuate nucleus (ARC) of
the hypothalamus express the neuropeptide called agouti-related peptide (AgRP)
and regulate feeding behaviors (Fig. 4.12a). These neurons become activated by
caloric deficiency, and their stimulation induces hunger and an increase in food
intake (Atasoy et al. 2012; Krashes et al. 2011; Aponte et al. 2011). However,
knowing which neurons upstream to AgRP cells are driving their activation is
important for understanding how hunger and appetite are regulated in the brain. RV
tracing from the ARC in AgRP-Cre animals showed that these neurons receive most
of their input from neurons locally in the ARC, as well as from the PVN and dorsal
medial hypothalamus (DMH) (Fig. 4.12b; Krashes et al. 2014). These anatomical
connections were verified using CRACM methods. Furthermore, researchers were
able to functionally link specific subsets of AgRP inputs to feeding behavior using
Designer Receptor Exclusively Activated by Designer Drugs (DREADD)
methodologies (Roth 2016). DREADD activation of PVN subpopulations (Pacap-
or TRH-expressing neurons) induced robust feeding in animals, an effect that could
be blocked if AgRP neurons in the ARC were simultaneously silenced (Fig. 4.12c;
Krashes et al. 2014).

Additional studies have further characterized the projections of the ARC-AgRP
neurons (Betley et al. 2013). Optogenetic stimulation of AgRP+ terminals (ex-
pressing ChR2) in different brain areas led to the interesting observation that
activation of only some of the AgRP projections caused increased feeding.
Anatomical experiments using RV to infect ARC-AgRP+ neurons from their axonal
terminals suggested that the projections to different brain areas were discrete, with
minimal collateralization between regions, implying that subsets of ARC-AgRP
neurons have different roles in the brain.

More recently, RV has also been used to explore the connectivity of another cell
type important for feeding behavior, the pro-opiomelanocortin (POMC) neurons.
These cells are located both in the ARC (along with the AgRP neurons)
(Fig. 4.12a), as well as in the nucleus tractus solitarius (NTS) (Cowley et al. 2001).
Unlike AgRP neurons, stimulation of POMC neurons in the ARC or NTS sup-
presses feeding (Aponte et al. 2011; Zhan et al. 2013). Thus, comparing the circuit
organization of these two cell types, especially within the ARC where their cell
bodies are intermingled, greatly enhances our understanding of how these systems
are coordinated to regulate feeding behaviors. Overall, RV tracing revealed that
input patterns for POMC and AgRP neurons in the ARC were largely similar,
which is perhaps surprising since these neurons have opposing functions (Wang
et al. 2015). Such a finding might suggest that the anatomical organization of these
circuits plays a minor role in mediating their activity. Instead, their function may be
more directly controlled by other means, such as neuromodulation or hormonal
signaling. Alternatively, while the distribution of GFP+ neurons received by
ARC-POMC and ARC-AgRP neurons was similar, it could be that differences exist
in the cell type identity of these inputs. In contrast, the inputs received by POMC
neurons in the NTS were very different, originating from several nuclei in the pons
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Fig. 4.12 Anatomical and functional characterization of peptidergic feeding circuits in the
hypothalamus. a The ARC contains a diverse population of cell types, including POMC+ and
AgRP+ neurons, whose activity have opposing effects on feeding behaviors (Atasoy et al. 2012;
Krashes et al. 2011; Aponte et al. 2011; Zhan et al. 2013). b Monosynaptic spread of RVdRG-GFP
from AgRP+ starter cells in the ARC identified inputs locally within the ARC, as well as inputs in
distinct hypothalamic nuclei, such as the DMH and PVH. Adapted with permission from Krashes
et al. (2014). ¢ Using DREADD technology, it was found that specific cell types within the PVH
send projections to AgRP+ neurons in ARC to mediate feeding. hM3Dgq-mediated activation of
PVH-TRH or PVH-PACAP neurons increased feeding behaviors in mice, an effect that could be
blocked by simultaneous inhibition of ARC-AgRP neurons. Inhibition of PVH-TRH neurons also
reduced normal food intake. Adapted with permission from Krashes et al. (2014). Abbreviations:
AgRP agouti-related peptide; ARC arcuate nucleus; DMH dorsal medial hypothalamus; PACAP
pituitary adenylate cyclase-activating polypeptide; POMC pro-opiomelanocortin; PVH paraven-
tricular nucleus of the hypothalamus; TRH thyrotropin-releasing hormone

and brainstem. This result indicates that distinct circuits exist in the brain
(ARC-POMC, NTS-POMC) to suppress feeding behaviors.

