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Abstract

Molecular characterization of neurons across brain regions has revealed new taxonomies for
understanding functional diversity even among classically defined neuronal populations. Neuronal
diversity has become evident within the brain serotonin (5-HT) system, which is far more complex
than previously appreciated. However, until now it has been difficult to define subpopulations of 5-
HT neurons based on molecular phenotypes. We demonstrate that the MET receptor tyrosine
kinase (MET) is specifically expressed in a subset of 5-HT neurons within the caudal part of the
dorsal raphe nuclei (DRC) that is encompassed by the classic B6 serotonin cell group. Mapping
from embryonic day 16 through adulthood reveals that MET is expressed almost exclusively in the
DRC as a condensed, paired nucleus, with an additional sparse set of MET+ neurons scattered
within the median raphe. Retrograde tracing experiments reveal that MET-expressing 5-HT
neurons provide substantial serotonergic input to the ventricular/subventricular region that
contains forebrain stem cells, but do not innervate the dorsal hippocampus or entorhinal cortex.
Conditional anterograde tracing experiments show that 5-HT neurons in the DRC/B6 target
additional forebrain structures such as the medial and lateral septum and the ventral hippocampus.
Molecular neuroanatomical analysis identifies fourteen genes that are enriched in DRC neurons,
including 4 neurotransmitter/neuropeptide receptors and 2 potassium channels. These analyses
will lead to future studies determining the specific roles that 5-HTMET* neurons contribute to the
broader set of functions regulated by the serotonergic system.
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Introduction

Serotonergic neurons in the rodent brainstem were mapped in detail in a series of studies
more than 50 years ago'? 3. Since then, many efforts have been made to characterize the
topographical and functional organization of serotonergic systems*>67-9, Using a variety of
methods, the raphe complex was originally delineated into caudal (B1-B3), median (B5 and
B8), and dorsal (B6 and B7) raphe nuclei*=63. 7. 8, More recently, the raphe complex has
been subcategorized into ventral (DRV), dorsal (DRD), and ventrolateral (DRVL)
compartments, which collectively form the B7 group, and the caudal (DRC) group, which
corresponds to the classically defined B6 subgroup910111213 Serotonergic axons reach
almost every portion of the neuraxis, motivating efforts to understand the molecular,
functional, and physiological properties of the dorsal raphe nuclei (DRN) and median raphe
nuclei (MRN). Subtypes of raphe 5-HT-containing neurons have been identified based on
differential innervation patterns, electrophysiological characteristics and molecular
profiles4-17. Additionally, It has been shown that subpopulations of DRN 5-HT neurons are
differentially activated by stressful stimulil?18, Recent developmental analysis has
characterized the rhombomeric origins of specific raphe subnuclei and identified several
transcription factors involved in their production and specification19202122 \jith increasing
availability of molecular and genetic tools, knowledge of the developmental and functional
diversity of 5-HT neurons is being advanced. For example, a recent intersectional genetic
labeling strategy identified a specialized subset of molecularly-defined 5-HT neurons that
mediates normal respiratory CO, chemoreflex23. Identifying additional molecular subtypes
of 5-HT neurons, therefore, promises to improve our understanding of the serotonergic
system.

In the developing mouse brain, we reported highly selective expression patterns?425 of the
Metreceptor tyrosine kinase (MET), an autism risk gene28. Through initial mapping, Met
expression was discovered in a limited subset of raphe 5-HT neurons residing under the
aqueduct in the DRC25, Evidence from studies in the forebrain revealed restricted expression
of hepatocyte growth factor (HGF)27, the only known ligand for the MET receptor, and that
activation controls several aspects of cortical neuron maturation, including dendritic, axonal,
and synaptic phenotypes2’: 28, Currently, there is limited understanding of the impact of
MET signaling on the development and function of the 5-HT neurons that express MET (5-
HTMET*) A deficit in a social approach measure in Met conditional knockout animals was
recently reported in experiments using a Cre linel® driven by the promoter of the 5-HT
neuron-specific ETS transcription factor Pet72% 30 which results in recombination of alleles
in the 5-HT neurons that express the conditionally floxed gene. Thus, 5-HTMET* neurons
may influence certain aspects of complex behaviors.

The discovery of a specific and highly circumscribed subpopulation of 5-HTMET* neurons
leads to questions to determine the detailed molecular and connectivity properties of these
neurons, establishing a framework for detailed functional analyses. The present study
characterizes the neuroanatomical and molecular phenotypes of 5-HTMET* neurons,
focusing on the small, compact group residing in the DRC. The results demonstrate novel
phenotypes that distinguish these neurons from other 5-HT neurons in the DRN, thus
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contributing to the concept that 5-HTMET* neurons are a highly specific subpopulation of
serotonergic neurons that underlie unique functions.

Results and Discussion

We reported previously that Met is expressed in a limited number of 5-HT neurons located
directly beneath the cerebral aqueduct in the caudal-most DRN25, that will be referred to in
the present study as DRC according to the more recent categorization outlined by Paxinos
and Franklin3L, This region includes the riDRd, riDRv and riDRw domains defined by
Alonso et al?, The onset of Met expression in this cell group occurred at embryonic day 15
and persisted through postnatal day 4, the last age examined in our previous report. Recently,
Okaty and colleagues reported a similar restricted distribution of Metexpression in the
DRC, and an additional Met+ subset of median raphe neurons in adult mice!®. The similarity
of the Met expression pattern at embryonic stages and in adulthood suggests that the
specificity of Metexpression in the DRN is maintained across the lifespan.

