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Abstract

The parabrachial nucleus (PB) is a complex structure located at the junction of the midbrain and
hindbrain. Its neurons have diverse genetic profiles and influence a variety of homeostatic
functions. While its cytoarchitecture and overall efferent projections are known, we lack
comprehensive information on the projection patterns of specific neuronal subtypes in the PB. In
this study, we compared the projection patterns of glutamatergic neurons here with a
subpopulation expressing the transcription factor FoxpZ2and a further subpopulation expressing the
neuropeptide Pdyn. To do this, we injected an AAV into the PB region to deliver a Cre-dependent
anterograde tracer (synaptophysin-mCherry) in three different strains of Cre-driver mice. We then
analyzed 147 neuroanatomical regions for labeled boutons in every brain (n=11). Overall,
glutamatergic neurons in the PB region project to a wide variety of sites in the cerebral cortex,
basal forebrain, bed nucleus of the stria terminalis, amygdala, diencephalon, and brainstem. Foxp2
and Pdyn subpopulations project heavily to the hypothalamus, but not to the cortex, basal
forebrain, or amygdala. Among the few differences between Foxp2and Pdyn cases was a notable
lack of Pdyn projections to the ventromedial hypothalamic nucleus. Our results indicate that
genetic identity determines connectivity (and therefore, function), providing a framework for
mapping all PB output projections based on the genetic identity of its neurons. Using genetic
markers to systematically classify PB neurons and their efferent projections will enhance the
translation of research findings from experimental animals to humans.
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The parabrachial nucleus surrounds the superior cerebellar peduncle at the midbrain-hindbrain
junction. Its glutamatergic neurons form subpopulations with distinct genetic identities, two of
which express FoxpZand Pdyn. Here, we detail the location of Foxp2- and Pdyn-expressing
neurons within the larger Vg/lutZ-expressing population. We then use Cre-conditional expression
of synaptophysin-mCherry to map the efferent projections of each population. Salient findings
include the identification of glutamatergic output from the parabrachial nucleus to the rostral
entorhinal cortex and lateral superior colliculus, plus an absence of FoxpZ2or Pdyn output to the
cerebral cortex, basal forebrain, and amygdala.
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Introduction

The parabrachial nucleus (PB) contains functionally diverse neurons. These neurons receive
input from and send output to a broad array of regions throughout the neuroaxis. Different
PB subregions receive ascending input from the spinal cord (Bernard et al., 1995; Feil &
Herbert, 1995) or the lower brainstem (Herbert et al., 1990; Norgren & Leonard, 1971), as
well as descending input from the hypothalamus, amygdala, basal forebrain, bed nucleus of
the stria terminalis, and cerebral cortex (Grady et al., 2020; Moga et al., 1990; Tokita et al.,
2009). Neurons in and around the PB send output projections to the brainstem and spinal
cord (Fulwiler & Saper, 1984; Geerling et al., 2017; Saper & Loewy, 1980; Yoshida et al.,
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1997), thalamus (Bester et al., 1999; Krout & Loewy, 2000), hypothalamus (Bester et al.,
1997; Fulwiler & Saper, 1984), amygdala (Bernard et al., 1993), bed nucleus of the stria
terminalis (Alden et al., 1994), and cerebral cortex (Grady et al., 2020; Saper, 1982).

This groundwork of neuroanatomical knowledge helped identify a role for PB neurons in a
wide variety of homeostatic functions. These include taste signaling (Norgren, 1976;
Norgren & Leonard, 1971, 1973), hunger (Carter et al., 2015; Carter et al., 2013; Garfield et
al., 2015; Kim et al., 2020; Li et al., 2019; Wu et al., 2012), thirst and sodium appetite
(Geerling et al., 2011; Lee et al., 2019; Park et al., 2020; Ryan et al., 2017),
thermoregulation (Geerling et al., 2016; Nakamura & Morrison, 2008, 2010; Yahiro et al.,
2017), nociception (Bester et al., 1995; Chiang et al., 2019), breathing (Chamberlin & Saper,
1994; St John et al., 1972), hypercapnic arousal (Kaur et al., 2013; Kaur et al., 2017),
cardiovascular control (Chamberlin & Saper, 1992; Miller et al., 2012), itch (Mu et al.,
2017), and alarm (Campos et al., 2018; Palmiter, 2018; Saper, 2016).