Together, the studies described in this section highlight the huge advances that
RV reagents have provided for uncovering the anatomical connectivity of complex
circuits in the brain. In addition, we hope that we have emphasized how viral
tracing can be used in parallel with other methods to discern the function of specific
neuronal populations to regulate diverse behaviors.

4.5 Transsynaptic Tracing in the Spinal Cord

In the motor system, each skeletal muscle is controlled by a pool of MNs, the cell
bodies of which are clustered in stereotypic positions in the ventral horn of the
spinal cord (Fig. 4.13a). MNs integrate information from multiple sources,
including input from diverse spinal premotor neurons, descending commands from
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Fig. 4.13 Transsynaptic tracing studies in the spinal cord. a Schematic representation of the
muscle coinjection method. Coinjection of RVARG-GFP+RG and a helper AAV expressing RG
into the target muscle can retrogradely label MNs and convert them to starter cells (one of which is
shown in yellow). Their presynaptic partners are labeled in green. Adapted with permission from
Stepien et al. (2010). b Schematic demonstration of synapse specificity of RV transsynaptic spread
using sensory-motor circuits. Starter cells that are genetically restricted to the ankle muscle had
transsynaptically labeled proprioceptive neurons in the dorsal root ganglion (DRG) connecting to
the same GS (but not antagonistic TA) muscles. Note that in this experiment dsRed expressing RV
was used. Adapted with permission from Reardon et al. (2016). ¢ Left premotor neurons labeled by
two distinct MN pools that regulate antagonistic muscles in the ankle, TA and GS. Right transverse
projections of digital reconstructions showing distribution of GS and TA premotor neurons in the
spinal cord. Dots indicate labeled neurons. Scale bar, 70 um. Images are taken with permission
from Tripodi et al. (2011). d Premotor neurons labeled from the contralateral MN pools
innervating TA muscles in wild type (left) and in LbxI-lineage specific EphA4 conditional
knockout mouse (right). Images are taken with permission from Satoh et al. (2016)

the brainstem motor-related areas and motor cortex, and sensory feedback from
proprioceptive neurons. Coherent movements are achieved by the spatiotemporally
appropriate recruitment of MNs through the activity of these diverse presynaptic
neurons (Arber 2012; Goulding 2009). Understanding their connectivity rules will
provide mechanistic insights into the coordinated activation of muscles. We discuss
in this section how RV transsynaptic tracing has begun to reveal complex yet
specific connection patterns in the spinal cord and brainstem underlying motor
controls.
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4.5.1 Methods to Generate Starter Cells in Motor Neurons

As introduced in Sect. 4.2.4, starter cells can be generated in the MNs belonging to
a specific motor pool by coinjecting RVARG+RG and a helper AAV expressing RG
into a target skeletal muscle during the neonatal period in mice (Stepien et al. 2010)
(hereafter we will call this scheme ‘muscle coinjection method’ for simplicity,
Fig. 4.13a). There are three major advantages in the muscle coinjection method.
First, just by changing a target muscle, researchers can easily generate starter cells
in distinct MN pools. This enabled systematic investigation of the structure of
premotor landscapes that regulate antagonistic movements of a joint (Tripodi et al.
2011), and coordinated movements of different limbs (Esposito et al. 2014; Goetz
et al. 2015), as we will discuss in Sect. 4.5.2. Second, because the muscle coin-
jection method does not utilize mouse genetics for generating starter cells, it can be
combined with various Cre-mediated viral and genetic tools, such as cell-type
specific labeling, lineage tracing, axon projection mapping, and gene conditional
knockout. Third, in principle, it can be applied to many mammalian species beyond
mice in which Cre transgenic animals are currently unavailable. However, there is
also a caveat in this method, with regards to the specificity of RV retrograde tracing.
In the central nervous system, RV exhibits remarkable retrograde direction speci-
ficity (Ugolini 2011; Miyamichi et al. 2011; Zampieri et al. 2014). An important
exception to this general rule was found in the peripheral sensory neurons. RV
particles can directly infect proprioceptive sensory neurons in the dorsal root
ganglion (DRG) (Tsiang et al. 1989) and ORNSs in the olfactory epithelium (Astic
et al. 1993), and can then anterogradely and transsynaptically spread to the post-
synaptic neurons in the spinal cord and in the OB (Zampieri et al. 2014). Although
the cellular mechanisms underlying this sensory neuron-specific anterograde RV
spread remain elusive, this property of RV should be carefully considered when
using the muscle coinjection method, as it can also generate starter cells in the
proprioceptive sensory neurons in the DRG that connect to a target muscle.