To provide a more detailed understanding of Metexpression by 5-HT neurons of the DRN,
we examined the co-localization of transcripts encoding Met and the serotonin synthesis
rate-limiting enzyme tryptophan hydroxylase 2 ( 7ph2) using multiplex fluorescent in situ
hybridization (ML-FISH) in cryosections prepared from P14 and adult mice that included
the DRD and DRV (Bregma level —4.6mm; DRC and DRI, Bregma level -=5mm; MRN,
Bregma Levels, -4.6 and -5mm) (Figure 1). Similar to the pattern we reported at earlier
developmental stages, Met mRNA was expressed by a high percentage (82% +1.5%) of the
Tph2 expressing neurons in the DRC (Figures 1B, D-D”). Additionally, Met mRNA was
expressed by a more limited number (21% +2.6%) of 7ph2expressing neurons in the
median raphe nuclei (MRN) (Figures 1B, E-E”). In contrast, the DRD and DRV contained
few Met-expressing 7ph2+ neurons (DRD, 0.9% +0.4%; DRV, 2.1% +1.4%) (Figures 1B,
c-Cc”).

To complement the description of the 5-HT neurons that express Met (5-HTMET*) a
bacterial artificial chromosome developed by the GENSAT project was used to create a
transgenic reporter mouse (Met®FP) that expresses green fluorescent protein (GFP) under the
control of the Met promoter. To validate the use of this reporter mouse for determining the
specific 5-HT neuron subpopulations that express Met, ML-FISH was used to detect 7ph2,
Met, and GFPtranscripts in the Met®FP mice (Supplemental Figure 1). There was a high
degree of co-expression of Metand GFPtranscripts in 7phZ-positive neurons in the DRN, as
nearly all Met-expressing 7phZ-positive neurons co-expressed GFP (93% +1%), and nearly
all GFP-expressing TphZ-positive neurons co-expressed Met (99% +1%) (Supplemental
Figure 1 G and H). In the MRN, about half of the Met-expressing neurons did not express
GFPtranscript (Supplemental Figure 1 H). The data indicate that in the DRN, GFP is a high-
fidelity reporter of endogenous Met expression. We note that, for identifying 5-HTMET+
neurons in the MRN, the reporter has less fidelity, as approximately 60% (+8%) of Met-
expressing 7phZ2-positive cells did not express detectable levels of GFPtranscript in the
MRN. Consistent with the distribution of Mettranscript (Figure 1), immunocytochemical
staining with antibodies against 5-HT and GFP on cryosections prepared from adult MetGFP
mice showed that 80% (+2.32) of 5-HT+ neurons located in the DRC co-express GFP
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(Supplemental Figure 2). GFP was expressed in a scattered few DRD, DRV and MRN 5-HT
neurons. In fact, we had to examine a large number of sections through the DRD and DRV
because most lacked any GFP neurons. In contrast, Tph2- and 5-HT-expressing neurons
were present in every section through these subnuclei. Of interest in the context of these
findings are recent studies suggesting that the input and output connectivity of DRC is more
similar to that of the MRN than to more rostral components of the DRN13: 32, These
observations led the authors to postulate that the 5-HT neurons located in the DRC may be
inappropriately categorized as part of the classically defined DRN. The present data
indicating that there is a common molecular signature, defined by Met expression, between
neurons situated in DRC and a subset of the neurons in MRN supports this notion.
Furthermore, to our knowledge, Metis the first non-serotonergic gene identified that is
expressed by DRC and MRN 5-HT neurons, but with very limited expression by other 5-HT
raphe subnuclei.

Selective innervation of the subventricular zone by Met-expressing 5-HT

neurons

A recent examination of the axonal projection patterns of subsets of serotonergic raphe
neurons was accomplished by targeting small injections of an adeno associated virus (AAV)
encoding a Cre-dependent GFP reporter into different subregions of the raphe complex of
SertCre micel3. This study suggested that many forebrain and brainstem structures receive
input from a limited subset of DRN neurons, whereas subgroups of raphe neurons have
distinct projection patterns. Of particular interest to the current study, these experiments
suggested that DRC provides serotonergic innervation to limited forebrain structures,
including the hippocampus, lateral septum, various cortical regions (e.g. entorhinal cortex),
and the subventricular zone (SVZ)13.

We wondered if some of these forebrain projections might arise from, and perhaps be a
defining feature of, the 5-HTMET* neurons in DRC and MR. Retrograde tracing in adult
Met®FP mice was thus performed by injecting fluorescent retrobeads into several forebrain
structures. Of particular interest was the serotonergic innervation of the SVZ, as most 5-HT
neurons that project to the SVZ are positioned in the DRC/B6 and the MRN33-3% and a
recent study found that the proliferation of adult stem cells in the SVZ is sensitive to
pharmacological manipulations of 5-HT receptor signaling33. Moreover, we recently
discovered that the transcript encoding the ligand that activates the MET receptor, Hgf, is
expressed heavily in the SVZ beginning at E16 and persisting through P1425 27, the latest
age examined. Mapping of retrogradely-labeled retrobead™ neurons following injection of
tracer into the lateral ventricle of adult MetSP mice showed a dense cluster of retrobead-
labeled neurons positioned in the DRC (Figure 2), with only sparse labeling of neurons in
DRV and the rostral MRN (Supplemental Figure 3, and data not shown). Remarkably, 86%
(£2%) of retrobead* neurons in the DRC expressed GFP (Figure 2G). In contrast, there was
very sparse retrograde labeling of neurons in the DRV and the rostral MRN, yet even some
of the retrobead-labeled neurons in these subnuclei expressed GFP (Supplemental Figure 3),
which is remarkable given that such a limited number of the neurons in these regions
expressed Metor GFPtranscript (Figure 1E and Supplemental Figure 3). These results
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demonstrate that a substantial proportion of the serotonergic innervation of the SVZ is
derived from 5-HTMET* neurons that are predominantly clustered in the DRC.