In some cases, a specific function has been linked to a subpopulation of PB neurons defined
by expression of one or more genes. For example, neurons in the lateral PB that relay skin
temperature uniformly express the transcription factor Foxp2, and a subset activated by
warm temperature expresses the neuropeptide gene Pdyn (Geerling et al., 2016). A separate,
medial cluster of neurons that express both Foxp2and Pdynis implicated in sodium appetite
(Gasparini et al., 2019; Geerling et al., 2011; Jarvie & Palmiter, 2017; Lee et al., 2019;
Resch et al., 2017). And yet another subset of Pdyrn-expressing neurons, among or between
these populations, has been implicated in mechanosensory feedback signaling for meal
termination (Kim et al., 2020).

PB neurons are predominantly glutamatergic, expressing the vesicular glutamate transporter
Slc17a6l Vglut2 (Gasparini et al., 2019; Geerling et al., 2017; Miller et al., 2012; Niu et al.,
2010; Verstegen et al., 2017a), but we lack a complete map of the efferent projections of
glutamatergic neurons in this region. A large subset of glutamatergic PB neurons express the
transcription factor FoxP2 (Geerling et al., 2016; Miller et al., 2012; Verstegen et al., 2017a),
and a further subset of these also expresses Pdyn (Geerling et al., 2016; Lee et al., 2019;
Miller et al., 2012). These genetically distinct subpopulations may have distinct output
patterns, but their efferent projections have not been compared or mapped comprehensively.
Other investigators targeted subsets of Vg/utZ or Pdynneurons with Cre-conditional vectors
in mice (Chiang et al., 2020; Garfield et al., 2014; Kim et al., 2020; Lee et al., 2019) without
showing or systematically analyzing their axonal projections, and the only information
available regarding the efferent projections of FoxpZ2neurons in the PB derives from
retrograde labeling in rats (Shin et al., 2011).

Having cell-type-specific information about the overall projection patterns of these PB
subpopulations would improve our ability to predict and test their functions. Here we use
Cre-conditional labeling in mice to map and compare the whole-brain efferent projections of
Viglut2-, Foxp2- and Pdyrn-expressing neurons in the PB region.
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Materials and Methods

Mice.

All mice were group-housed in a temperature- and humidity-controlled room on a 12/12-
hour light/dark cycle and with ad /ibitum access to water and standard rodent chow. Overall,
we used n=18 mice, both male (n=13) and female (n=5), ranging in age from 8 to 31 weeks
(19-35 g body weight). We used a variety of knockin Cre and Cre-reporter mice; detailed
information about each strain is in Table 1. All Cre-driver and Cre-reporter mice were
hemizygous and maintained on a C57BL6/J background. We also used tracing data from
several of these mice in a separate study that focused exclusively on interconnectivity
between the cerebral cortex and PB (Grady et al., 2020). All experiments were conducted in
accordance with the guidelines of the Institutional Animal Care and Use Committee at the
University of lowa.

Stereotaxic injections.

Mice were anesthetized with isoflurane (0.5-2.0%) and placed in a stereotactic frame (Kopf
1900 or 940). We made a midline incision and retracted the skin to expose the skull and
identify bregma, then drilled a small burr hole above the right PB region. Through a pulled
glass micropipette (20-30 um inner tip diameter), we injected AAV8-hEfla-DIO-
synaptophysin-mCherry (AAV8-DIO-Syp-mCherry, 2.5 x 1013 pfu/mL; purchased from Dr.
Rachel Neve at the Massachusetts Institute of Technology McGovern Institute for Brain
Research Viral Vector Core). Injection volumes ranged 20-100 nL (80-100 nL in Vglut2-
IRES-Cre, 60-80 nL in FoxP2-IRES-Cre, and 20 nL in Pdyn-IRES-Cre mice). We used
slightly larger injection volumes in VVglut2 cases to cover a larger extent of the PB per case
and smaller injection volumes in Pdyn cases because pilot injections with larger volumes
than this resulted in substantial transduction of neurons outside the PB. In each case, we
targeted the parabrachial nucleus with coordinates 4.77-5.25 mm caudal to bregma, 0.92—
1.40 mm right of midline, and 3.55-3.85 mm deep to bregma. Each injection was made over
a 5-minute period, using picoliter air puffs through a solenoid valve (Clippard EV 24V DC)
pulsed by a Grass stimulator. The pipette was left in place for an additional 3-5 minutes,
then withdrawn slowly before closing the skin with Vetbond (3M). Meloxicam (1 mg/1 kg)
was provided for postoperative analgesia. AAV-injected mice were allowed to survive for 3—
5 weeks after surgery to allow optimal production of Cre-conditional proteins and traffic into
synaptic boutons (Vglut2 cases 26-35 days; FoxP2 cases 20-35 days; Pdyn cases 32 days).