At the neuromuscular junction, MNs release acetylcholine (ACh) as a neuro-
transmitter. To genetically restrict the starter cells to MNs, researchers utilized a
transgenic mouse line expressing Cre under the promoter of choline acetyltrans-
ferase (ChAT) gene, which encodes the specific enzyme that synthesizes ACh. To
avoid potential ‘contamination’ of ChAT positive non-MN local neurons in the
spinal cord (Stepien et al. 2010), researchers injected Cre-dependent AAVs
expressing RG and TVA into a target muscle, and RVdRG+EnvA into the spinal
cord of ChAT-Cre mice (Fig. 4.13b; Reardon et al. 2016). In this configuration,
proprioceptive sensory neurons in the DRG are genetically excluded from the
starter cells because they do not express ChAT. With this ‘clean’ condition, synapse
specificity of RV retrograde spread was elegantly demonstrated in known
sensory-motor circuits controlling the ankle joint. Two distinct muscles in the
ankle, the gastrocnemius (GS) and tibialis anterior (TA) muscles, work antago-
nistically: GS muscles act as extensors (whose contraction increases the angle of the
ankle joint) and TA muscles act as flexors (whose contraction decreases the angle)
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(Fig. 4.13b). Proprioceptive sensory neurons monitoring GS muscles connect to the
MNss that innervate the same GS muscles (forming a monosynaptic loop), but not to
the MNs inverting antagonistic TA muscles, despite the fact that dendrites of these
two types of MNs are intermingled in the spinal cord (Frank and Westerfield 1983).
If RV can nonsynaptically spread to nearby neurons, retrograde tracing from the
MNs innervating GS muscles will mislabel proprioceptive sensory neurons con-
necting to TA muscles. It turned out that RV-positive sensory endings in the GS
muscles were clearly observed, but not in the TA muscles (Reardon et al. 2016),
demonstrating a tightly controlled synaptic spread of RV particles in vivo
(Fig. 4.13b).

Although utilizing ChAT-Cre mice and Cre-dependent AAVs injected into a
muscle provides better restriction of starter cells to a defined MN pool, this method
compromises the utility of Cre-mediated tools for other labeling and genetic
manipulations beyond generating starter cells. The muscle coinjection method may
be beneficial if RV anterograde tracing from the proprioceptive starter cells are
limited in the experimental condition. Researchers, therefore, compared patterns of
the spinal premotor neurons labeled from three defined MN pools by two methods:
the muscle coinjection method and ChAT-Cre-mediated genetic control of starter
MNs (Goetz et al. 2015). Both methods showed very similar spatial distributions of
labeled premotor neurons in the spinal cord that were highly characteristic to the
starter MN pools. Thus, muscle coinjection method can be reliably used for the
MNs tested in this study, and presumably for other MNs. However, careful control
experiments should be conducted when the experimental conditions are changed. In
the following sections, we will discuss biological findings obtained mainly by using
the muscle coinjection method.