To determine whether Met-expressing neurons in the DRC project to additional forebrain
structures previously shown to receive serotonergic input from this raphe subregionl3, we
injected retrobeads into the entorhinal cortex and CA1 of the dorsal hippocampus in a
separate cohort of adult MetSFP mice. There was very limited retrograde labeling of
entorhinal- and hippocampal-projecting neurons positioned within or immediately adjacent
to the cluster of 5-HTMET* neurons in the DRC (Figure 3). Moreover, none of the neurons
projecting to entorhinal cortex or CAL of the dorsal hippocampus expressed GFP, even when
these neurons were positioned within the DRC (Figure 3). Together, these retrograde tracing
results suggest that the 5-HTMET+ neurons are a primary source of the serotonergic
innervation to the SVZ, but do not project to CA1 of dorsal hippocampus or entorhinal
cortex. It is worth noting that several of the regions (medial/lateral septum, ventricular
surface, and ventral hippocampus) that receive dense serotonergic innervation from DRC
express Hgfat P1427 indicating that forebrain regions in addition to SVZ may receive
serotonergic input from 5-HTMET* neurons. This will be determined in future mapping
studies.

The results from these retrograde tracing experiments provide evidence that 5-HTMET+
neurons innervate a select subset of forebrain structures, but they do not exclude the
possibility that these neurons form collateral projections to additional forebrain structures
that were not analyzed - nor do they provide a comprehensive map of the forebrain
territories innervated by 5-HTMET* neurons. In a previous study3, the serotonergic
projections arising from DRC were deduced from a set of conditional anterograde tracing
cases that included viral transduction of SertC" neurons in both DRC and a small number of
DRL and MRN neurons. To refine previous descriptions of DRC projection patterns, we
analyzed 2 additional SertC"-mediated conditional AAV injection cases (S174 and S175) in
which viral transduction was limited to approximately 50 neurons located exclusively in the
caudal-most portion of DRC (Bregma level —=5.34mm). These SertC"e-mediated, GFP-
labeled cells abutted the fourth ventricle, with only a small number of neurons displaced
laterally or ventrally. All of the GFP-labeled neurons contained 5-HT (Fig 4A-A"), and
their axons could be followed up to the frontal pole. Proximal to the injection sites, some
labeled axons could be visualized along the fourth ventricle ependyma in the brainstem
(Figure 4A), but there was more extensive labeling of ascending projections that coursed
through the ventral tegmental gray matter (vTG) and medial aspect of the medial forebrain
bundle (MFB). Extensive innervation was observed within the medial and lateral septum,
and the abutting subventricular zone (SVZ) (Figure 4B-D). Additional innervation was
observed in the ventral hippocampus, and in the retromamillary nucleus (Figure 4E-E”).
There was limited SertC"®-mediated, GFP-labeled 5-HT axonal innervation in the lateral
preoptic area, lateral hypothalamus, and in the dorsal hippocampus. In comparison to the
previous report!3, no innervation was seen in the cerebral cortex, thalamus, olfactory bulb or
medial amygdala. The more limited set of forebrain regions innervated in these 2 cases
suggests that some of the forebrain 5-HT axons deduced in earlier cases may have arisen
from 5-HT neurons positioned in MRN, and DRL, rather than DRC13. The transduction of
some laterally and ventrally displaced neurons precludes explicit conclusions regarding the
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extent of collateralization of 5-HTMET* DRC neurons or their projections to other sites.
However, the consistent labeling of structures such as the septum and ventral hippocampus
in current and previous®3 conditional anterograde tracing experiments suggests that
additional projections from these neurons likely exist. Future Cre-dependent viral tracing in
MetC" mice will provide important clarification of the specific telencephalic brain regions,
other than the SVZ, that receive serotonergic input from the 5-HTMET* neurons.

Characteristics of Met+ B6 5-HT neurons

Neurons within the DRD and DRV subnuclei are a major source of forebrain serotonin and
represent the largest collection of serotonergic neurons, thus being the primary focus of
studies on the putative roles of serotonin in psychiatric disorders. In comparison, relatively
few studies have explored the function of serotonergic neurons in the DRC. This may be due
in part to the lack of clear cytoarchitectural differences between DRC and other divisions of
the raphe, and the limited molecular markers that distinguish neurons in the DRN subnuclei.
There is some functional data. For example, intracerebroventricular injection of
corticotropin releasing hormone (CRH) or urocortin 2 leads to selective increases in cFos
expression in subsets of 5-HT neurons, including a considerable number in the DRC 3637, 38,
A receptor for CRH, corticotropin releasing hormone receptor 2 (CrhAr2), is expressed in the
caudal DRN in rat3°. We wondered whether CrAr2 expression might be enriched in 5-
HTMET+ neurons. We performed ML-FISH using probes for 7ph2, Met, and Crhr2. \We
found many CrhrZ-expressing 5-HT neurons throughout the DRN including DRD, DRV,
DRC, and DRI (Figure 5). ML-FISH revealed co-expression of CrAr2and Metin neurons
residing in the DRC (Figure 5A-A"). Interestingly, even though 5-HTMET* neurons co-
express CrhrZ, those DRC 5-HT neurons that displayed more fluorescent labeling of Crir2
transcript did not express Met (Figure 5A”). This result suggested that molecular
heterogeneity of 5-HT neurons exists even within the DRC subnucleus.