Perfusion and tissue sections.

Mice were anesthetized with a mixture of ketamine-xylazine (i.p. 150 and 15 mg/kg,
respectively, dissolved in sterile 0.9% saline), then perfused transcardially with phosphate-
buffered saline (PBS), followed by 10% formalin-PBS (SF100-20, Fischer Scientific). After
perfusion, the brain was removed and fixed overnight in 10% formalin-PBS. We sectioned
the brains into 40 um-thick coronal slices using a freezing microtome and collected tissue
sections into separate, 1-in-3 series. Sections were stored in cryoprotectant solution at =20
°C until further processing.
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Immunohistology.

For immunofluorescence labeling, we removed the tissue sections from cryoprotectant and
rinsed them in PBS before loading them into a primary antibody solution. Primary antisera
(see Table 2 for details) were added to a PBS solution of 0.25% Triton X-100 (BP151-500,
Fisher), 2% normal donkey serum (NDS, 017-000-121, Jackson ImmunoResearch), and
0.05% sodium azide (14314, Alfa Aesar) as a preservative (PBT-NDS-azide). We incubated
these sections overnight at room temperature on a tissue shaker. The following morning, the
sections were washed 3x in PBS and incubated for 2 hours at room temperature in PBT-
NDS-azide solution containing species-specific donkey secondary antibodies. These
secondary antibodies were conjugated to Cy3, Cy5, Alexa Fluor 488, or biotin (Jackson
ImmunoResearch; each diluted 1:500-1,000). When a biotinylated secondary antibody was
used, we incubated tissue sections for an additional 2 hours in streptavidin-Cy5 (#SA1011;
Invitrogen) prepared in PBT-NDS-azide. These sections were then washed 3x in PBS,
mounted on glass slides (#2575-plus; Brain Research Laboratories), and coverslipped using
Vectashield with DAPI (Vector Labs). Slides were stored in slide folders at 4 °C until
imaging.

For brightfield labeling (immunohistochemistry), we removed tissue sections from
cryoprotectant, rinsed them in PBS, then incubated them in hydrogen peroxide (0.3% in
PBT-Az; #H325-100, Fisher) for 30 minutes to quench endogenous peroxidase activity.
After 3x washes in PBS, we loaded sections into PBT-NDS-azide containing rabbit anti-
dsRed and incubated them overnight, at room temperature, on a tissue shaker. After 3 PBS
washes the following morning, we incubated sections for 2 hours in a 1:500 solution of
biotinylated donkey anti-rabbit (#711-065-152; Jackson) in PBT-NDS-azide. Sections were
washed 3x and placed for 1 hour in avidin-biotin complex (Vectastain ABC kit PK-6100;
Vector), washed 3x in PBS, and incubated in nickel-diaminobenzidine (NiDAB) solution for
10 minutes. Our stock DAB solution was prepared by adding 100 tablets (#D-4418, Sigma,
Saint Louis, MO) into 200 mL ddH»0, and then filtering it. We then used 1 mL of this DAB
stock solution, with 300 uL of 8% nickel chloride (#N54-500, Fisher Chemical) per 6.5 mL
PBS. After 10 minutes in NiDAB, we added hydrogen peroxide (0.8 pL of 30% H,0, per 1
mL PBS-DAB) and swirled sections for 2-5 minutes until observing black (nickel-DAB)
color change. After two rapid PBS washes, we wet-mounted one or more sections and
checked them in a light microscope to ensure optimal staining. Finally, after washing
sections an additional 3% in PBS, we ordered and mounted them on glass slides. Slides were
air-dried then dehydrated in an ascending series of alcohols and xylenes, then coverslipped
with Cytoseal 60 (#8310-16 Thermo Scientific).

Nissl counterstaining.

After whole-slide imaging (described below), all slides were Nissl-counterstained then re-
imaged. The coverslips were removed by soaking in xylenes for up to a week. After
rehydration through 1-minute dips in a graded series of alcohols, we rinsed the slides in
water and dipped them in a 0.125% thionin solution (Fisher Scientific) for 1 minute. Slides
were rinsed in water until the solution cleared, then dehydrated in a series of ethanol
solutions. The slides were placed in 50% EtOH, 70% EtOH, 400mL of 95% EtOH with 10
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drops of glacial acetic acid, 95% EtOH, 100%, and 100% EtOH, and two xylene solutions.
Afterwards, the slides were coverslipped with Cytoseal.