4.5.2 Organization of Presynaptic Neurons of a Defined
Motor Neuron Pool

The muscle coinjection method allows researchers to assess global 3D distributions
of presynaptic neurons that connect to a defined MN pool. Labeled premotor
neurons are bilaterally distributed (Fig. 4.13a) across many spinal cord segments,
and contain known premotor populations (Stepien et al. 2010; Levine et al. 2014).
These premotor neurons consist of multiple subtypes that use different neuro-
transmitters including glutamate, GABA, glycine, and ACh. Overall distributions of
spinal premotor neuron connectivity to an individual MN pool exhibit a high degree
of reproducibility across animals. In contrast, analysis of premotor neurons con-
necting to MN pools with distinct function in motor behavior reveals striking
differences in distribution (Tripodi et al. 2011; Goetz et al. 2015). As a remarkable
example, Fig. 4.13c shows the spatially segregated distributions of premotor neu-
rons that connect to MNs innervating the antagonistic ankle muscles, extensor GS
and flexor TA, along the medial-lateral axis of the spinal cord. Analysis of
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developmental history revealed that these premotor interneuron populations were
derived from common progenitor domains, but segregated by birthdate of neurons.
Further, proprioceptive sensory feedback via the DRG was preferentially targeted to
medial premotor populations connecting to the extensor MN pools. Together, RV
tracing reveals the structural basis for controlling functionally distinct muscles at
the premotor circuit level.

The complexity of spinal premotor neurons, including their diverse develop-
mental origins, neurotransmitter types, and connection specificity, poses a major
challenge for researchers to functionally dissect them in specific regulations of
motor coordination. Here we focus on one example of motor control, the sequential
stepping of left and right limbs during walking. This relatively simple locomotor
behavior is generated by the rhythmic activity of MNs under the control of spinal
neuronal networks known as central pattern generators (CPGs) that comprise of
multiple interneuron cell types (Goulding 2009). A gene knockout study demon-
strated that EphA4, a tyrosine kinase axon guidance receptor expressed by many
excitatory spinal neurons, played an important role in normal walking in mice.
Wild-type mice alternate their left and right limbs during walking, while the mutant
mice synchronize their limbs (rabbit-like hopping rather than walking). What would
be the underlying circuit alterations responsible for walking abnormality in the
mutant mice? Researchers have begun to shed light on this issue by using the
muscle coinjection method. Labeling of TA flexor premotor neurons in EphA4
mutant mice led to the identification of abnormal synaptic input to the MNs from
contralateral dorsal interneurons, a population defined by a transient expression of a
transcription factor Lbx1 during development (Satoh et al. 2016). In an EphA4
conditional knockout (cKO) mouse where EphA4 was removed specifically from
Lbx1+ neurons during development, approximately seven-times more TA premotor
interneurons were labeled in the dorsal contralateral quadrant compared with WT
control (Fig. 4.13d). As these LbxI-lineage spinal interneurons directly receive
proprioceptive sensory information, abnormal connectivity in EphA4 mutant mice
can transmit the sensory feedback signals to both sides of the spinal cord, while in
wild type mice they are dominantly transmitted to the ipsilateral side. As a result,
the cKO mice displayed different locomotor patterns depending on the strength of
sensory feedback. While they showed normal alternating gait during walking (with
strong sensory feedback), the same mice exhibited synchronous gait strokes during
swimming (without strong sensory feedback), akin to a butterfly-like swimming
style, in sharp contrast to a crawling-like swimming style with limb alternation
observed in wild-type mice. Thus, Lbx1-lineage specific cKO of EphA4 induces
specific connectivity changes in sensory-relay interneurons that influence the
robustness of gait choice during locomotion. This work also demonstrates the
power of combining the muscle coinjection method with mouse genetics for the
analysis of neuronal circuits in specific gene loss-of-function models.

The Lbx1-lineage spinal interneurons are only a part of the CPG network for
walking. A homeobox transcription factor Dbx1, which defines the fate of spinal
interneurons called VO interneurons during development, also impacts the left—right
alternations during walking (Lanuza et al. 2004). Genetic and cell-type specific
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ablation of VO interneurons caused a similar abnormal hopping phenotype at all
locomotion speeds, while more selective ablation of inhibitory or excitatory VO
interneurons showed abnormal hopping at a specific range of speed (Talpalar et al.
2013). More comprehensive connection studies in the future should reveal a full
picture of spinal pattern generators and their modulators that underlie locomotion in
mice.