To further delineate the molecular signatures of serotonergic neurons in the DRC, including
the 5-HTMET* population, we searched for genes enriched in the region by examining the
developmental mouse brain database (P4) created by the Allen Brain Institute. We used
two different analytical strategies. Our initial analysis consisted of a manual search of gene
expression patterns from a curated list of functionally-related genes termed “Gene
Classification”. We examined the expression patterns of all the genes in the following
categories: potassium channel, sodium channel, ion channel activity, ion gated ion channel
activity, anion channel, calcium channel, calcium mediated signaling, cyclic nucleotide
gated ion channel, neurotransmitter secretion, and neurological system process. A second
analysis was conducted using the “AGEA” search tool, which identifies genes enriched
within specific brain regions and at specific developmental time points of interest*0, Within
AGEA, we manually identified the caudal DRN and searched for genes enriched in the
region at P4 and P14. In addition, there are two potentially enriched caudal DRN-expressing
genes related to neuronal activity, the Potassium Voltage-Gated Subfamily A Member 4
(Kcnad) and p-opioid receptor (OprmI)*142. Analysis of the expression patterns of these 2
transcripts in the adult mouse brain atlas confirmed their enrichment in the DRC*3. Thus, in
total, we identified fourteen genes with the potential for substantial enrichment in
subpopulations of DRC neurons during development (Table 1).
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We analyzed in more detail six of the genes (Table 1) that are likely to play a role in
influencing neuronal activity and synaptic transmission*# 45, The expression of these six
genes in the P14 mouse DRN using ML-FISH was examined (Figure 6A", B’, C). In
agreement with the patterns observed in the developing mouse brain atlas®?, qualitative
assessment of each of the six genes displayed more intense labeling in the DRC than in more
rostral DRD and DRV (Figure 6). However, unlike Met, low levels of each of the six
transcripts also were detected throughout DRD and DRV, but with an increasing rostral to
caudal gradient. The six genes displayed a variable degree of expression enrichment in the 5-
HTMET+ neurons, but none exhibited an expression pattern as specific as that of Met. Two of
the genes, Kcnd2and Kcna4, displayed relatively dense labeling in the DRC, with far less
labeling in non-serotonergic neurons surrounding the nucleus (Figure 6). Notably, the most
intense fluorescent labeling for Kcna2and Kcnad was exhibited by the 5-HTMET* neurons
in the DRC (Figure 6A", B’, C’ insets).

The other four genes ( Tacr3, Oprm1, ChrmZ2, and Chrna7) also exhibited caudal DRN
enrichment, but the differential fluorescent labeling between neurons in the DRC and the
surrounding non-serotonergic neurons was less pronounced (Figure 6C—C”, green arrows;
and data not shown). As was noted for Met, none of the six genes included in our analysis
were detected in previous RNAseq experiments*® as differentially expressed by 5-HT+ cells
in the DRD or DRV. Interestingly, four of the seven DRC-enriched genes (Met, Oprm1,
ChrmZ, and Tacr3) identified in our analysis were detected in MRN populations in the
RNAseq experiments of Okaty and colleagues®®. These results further support the notion
that a subset of DRC and MRN 5-HT neurons share common features that distinguish them
from the 5-HT neurons in DRD and DRV.

In summary, the molecular neuroanatomical analyses suggest that 5-HTMET* neurons are
poised to respond to afferent inputs in a unique fashion that sets them apart from more
rostral DRN 5-HT neurons. Specifically, their distinct gene expression profile, which
includes potassium channels, neurotransmitter and neuropeptide receptors, suggests that they
may have different intrinsic functional properties compared to other DRN neurons’. The
afferent input that shapes the activity profile of 5-HTMET* neurons remains to be
determined, but the distinct efferent innervation pattern revealed by the present tracing
studies suggests that 5-HTMET* neurons are likely an important part of the circuitry
regulating VZ/SVZ-related functions. Interestingly, recent reports suggest that the
serotonergic innervation of the SVZ may be important in regulating the proliferation of adult
stem cells located in this region33. With new genetic tools, we are now assessing the 5-
HTMET+ neurons connectome and the function of this unique circuitry.

Conclusions

Here, we report novel data that further characterizes 5-HTMET* neurons, which represent a
limited subset of serotonergic neurons that exhibit a restricted projection pattern and a
distinct molecular signature. A unique combination of phenotypes sets these neurons apart
from other serotonergic neurons in the DRN. To our knowledge, Met is the first gene shown
to be expressed specifically by a DRN subnucleus within a well-delimited anatomical site. It
is worth noting that even though 5-HTMET* neurons are situated predominantly in DRC, a
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small subset of scattered MRN 5-HT neurons also express Met. Intriguingly, even though
these neurons are positioned in a different raphe subnucleus, the MRN 5-HTMET+ neurons
exhibit certain features of DRC 5-HTMET* neurons, such as their projection to the SVZ. The
significance of MET signaling in mediating developmental and functional processes of these
serotonergic neurons is not known. In the neocortex and hippocampus, MET signaling
mediates dendritic and axonal growth, de novo synapse formation /n vitro, and the timing of
excitatory synapse maturation and intracortical synaptic strength in vivo 27 4749 Whether
MET plays a similar role in the development of DRC serotonergic neurons will be an
important line of investigation to pursue. Additionally, given that Met expression can be
detected in DRC 5-HT neurons in adulthood, it will be important to determine whether MET
signaling influences the functional properties of mature 5-HTMET* neurons. As changes in
HGF concentration in the cerebrospinal fluid (CSF) have been associated with several
pathophysiological conditions®9-52, there is potential translational relevance in determining
how HGF impacts the function of the 5-HTMET* neurons. In this context, it is particularly
interesting that 5-HTMET* neurons are well positioned to respond to CSF signals through
their supraependymal axons in the SVZ. Toward the goal of investigating detailed function
of the 5-HTMET* DRC neurons, the a new MetC'® line that we are producing will provide
novel genetic access to these neurons.

