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Cartography of serotonergic circuits
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Summary

Serotonin is an essential neuromodulator, but the precise circuit connectivity that regulates
serotonergic neurons has not been well defined. Using rabies virus tracing strategies Weissbourd
et al., and Dorocic et al., in this issue of Neuron and Ogawa et al., in Cell Reports provide a
comprehensive map of the inputs to serotonergic neurons; highlighting the complexity and
diversity of potential upstream cellular regulators.

Serotonin, a neurotransmitter largely produced by neurons in the raphe nuclei, is involved
with a diversity of behaviors such as mood, arousal, food intake, decision-making, reward,
and aggression (Lucki, 1998; Nakamura, 2013). Despite serotonin's involvement in many
essential behaviors, the precise circuit connectivity that regulates serotonin-producing
neurons remains poorly understood. Neuroanatomical structures such as the prefrontal
cortex and lateral habenulasend axonal projections to the dorsal raphe(Aghajanian and
Wang, 1977), and can regulate raphe neuronal activity(Challis et al., 2014; Warden et al.,
2012). However, the dorsal raphe is extremely heterogeneous, and contains discrete cells
expressing genes associated not only with serotonin production, but also for other
neurotransmitters such as glutamate (Hioki et al., 2010) and GABA(Bang and Commons,
2012). Given the diversity of genetically and electro physiologically(Kirby et al., 2003;
Vandermaelen and Aghajanian, 1983) defined cell types within the raphe, it is likely that
upstream neuronal cell populations selectively interface with serotoninergic (and other) cell
types, however with classical neuroanatomical tracing techniques this has been difficult to
establish. In papers this month by Weissbourd et al. and Dorocic et al. in Neuron, and
Ogawa et al. in Cell Reports, this hurdle was overcome by utilizing rabies virus tracing
strategies, in combination with cell type specificcre-driver mouse lines, to identify the
precise brain-wide location of input neurons that interface with raphe cell populations. All
three studies used modified GFP-encoding rabies virus pseudotyped with an avian envelop
protein, which only transduces neurons that express a cognate receptor (TVA receptor), to
target the initial entry of rabies viral particles to genetically defined raphe cell
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types(Wickersham et al., 2007) such as serotonergic neurons. By also expressing the rabies
virus envelop glycoprotein, which promotes transsynaptic spread (Wickersham et al., 2007)
input neurons that synapse onto the raphe starter cell populations are also labeled (Fig. 1).
While this general strategy was utilized in all three studies, there are many interesting
distinctions that set the three papers apart from each other.

The first study by Weissbourd et al., (2014) used rabies viral tracing, in situ hybridization,
and brain slice electrophysiology to examine both long range and local inputs onto both
dorsal raphe serotoninergic and GABAergic neurons (Fig. 1A). In addition to providing a
comprehensive dataset of brain-wide inputs to these distinct dorsal raphe cell types this
study also utilized two different forms of the TV A receptor in order to optimize their
anatomical tracing at both the distal and local level. The first form was the traditional TVA
receptor (TCB), which is highly efficient for long-range tracing, but can significantly
increase background labeling at the initial site of viral transduction. The second form was a
mutated TVA receptor (TC®6T), which decrease stranssynaptic spread of the rabies virus, but
also lowers non-specific viral labeling at the injection site, which was integral for
quantifying local raphe connectivity to demonstrate both serotonin-to-serotonin and GABA-
to-serotonin neuronal connectivity. Previous studies have indicated that the glutamatergic
projection from the prefrontal cortex to the dorsal raphe can modulate both stress and
depression-like behaviors (Amat et al., 2005; Warden et al., 2012). Using optogenetic
stimulation of defined prefrontal inputs to the dorsal raphe Weissbourd et al., also show that
DR serotonergic neurons, not GABAergic neurons, are preferentially innervated by
prefrontal cortex glutamatergic neurons. Conversely, a larger proportion of DR GABAergic
neurons receive input from central amygdala GABAergic neurons. In summary, Weissbourd
et al. identified both long range and local inputs onto dorsal raphe serotoninergic and
GABAergic neurons that likely coordinate raphe function, serotonin release, and behavior.

The study by Dorocic et al. (2014) examined the connectivity between afferents to serotonin
neurons within both the DR and median raphe (MR) (Fig. 1B). In contrast with previous
findings that utilized classical tracing strategies(Nakamura, 2013; Varga et al., 2001),
Doraocic et al., show that DR serotonin neurons receive direct input from brain regions such
as the PFC and lateral habenula (LHb). Additionally, they found that the lateral
hypothalamus (LH) sends a strong projection to serotonin neurons in the DR. By utilizing
immunohistochemistry in conjunction with rabies virus tracing, the authors also
demonstrated that this neuronal projection originates from LH neurons that produce
important neuropeptides such as melanin-concentrating hormone (MCH) vasopressin, and
orexin. Furthermore, a functional projection from dopamine D1-receptor expressing neurons
in the ventral striatum that preferentially innervates DR serotoninergic neurons was also
identified.

In the study by Ogawa et al. (2104) presynaptic inputs onto serotonergic neurons from both
the medial raphe and DR are quantified, and highlight the similarities and differences to
input neurons that projection to another important monoaminergic cell group; midbrain
dopaminergic neurons (Watabe-Uchida et al., 2012; Fig. 1C). Interestingly, the authors
found that ventral tegmental area (VTA) dopamine neurons and DR serotonergic neurons
receive input from strikingly similar presynaptic structures. Ogawa et al. also describe a
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ventral striatal input to the dorsal raphe, however it is noted that the ventral striatal neuronal
population that innervated the DR is significantly less compared to the population of ventral
striatal neurons that innervate the VTA. Additionally, DR serotonergic neurons synapse
directly onto VTA dopaminergic neurons further suggesting coordinated and tightly
regulated circuit-level activity between these two neuromodulatory cell groups.

While these three studies elegantly provide long-range and local circuit maps for the precise
inputs to serotonin neurons, there are a few considerations related to approach used in all
three studies. First, there may be subtle differences in which types of synapses (i.e.
excitatory, inhibitory, neuromodulatory) rabies virus can effectively utilize to propagate,
which in turn could lead to biased labeling of input neuron populations. For example Wall et
al., (2013) recently reported that midbrain dopaminergic neurons are likely under-labeled
when tracing inputs to direct and indirect pathway striatal neurons using a similar approach.
Second, while quantitative whole brain cell counting data is useful, demonstrating functional
connectivity between genetically defined pre- and postsynaptic neurons can greatly aide in
determining whether a given input circuit is physiologically relevant. Lastly, the
transynaptic labeling strategies used in these three studies rely upon the high degree of
colocalization in expression of crerecombinase and markers for cell type specific function
(i.e. Sert, Gad, and others). While many cre-diver lines are exquisitely specific for distinct
cell types, it is likely that none of these mouse lines are entirely specific due to changing
dynamics of gene expression over the developmental lifespan, as well as potential changes
in the gene expression landscape due to neural activity and plasticity. Taken together, these
studies begin to provide a cyclopedic map of the neuronal inputs to the serotonin system,
thus offering an important circuit blueprint to put into context previous and future
physiological and behavioral studies of the raphe nuclei.
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Fig. 1. Rabies viral tracing strategies to target inputs onto raphe neurons
A. In this study, Weisshourd et al. targeted both serotonin and GABA neurons within the

dorsal raphe nucleus. B. Dorocic et al., targeted serotonin neurons in both dorsal and medial
raphe. C. Ogawa et al., compared inputs from serotoninergic and midbrain dopaminergic
neurons.
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