4.5.3 The Brainstem Nuclei for Motor Controls

In addition to the local spinal premotor interneurons, RV tracing also labels
long-distance brainstem nuclei that are directly presynaptic to a defined MN pool in
the spinal cord. These nuclei may bridge between the higher brain areas that
command motor controls and spinal networks for motor output. A salient example
is the identification of premotor neurons in a brainstem nucleus called medullary
reticular formation ventral part (MdV), which preferentially innervate MNs con-
trolling forelimb over those regulating hindlimb (Fig. 4.14a; Esposito et al. 2014).
MdV premotor neurons are glutamatergic (vGIuT2+) and innervate a specific subset
of forelimb MNs as well as spinal interneurons. To decipher their function in motor
control, two lines of experiments were performed. First, Cre-dependent RV
transsynaptic tracing using vGIluT2-Cre mice demonstrated that glutamatergic
neurons in the MdV integrated various inputs from upper motor centers including
motor cortex, deep cerebellar nuclei (which convey the output signals of the
cerebellum), superior colliculus, and other brainstem nuclei. Second, cell-type
specific ablation or pharmacogenetic silencing of the MdV glutamatergic neurons
markedly impaired skilled motor behaviors, such as accelerating rotarod task,
without affecting a simple motor behavior such as running around the home cage.
Thus, while simple locomotion seems to be regulated in the spinal pattern gener-
ators, skilled behavior requires higher brain centers.

Another important brainstem area that is presynaptic to MNs is the lateral
vestibular nucleus (LVe). Neurons in this region convey information from the
peripheral vestibular system in the inner ear about movement and orientation of the
head. The vestibular feedback signals can be used for continuous postural adjust-
ments during movement, which is necessary for reliable motor behaviors.
Researchers applied the muscle coinjection method to limb muscles and found
direct premotor neurons in the LVe (Fig. 4.14b; Basaldella et al. 2015). To analyze
the type of MNs that LVe neurons provide vestibular feedback signals to, axon
projection mapping was used in the LVe, with putative postsynaptic MNs labeled
retrogradely from the target muscles. Two layers of specificity for LVe connectivity
to MNs were highlighted. LVe axons preferentially contacted extensor (GS) over
flexor (TA) motor pools. In addition, LVe axons targeted slow MN subtypes over
fast-fatigable subtypes within the extensor pools. What is the importance of this
target specificity? Individual MNs vary in size and small MNs innervate relatively
few muscle fibers to form motor units that generate small forces (called slow motor
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Fig. 4.14 Neuronal circuits in the brainstem motor control areas by RV transsynaptic tracing.
a Left images distribution of brainstem premotor neurons that innervate the forelimb (leff) or
hindlimb (right) muscles, revealed by the muscle coinjection method. Dots represent premotor
neurons, which are differentially colored according to their locations in specific brainstem nuclei.
Yellow area vestibular nuclei; green area inferior olive. Distributions of forelimb and hindlimb
premotor neurons are comparable in most brainstem nuclei, except in MdV, which contains almost
exclusively forelimb premotor neurons. Right schematic summarizes the connection diagram of
MdV, which collects broad motor-related inputs from higher brain centers and innervates forelimb
MNss (yellow circle), as well as excitatory (green circle) and inhibitory (red circle) spinal premotor
neurons. Adapted with permission from Esposito et al. (2014). b Schematic summary of vestibular
feedback signals to MNs via lateral vestibular nucleus (LVe) in the brainstem. LVe neurons
preferentially innervate extensor over flexor MN pools, and within the extensor MN pools, slow
over fast-fatigable MNs. Adapted with permission from Basaldella et al. (2015). ¢ Schematic
summary of spinal premotor projection neurons that send copy signals to the lateral reticular
nucleus (LRN) in the brainstem, which relays the copy signals to the cerebellum via mossy fibers.
Spinal premotor projection neurons, colored according to different progenitor origins, send
projections to distinct spatial domains in the LRN. Adapted with permission from Pivetta et al.
(2014)