Fluorescence in situ hybridization.

To label neurons that express mRNA for S/c17a6l Vglut2in n=2 AAV-injected cases (1280
and 1281) and in n=3 male Cre-reporter mice for VglutZ, or Pdynin n=3 AAV-injected cases
(1812, 1813, and 1814), we used RNAscope Fluorescent Multiplex Detection Reagents (ref#
320851; Advanced Cell Diagnostics). For background cytoarchitecture in the AAV-injected
Vglut2 cases, we also labeled ubiquitin (Ubc) mMRNA.

The afternoon before hybridization, we removed six tissue sections through the PB region
from cryoprotectant, rinsed them in PBS at room temperature, and then mounted them on
glass slides to dry overnight at 4 °C. In the morning, we outlined sections using a Super-HlI
PAP pen (Research Products Incorporated) and vacuum grease (Dow Corning) to form a
hydrophobic barrier, then washed sections in PBS for 2 minutes, twice, at room temperature.
We then covered sections with Protease IV in glass petri dishes floating in a 40 °C water
bath for 30 minutes. After PBS 2 x 2 minute washes, we incubated sections in a combination
of two probes (Mm-Slc17a6-C3, #319171-C3 and Mm-Ubc #310771 or Mm-Pdyn-C3
#318771-C3; ACD) for 2 hours at 40 °C. After that, we added amplification reagents 1-4 in
series, for 15-30 minutes each, at 40 °C, with 2 x 2 minutes in RNAscope wash buffer
(#320058; diluted 1:50 in ddH20) between each step.

After finishing the RNAscope protocol, we used immunofluorescence to label mCherry.
Sections were incubated in PBT-azide solution with primary antibody (rat anti-mCherry, see
Table 2) overnight at 4 °C, then washed with PBS the next morning and incubated in Cy3-
donkey anti-rat (1:1000 in PBT-azide; #712-165-153, Jackson ImmunoResearch) for 2 hours
at room temperature. After a final PBS wash, we coverslipped slides using Vectashield with
DAPI.

Imaging, figures, and analysis.

All slides were scanned using an Olympus VS120 microscope. For brightfield images of
NiDAB and then Nissl-counterstained sections, we used a x20 (NA 0.75) or x40 (NAQ.95)
objective with extended focal imaging (EFI) to collect and combine in-focus images from 11
focal planes through the tissue. After reviewing whole-slide images in OlyVIA or VS-ASW
software (Olympus), we collected additional EFI or multifocal image stacks at higher
magnifications in some regions of interest. To collect images from the lateral PB of neurons
containing S/c17a6l Vglut2 mRNA and L10GFP Cre-reporter for Vglut2, we used the x25
water immersion objective on a laser-scanning confocal microscope (TCS SP5II, Leica).

To collect epifluorescence images of immunofluorescence and RNAscope-labeled sections
through the injection site or lateral hypothalamus in a subset of cases, we began by using an
x10 (NA 0.40) objective to scan the full slide, then collected x20 EFI images encompassing
each region of interest. Finally, in regions containing Syp-mCherry-expressing neurons, we
collected x40 Z-stacks encompassing all these neurons at each level of the injection site, for
co-localization cell counts. For each slide, this produced a Virtual Slide Image (VSI) file
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containing a single, x10, whole-slide layer, plus separate layers with x20 EFI and in some
cases, x40 Z-stacks, in regions of interest for analysis or figures.