Animal care and experimental procedures were performed in accordance with the
Institutional Animal Care and Use Committee of the Saban Research Institute, Children’s
Hospital Los Angeles. Mice were housed at 22°C on a 13/11-hour light/dark cycle (lights on
at 0600h/lights off at 1900h) with ad libitum access to a standard chow diet (PicoLab Rodent
Diet 20, #5053, St. Louis, MO). For AAV virus tracing experiments, animal care and
experimental procedures were performed in accordance with the standard ethical guidelines
(European Community Guidelines and French Agriculture and Forestry Ministry Guidelines
for Handling Animals decree 87849). The SERT®"® mice>3 used for virus tracing were
maintained on a C57BI/6J background and locally bred and maintained under standard
laboratory conditions (22 + 1 °C, 60 % relative humidity, 12-12 h. light- dark cycle, food
and water ad libitum).

To generate METECFP reporter mice, a BAC clone (BX139) from the GENSAT project at
the Rockefeller University (http://www.ncbi.nlm.nih.gov/pubmed/14746997?
dopt=Abstract), constructed by insertion of EGFP into Met gene upstream of the ATG start
codon of Meton BAC clone RP23-173P9°4, was purchased from Children’s Hospital
Oakland Research Institute (known as CHORI). BX139 was injected into FVB fertilized
eggs (Cyagen Biosciences Inc. CA). 5 Founders carrying BX139 transgene, determined by
PCR for the presence of GFP, were obtained. The GFP positive F1s from each founder,
crossed with C57BI/6J (JAX), were obtained. To determine whether the expression of the
GFP reporter recapitulated Met expression, the brains of the F1s carrying BX139 transgene
(determined by PCR) from each founder were examined at postnatal day (P) 0 using
immunostaining with primary antibodies directed toward GFP and MET. We found line 17
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and line 18 had the highest expression of GFP with an overall expression pattern that
coincided closely with the pattern of MET at this age. All subsequent analysis was done
using line 18, designated as Met®FP. Homozygous MetSFP/GFP were derived from F1
crossing and the copy number of GFP was determined using Tagman GFP Copy Number
Assay (Thermo Life Technology). The characterization of GFP expression in other brain
regions will be detailed elsewhere (A. Kamitakahara, J. Wu and P. Levitt, unpublished
results; R. Kast and P. Levitt, unpublished observations)

Tissue Processing

Tissue for immunofluorescence staining was collected from mice at postnatal day (P) 14.
Tissue samples from both male and female mice were collected and assessed for MET
expression in the brainstem by immunostaining. We found no difference in the labeling
density of MET protein, or the cellular pattern of METCFP expression between sexes. Mice
were deeply anesthetized by intraperitoneal injection of ketamine/xylazine (100 mg/kg: 10
mg/kg, Henry Schein, Melville, NY) and perfused transcardially with 0.9% saline, followed
by 4% paraformaldehyde (PFA, Sigma, St. Louis, MO) in 0.1M phosphate buffered saline
(PBS, pH 7.4). Whole brains were dissected and post-fixed in 4% PFA in PBS,
cryoprotected in graded sucrose (10%, 20%, and 30% sucrose in PBS, overnight at 4°C for
each concentration), embedded in VWR Clear Frozen Section Compound (VWR, Radnor,
PA), and frozen in liquid nitrogen vapor.

For in situ hybridization, fresh whole brains from P7, 14, and adult mice were dissected by
rapidly frozen by submersion in ice-cold isopentane as described#4: 55,

Brain tissues harvested for AAV tracing were processed as described?3.

Immunostaining

20um sections were cut using a cryostat, mounted onto Superfrost Plus microscope slides
(VWR, Radnor, PA), and processed for immunostaining as described2®: 55, Primary
antibodies used were as follows: Chicken anti-Green Fluorescent Protein (anti-GFP) (Abcam
Cat# ab13970), goat anti-HGF receptor (anti-MET) (R and D Systems Cat# AF527), and
rabbit anti-serotonin (anti-5HT, Sigma). Secondary antibodies used were as follows: Alexa
647 AffiniPure F(ab”), Fragment Donkey Anti-Chicken IgG (Jackson ImmunoResearch
Labs, Cat# 703-546-155), Biotin-SP-AffiniPure F(ab”), Fragment Donkey Anti-Goat 1gG
(Jackson ImmunoResearch Labs, Cat# 705-066-147), DyLight 549 Streptavidin (Jackson
ImmunoResearch Labs, Cat#016-580-084), Alexa 647 Donkey anti-Rabbit IgG (Thermo
Fisher Scientific Cat# A-31573).