units). This is especially important for sustained muscle contraction, such as the
posture maintenance. In contrast, the larger MNss innervate larger muscle fibers that
generate more forces, but are easily fatigued (called fast-fatigable motor units),
which play important roles in brief exertions of large forces such as running or
jumping (Kanning et al. 2010). Thus, LVe neurons are specifically programmed
such that the vestibular feedback signals are preferentially conveyed to the subtype
of MNs that regulate muscle movements for posture maintenance.
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So far we have discussed brainstem to spinal cord connections, but it is known
that the opposite flow, from spinal cord to brainstem, also exists. For example, the
lateral reticular nucleus (LRN) in the brainstem receives axonal projections from
spinal premotor neurons and relays their activities to the cerebellum via mossy
fibers. This signal strongly correlates with ongoing spinal intrinsic information
(‘copy signals’) and therefore enables the cerebellum to compare planned actions
and ongoing performance of motor control in the spinal cord. To analyze this circuit
in detail, researchers applied the muscle coinjection method and detected axonal
projections of spinal premotor neurons in specific areas of the LRN (Pivetta et al.
2014). To directly link the spinal input to the cerebellum, TRIO strategy
(Sect. 4.2.4) was used and revealed that LRN monosynaptically relayed a diverse
set of premotor input associated with functionally distinct MN pools to the cere-
bellum (Fig. 4.14c). Then, axon projection mapping was used to analyze the
topography, the neurotransmitter types, and developmental origin of spinal pre-
motor neurons that project to the LRN. This analysis revealed that both excitatory
and inhibitory spinal inputs were highly co-localized within the LRN, but neurons
in the different spinal cord domains (cervical or lumbar) innervated distinct LRN
domains, showing topographic organization. Also, spinal neurons of different
progenitor origins (marked by a transient expression of a specific transcription
factor during development) established distinct axonal terminations in the LRN.
Collectively, these data provide the anatomical basis upon which functional dis-
section studies of individual copy signals (Azim et al. 2014; Fink et al. 2014) can be
integrated to decipher the principles of accurate motor task execution.

The brainstem also contains MNs regulating cranial muscles. For example,
whisking (bilaterally coordinated rhythmic sweeping movements of whiskers to
detect the texture, shape, and location of objects) is mediated by a specific type of
MNs called vibrissal facial motor neurons (VFMNSs) in the lateral facial nucleus in
the brainstem. Studies of VFMN premotor pools provide an interesting example of
utilizing RV tracing to analyze the developmental timecourse of circuit assembly.
Researchers injected RVARG-GFP+RG into the whisker-controlling muscles of a
transgenic mouse where all MNs were expressing RG (Takatoh et al. 2013). This
strategy permits a side-by-side comparison of labeled premotor neurons before
(postnatal day 8) and after (postnatal day 15) the developmental onset of coordi-
nated whisking behaviors. It turned out that the emergence of whisking was
associated with the addition of new sets of bilateral excitatory inputs to VFMNs
from neurons located in a brainstem nucleus called LPGi (lateral paragigantocel-
lularis). Axon projection mapping indicated that neurons in the LPGi relayed motor
commands from the motor cortex to the vFMNs. Therefore, this study shed light on
how neuronal circuit assembly during development facilitates the bilateral coordi-
nation and cortical control of whisking.

Together, these studies of premotor neurons highlight the rapid advances that
RV tracing have provided for uncovering complex yet elegant connection patterns
in the spinal cord and brainstem underlying motor controls. These studies also
nicely combined RV tracing with other viral and genetic tools, such as lineage
tracing, cell-type specific axon projection mapping, gene conditional knockout, and
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manipulation of neuronal activities. Many techniques and ideas developed in the
motor control system should facilitate anatomical, developmental, and functional
studies of other neuronal circuits based on RV tracing.

4.6 Future Perspectives

As we have discussed in the above sections, RV-mediated transsynaptic tracing has
vastly expanded the scope of neuroanatomy by providing precise information of
presynaptic partners to defined neuron populations throughout the brain and spinal
cord. We will now end by briefly considering several future directions of
transsynaptic tracing techniques.