Multiplex Fluorescent In Situ Hybridization (ML-FISH)

Fresh-frozen tissues were cryosectioned at 16-pm and stored at —80°C. Commercially
available RNAscope Multiplex Fluorescent reagent kits and RNAscope probes were used for
transcript detection (Advanced Cell Diagnostics, Hayward, CA) as described®®. RNAscope
probes used in this study were as follows: Met (Cat# 405301), Tph2 (Cat# 318691), GFP
(Cat# 400281), Kcna4 (Cat# 405311), Kend2 (Cat# 452581), Oprm1 (Cat# 315841), Tacr3
(Cat# 481671), Chrna7 (Cat# 465161), Chrm2 (Cat# 412121), and Crhr2 (Cat# 413201).
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Retrograde tracing with retrobeads

Adult (P60-90) Met®FP reporter mice were anesthetized with vaporized isoflurane (5%
induction, 1.5-2% maintenance) and stabilized in a Narishige SG-4N small animal head
holder. Depth of anesthesia was measured by respiration rate, and mice were maintained at
37°C for the duration of the surgical procedure using a TCAT-2 temperature controller
(Physitemp Instruments, Inc.). Through stereotaxic guidance, a picospritzer connected to a
pulled glass pipette (20 um inner diameter and 35 pm outer diameter) was used to inject
100-200 nl of green or red Retrobeads™ IX (Lumafluor Inc.) into the desired forebrain
target (see supplemental information for injection sites and stereotaxic coordinates). The
needle was left in place for 5 minutes following injection, and then retracted slowly to
minimize contamination of unintended brain regions along the needle tract. To minimize
discomfort, mice were given a subcutaneous injection of the non-steroidal anti-inflammatory
drug (NSAID) ketoprofen (5 mg/kg) immediately before the surgery, and ibuprofen (0.2
mg/mL) was provided in the drinking water for the first 3 days following surgery. Fourteen
days after the surgery, mice were transcardially perfused with 4% paraformaldehyde
dissolved in phosphate buffered saline (PBS) and tissue was processed for
immunohistochemical analysis as described above.

Imaging and Anatomical Terminology

Fluorescent Images were acquired as Z stacks using a Zeiss Axio Observer Inverted
microscope fitted with a LSM700 confocal scanner through a 20x/0.8NA Plan-
APOCHROMAT objective (Cellular Imaging Core at the Saban Research Institute at
Children’s Hospital Los Angeles) controlled by Zeiss Zen 2009 program. Figures were
prepared digitally using Adobe Photoshop CS5.1 and Adobe Illustrator CS5.1 (Adobe
Systems In., San Jose, CA). Brightfield images were taken using Leica DMI6000B inverted
microscope equipped with a 10x objective and a color CCD camera (Cellular Imaging Core
at the Saban Research Institute at Children’s Hospital Los Angeles).

The classic definition of the serotonergic B6 subgroup of the Dorsal Raphe Nucleus?: 3 has
been carefully studied cyto- and genoarchitecturally20. For the analysis of Met, the GFP
reporter, other gene expression patterns, and retrogradely and anterogradely labeled neurons,
we utilize the Paxinos and Franklin3! designations of the Dorsal Raphe Nuclei, including
dorsal (DRD), ventral (DRV), caudal (DRC), and interfascicular (DRI) subdivisions. There
are two important notes related to our use of the Paxinos terminology. First, neurons located
in the ventrolateral part of the dorsal raphe (DRVL) were included in the quantification of
the DRD (Figure 1A). Second, we reserve the use of the term DRI for reference to the
caudal aspect of the DRI, as depicted in the line drawing in Figure 1A. Using Pet-1+ cells at
postnatal day (P) 10, Alonso et al.20 genoarchitecturally define this portion of the DRI as the
r1DRyv, which is located immediately ventral to the rilDRd (Paxinos, DRC). This subset of
caudal 5-HT neurons forms a slender, ventral trail of cells (r1DRv) that extends along the
midline just above and in between the medial longitudinal fasciculus (MLF). The Median
Raphe Nuclei extend ventrally from their dorsal limit, which is marked by the decussation of
the superior cerebellar peduncle at rostral levels, and by the ventral aspect of the MLF at
caudal levels.
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Anterograde tracing using recombinant adeno-associated virus

Anterograde tracing experiments were done using SertC®* mice obtained by crossing
Sert®™® male mice with C57-b16-J mice®®. As previously described (Muzerelle et al. 2016)
replication-defective adeno-associated viruses (AAV-CAG.LSL.EGFP) from Penn Core
Vector (University of Pennsylvania, USA) were used to obtain conditional GFP expression
in 5-HT raphe neurons. Adult mice (P60) were anesthetized with ketamine (150 mg/kg)/
Xylazine (10 mg/kg), placed in a stereotaxic frame and 30 nl of AAV2/1/red fluorescent
beads (7/1 v/v) was injected with a glass capillary pipet (40 um tip diameter;) at the
following coordinates from the Bregma (+ 5,35 AP, 0,5 L, 4,2 Deep), and 3 weeks after
surgery mice were euthanized and transcardially perfused with buffered 4%
paraformaldehyde. Brains were post-fixed overnight, cryoprotected in 30% sucrose and
serially cut at 50pum on a sliding microtome (Microm Microtech, France). Free-floating
sections were washed in PBS and incubated in a solution containing 1/1000 chick anti-GFP
(Aves Labs), 1/5000 goat anti-Sert (Santa Cruz), or 1/3000 rabbit anti-5-HT (Sigma).
Primary antibodies were applied 48 hrs at 4°C, sections washed extensively, and secondary
antibodies (donkey-anti-chick-Alexa 488, Cy3-donkey antigoat, Cy5-donkey anti rabbit, all
from Jackson laboratories) were applied for 2—4 hrs at room temperature. DAB-peroxidase
immunostaining of GFP was performed on one complete series of sections!3. Fluorescent
images were acquired on a Leica SP5 confocal system, equipped with an Argon laser (for
the 488nm excitation), a Diode 561 nm and HeNe 633nm. Z- series stacks of confocal
images were acquired at 1024 x 1024 pixel resolution, with a pinhole set to one Airy unit
and optimal settings for gain and offset. Mapping of GFP-expressing somata and axons were
analyzed with a 40X/1.25 N.A Plan-apochromat.

Quantitative Image Analysis

IMARIS software (8.4.1) from Bitplane was used to quantify the percentage colocalization
for each of the RNAscope ML-FISH and fluorescent immunocytochemistry experiments
(including the retrograde tracing experiments). Specifically, three-dimensional renderings
created from confocal z-stacks (images were collected within the anatomical location
described in each figure and in the “Imaging and Anatomical Terminology” section of the
methods section) were opened in IMARIS. Then, the spots tool was used to manually assign
a spherical spot (dimeter =10um) to each object (fluorescent signal resembling a cell) in
each channel, while all other channels were hidden. Each successive channel was separately
evaluated while the other channels were hidden. Once all objects had been separately
identified in each fluorescent channel, the spots identified in separate channels were
compared to identify cells that were positive for multiple fluorescent signals of interest.

For the ML-FISH experiments, the threshold for qualification as a positive cell was the
presence of multiple fluorescent puncta/grains surrounding a DAPI-positive nucleus, with
each punctum exhibiting fluorescence intensity qualitatively higher than background levels
seen throughout the surrounding tissue. Similarly, for the retrograde tracing experiments, a
retrograde positive cell was identified as any DAPI-positive nucleus surrounded by punctate
fluorescent retrobeads. GFP-positive and 5-HT-positive cells labeled through
immunocytochemical amplification were identified as smooth and continuous, cytosolic
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signals, surrounding a DAPI-positive nucleus, and were each identified while all other
fluorescent channels were hidden in the IMARIS display of the confocal z-stack.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Met expression isenriched in 5-HT neurons positioned in the DRC
A) Line drawings modified from the Paxinos and Franklin3! stereotaxic mouse brain atlas to

illustrate the regions imaged and quantified in B-E”. B) Quantification (n = 3 mice) of the
percentage of 7phZ-positive neurons in each DRN subdivision that express Met transcript at
postnatal day 14 (P14). C) Low magnification image of Met (light blue) and 7ph2 (red)
transcripts detected by ML-FISH with RNAscope probes in cryosections containing the
DRD, DRV, and rostral part of the MRN (Bregma level —4.6mm) prepared at P14. Yellow
arrows indicate 7phZ2-positive cells that express Met. Gray arrowheads denote 7ph2-positive
cells that do not express Met. C’) Same image as C, with only Metsignal shown. C”) High
magnification image of region boxed in panel C. Note the absence of Mettranscript from
most 7phZ-positive cells in the DRV. D) Low magnification image of Metand 7ph2
transcripts in the DRC and DRI subdivisions of the raphe (Bregma level 5.0 mm). D")
Same image as D, with only Metsignal shown. D”) High magnification image of region
boxed in panel D. Note the high degree of colocalization of Metand TphZ2transcripts in the
DRC. E) Low Magnification image of Metand TphZ2transcripts in the MRN. E’) Same
image as E, with only Metsignal shown. E”) High magnification image of region boxed in
panel E. Scale bars = 100 um in C’, D’, and E’. Scale bars =50 ym inC”, D”, and E”.
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Figure 2. 5-HTMET* neurons project to the subventricular zone of thelateral ventricle
A) Schematic line drawing modified from stereotaxic mouse brain atlas3! to depict the

region imaged (blue box) in B-C” (Bregma level -5.0 mm). B) Coronal section through the
DRC (red dashed line) and DRI (cyan dashed line) of the adult mouse brain. Section
contains neurons retrogradely labeled from the lateral ventricle (magenta) and is
immunolabeled with an anti-5-HT antibody (white). B") The same region displayed in panel
B, but immunolabeling with an anti-GFP (green) antibody is shown. C-C”) Split channels
of images displayed in B and B” (5-HT, white; retrobeads, magenta; GFP, green; DAPI,
blue). D) Schematic line drawing depicting the region imaged (blue box) in E-F" (Bregma
level —4.6 mm). E) Coronal sections through the DRD (red dashed line) and DRV (cyan
dashed line) immunolabeled with an anti-5-HT antibody (white). Notice the relative absence
of SVZ-projecting neurons (magenta) at this level of the raphe complex. E”) The same
coronal section as shown in panel E, but immunolabeling with an anti-GFP (green) antibody
shown. F-F”) Split channels of images displayed in E and E” (5-HT, white; retrobeads,
magenta; GFP, green; DAPI, blue). G) Quantification of the percentage of SVZ-projecting
neurons in the DRC that express GFP (n = 5 mice). Scale bars = 100 um for all panels
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Figure 3. Dorsal ra&he neuronsthat project to entorhinal cortex or dorsal hippocampusare
distinct from 5-HTMET* neurons
A-A") Coronal section through the DRC and DRI (Bregma level — 5.2 mm) of adult MetCFP