First, the range of species and developmental stages to which RV tracing can be
applied should be extended. Currently, RV tracing has been most successfully used
in adult mice. Just like comparative genomics has greatly expanded our under-
standing of the evolution of gene families, comparative connectomics are essential
to illuminate the evolution of neuronal circuits. For example, neuronal circuits
regulating social behaviors may drastically change as animals develop in more
sophisticated communities. Likewise, circuits regulating feeding and energy
expenditure might be altered when animals evolve a specific feeding habit. To
achieve these studies, it is necessary to establish RV tracing methods in various
mammalian species. To further expand tracing studies beyond mammalian species,
new viral tools would be required. For example, a recent study showed that VSV
(see Table 4.2) can be a better tracer than RV in some bird and fish species
(Mundell et al. 2015). RV tracing also has a potential to reveal developmental
processes (Takatoh et al. 2013), but current AAV-based methods require a
~2 week incubation period before RV tracing is initiated. Future technical
advances are needed to fully utilize RV tracing in embryonic and early postnatal
animals, to decipher the developmental assembly of neuronal circuits in the central
brain. In addition to extending retrograde tracing techniques, developing a more
efficient and less toxic anterograde transsynaptic tracing system will further facil-
itate the tracing studies, as currently available anterograde viral vectors are either
limited to specific cell types [e.g., sensory neurons (Zampieri et al. 2014; Astic et al.
1993)] or highly toxic to the infected neurons (see Table 4.2).

Second, a standard data acquisition and analysis platform is necessary to com-
pare tracing data from various brain regions and cell types obtained from multiple
laboratories. Typically, the acquisition of tracing data has been achieved by serially
sectioning the brain, imaging individual sections, manually defining regional
boundaries in each section, and counting the number of cells in each region
(Weissbourd et al. 2014; Schwarz et al. 2015; Watabe-Uchida et al. 2012; Beier
et al. 2015). These processes are not only labor-intensive and require significant
expertise of brain anatomy, but also are prone to human-based errors and biases.
Ideally, tracing data should be acquired with fully automatic brain imaging meth-
ods, such as serial sectioning 2-photon microscopy (Velez-Fort et al. 2014) or
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optical clearing methods followed by light-sheet microscopy (Lerner et al. 2015;
Menegas et al. 2015; Niedworok et al. 2012). An automated data analysis platform
for the classification of labeled cells into distinct brain regions should also be
established. Often, fine regional boundaries between brain sub-nuclei are not
apparent based on the gross morphology of the brain, and remain a subject of
dispute among anatomy researchers. Rapid advances in the field of machine
learning, as well as improvements in automatic brain imaging methods, may pro-
vide powerful solutions to this issue. Once precise methods to image brains, to
extract information of labeled cells, and to register them into a common reference
brain are established, it will become possible to quantitatively compare input
neurons to various starter cell types throughout the brain. A powerful algorithm to
compare the ‘similarity’ of labeled patterns among samples, similar to BLAST in
the field of genomics, will be highly useful. This will permit systematic compar-
isons of connection diagrams in a variety of contexts; for example, male versus
female, young versus aged, healthy versus diseased, and before and after animals
acquire new tasks. The impacts of genetic modifications (such as conditional gene
knockout as pioneered by DeNardo et al. 2015, Satoh et al. 2016) on neuronal
circuit assembly and integrity can also be systematically investigated.

Lastly, RV tracing should directly link connectivity to circuit function. One
important advantage of RV over other neurotrophic viruses is that neurons survive
much longer following viral infection. This enables functional imaging and per-
turbation of neurons that have been identified based on their connectivity. Indeed,
researchers have developed various RV vectors for expressing molecules that
manipulate and measure neuronal activity, or express a recombinase (Cre or Flp) to
induce expression of a second transgene (Osakada et al. 2011; Reardon et al. 2016).
For example, RV-mediated ChR2-expressing cortical neurons elicited light-induced
action potentials a month after infection, and GCaMP6f-expressing hippocampal
projection neurons showed neuronal burst activities in behaving mice at least two
weeks after infection (Reardon et al. 2016). Many of these, or analogous constructs,
have begun to dissect the complex neuronal circuits in the brain (see Sect. 4.2.6;
Wertz et al. 2015, Yamawaki and Shepherd 2015) and in retina (Yonehara et al.
2013). Future studies will greatly expand this direction to dissect how circuit
function is orchestrated by various input neurons in the brain and spinal cord.
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