brain. The section contains neurons retrogradely labeled from CA1 of dorsal hippocampus
(yellow puncta, cyan arrowhead) that are positioned with the DRI. 5-HT immunolabeling
(white) shows these hippocampal-projecting neurons are serotonergic. B-B”) Coronal
section through the DRC and DRI (Bregma level =5 mm) containing entorhinal-projecting
(magenta, cyan arrow) and hippocampal-projecting (yellow) neurons. GFP immunolabeling
(green) indicates that the retrogradely labeled neurons are distinct from the 5-HTMET+
population, even when positioned within the DRC. C— C”) Coronal section through DRD
and DRV (Bregma level —4.7 mm) containing entorhinal- and hippocampal-projecting
neurons clustered in the DRV. 5-HT immunolabeling (white) shows that the entorhinal-
projecting neurons are serotonergic. Neither population expresses GFP. D and D”) High
magnification images of regions boxed in panels C and C”. Scale bars =100 pm for all
panels.
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Figure 4. Anterogradetracing of serotonin neurons of the DRC
A-A") A subset of DRN neurons, situated in the DRC, expresses GFP (A”) after injection

of an AAV expressing conditionally GFP in Sert®® mice. Anterogradely labeled 5-HT+
axons (arrows) are noted in the subependymal plexus of the fourth ventricle. A small number
of ventrolaterally displaced cells are visibly labeled near the viral injection site (region
surrounded by yellow dotted line). B-B”) B shows a low power magnification of GFP+
axon terminals abutting the lateral ventricle, B,B” are higher magnifications of the boxed
area in B, to show the GFP-5-HT co-labeling. C) Schematic illustration showing, with
purple shading, the main areas covered by the anterogradely labeled axons from B6. The red
squares indicate the regions where micrographs were taken to illustrated panels D and E.
D,D’) High power of GFP+/5HT+ axons in the lateral septum and the subependymal plexus.
E-E”) anterogradely labeled GFP+/5HT+ axons in the ventral hippocampus. Scale bars =
200 pm in A, B. Scale bars =20 pm inB’, B”, D-D”, and E-E”.
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Figure5. Crhr2 isexpressed by subsets of 5-HT neuronsin the DRC
A) Coronal section through the DRC and DRI (Bregma level =5.0 mm) of the P14 mouse

brain with ML-FISH performed with RNAscope probes directed toward Fev (orange), Crhir2
(Magenta) and Met (light blue) transcripts. A’~A") High magnification images of the region
boxed in panel A showing colocalization of Fey, Crhr2and Metin the DRC. Also, note the
Fev-positive, Met-negative cell which displays intense Crir2-fluorescent signal (cell is
indicated by green arrow). B) Coronal section through the DRD and DRV (Bregma level
-4.7 mm) with ML-FISH performed as in A-A”. B’~B”) High magnification images of
region boxed in panel B showing CrArZ2-positive cells (green arrow) in the DRD, along with
a sparse Met-expressing neuron that does not express CrAr2 (denoted by red arrowhead).
Scale bar = 100 um in A and B. Scale bar =50 um, in A’~A” and B'-B”.
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Figure 6. Genesenriched in 5-HTMET* neuronsin the DRC
A) In situhybridization reveals Kcna4 transcript enrichment in the DRC. Sagittal section of

the adult mouse brain from the Allen Mouse Brain Atlas*3. B) /n situ hybridization
displaying Kcnd2transcript enrichment in the DRC. Sagittal section of postnatal day 4 (P4)
mouse brain from the Developing Mouse Brain Atlas. C) /n situhybridization displaying
Tacr3transcript enrichment in the DRC. Sagittal section of P4 mouse brain from the
Developing Mouse Brain Atlas. A’—C") Coronal section through the DRC and DRI (Bregma
level =5 mm) of P14 mouse brain. ML-FISH performed using RNAscope probes toward
Tph2 (orange), Met (light blue), and Kcna4 (A"), Kend2 (B”), or Tacr3(C’) (magenta);
DAPI, white. Green arrows denote the expression of candidate genes by non-5-HT ( 7ph2-
negative) cells surrounding the DRC. A”-C”) Coronal section through the DRD and DRV
(Bregma level —4.9 mm, A” and B”; Bregma level —4.7mm) of P14 mouse brain. ML-FISH
performed asin A’, B” and C”. Note the reduced expression of the candidate genes
(magenta) in these more rostral sections. Scale bar in low mag (C”) images = 100 um. Scale
bar in high magnification insets, 25 um.

ACS Chem Neurosci. Author manuscript; available in PMC 2018 May 03.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Kast et al.

Table 1

Genes enriched in the DRC compared to more rostral DRN

Genes with expression enriched in the DRC region as identified in the Allen Brain Atlas

Gene Known Function

Kcnas ** | Potassium Channel

Kend2 ** | Potassium Channel

Chrna7* | Cholinergic receptor
chrm2” | Cholinergic receptor
Oprm1™ | H-opiod Receptor

Tacr3 ™™ | Tachykinin receptor

ChIn2 Synaptic formation

Necab2 Neuronal calcium-binding protein
Epha6 Axon guidance molecule
Lgi2 Link to epilepsy

Peg10 DNA/RNA binding protein
Zeh2 Neuronal fate

Abtbl Translation elongation related
Cited 1 Transcription coactivator

*
and ** Indicate transcripts that were chosen for further analysis by ML-FISH.

*ok

indicates the transcripts for which ML-FISH results are shown in Figure 6
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