We opened each VSI file in Cellsens (Olympus), then scanned through every Z-plane in each
x40 image stack (containing every rostro-caudal level through the injection site) and marked
every neuron with Cy3 immunofluorescence labeling for (Syp-)mCherry. We used a
conservative set of criteria to count neurons, only counting cells with a definite nuclear void
that was present and fully in-focus in at least 1 focal plane in the Z-stack. After marking all
Syp-mCherry-expressing neurons, we returned to each cell and examined every focal plane
containing its nucleus and cytoplasm for punctate S/c17a6/\Vglut2 mRNA labeling (Vglutz-
IRES-Cre cases 1280 and 1281) or Pdyn mRNA labeling (Pdyn-IRES-Cre cases 1812, 1813,
and 1814), using a conservative criterion of at least 10 mRNA dots present and in-focus in
the area bounded by Syp-mCherry labeling in that neuron. In tissue with
immunofluorescence labeling for FoxP2 and (Syp-)mCherry, we assessed each Syp-
mCherry-expressing neuron for nuclear FoxP2-immunoreactivity (FoxpZ2-IRES-Cre cases
1404 and 1405 and Pdyn-IRES-Cre cases 1812 and 1814). For each of these combinations,
we divided the number of double-labeled neurons by the total number of Syp-mCherry
labeled neurons across all sections in each case to calculate the percentage of neurons
expressing the mMRNA or protein in question. We did not use an Abercrombie correction
factor because the result of interest was the percentage of Syp-mCherry-transduced neurons
that contain a particular mRNA or protein, which stems from a binary rating for each
neuron; applying a counting correction would not change this result, and estimating the total
number of neurons transduced is not a relevant endpoint in this study. We did not count the
overall numbers of FoxP2-immunoreactive nuclei, S/c17a6/ VglutZ mRNA-, or Pdyn mRNA-
expressing cells because these numbers were not of interest in this study, where the
proportion of overall cells that were transduced to express Syp-mCherry in each population
was very small.

To compare the overall spatial distribution of transduced neurons in each injection site, we
plotted the core cluster of Syp-mCherry-expressing neurons in each case onto three template
levels of the PB (approximate bregma levels —=5.0, —5.2, —5.4) atop landmarks derived from
Nissl-counterstained images of the PB region. We overlaid these injection site outlines in
Adobe Illustrator and applied color and transparency (50% opacity) to produce the
comparisons in Figure 4. Nissl-counterstained sections through the full injection site from
each case (including sections rostral or caudal to the PB in some cases) are shown in the
Supplemental Figure.

In all cases, we immunolabeled, imaged, and analyzed every section from at least one 1-in-3
series of sections through the full brain, from the olfactory bulbs to the cervical spinal cord.
Throughout this paper, we will use the term “boutons” to refer to punctate, NiDAB labeling
of Syp-mCherry. Immunoelectron and light microscopy studies uniformly localize
synaptophysin to presynaptic boutons, where it is an integral membrane protein in all
synaptic vesicles (Calhoun et al., 1996; Wiedenmann & Franke, 1985). We identified Syp-
mCherry-labeled boutons in NiDAB-labeled images (without Nissl counterstaining), then
compared the locations of labeled boutons in these images side-by-side with subsequent
images of the same sections after Nissl counterstaining to more precisely identify

J Comp Neurol. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 8

neuroanatomical loci based on the local cytoarchitecture. We scored the density of Syp-
mCherry-labeled boutons in each brain region on a semi-quantitative (0-4) scale. For brain
regions with scattered, minimal labeling, we assigned the intermediate designation of “trace”
labeling. Our reference standards are shown in Figure 6. Two independent raters (DH &
JCG) scored every region from each brain and reviewed all results together, using the same
reference standards to reach consensus. We compiled this full-brain information for every
PB-injected case from every genotype to produce the comparisons in Figure 6.

We also developed a neural network-based Python script to plot Syp-mCherry-labeled
boutons for illustrations. This script combines two separate algorithms, in series, to label
boutons with a high degree of confidence; a “proposal” intensity-based algorithm, followed
by a “confirmation” convolutional neural-network based algorithm. A full-resolution TIFF
(346 nanometers per pixel) was exported from VS-ASW (Olympus) and imported into
Python. The proposal algorithm passes the image through a Gaussian filter to smooth out
small histological artifacts, then searches for groups of pixels that are darker by 3 grayscale
values than the surrounding tissue (15 surrounding pixels). These pixels are considered
potential boutons to be analyzed by the confirmation algorithm.

The confirmation algorithm is a convolutional neural network that inputs a 15-by-15 pixel
subsample of the larger image, centered on the potential bouton. As positive training data,
this algorithm uses 173,934 boutons that were labelled manually from 17 tissue sections
from two brains. As negative training data, we randomly selected 5,000 portions of these
images, discarding any that overlapped by more than 50% any of the 15-by-15 (225-pixel)
frames surrounding manually-labelled boutons. These training data were fed into a neural
network with several convolutional, max-pooling, and fully connected layers, which
outputted a probability of the potential bouton being labeled as a true bouton by a human
annotator. The full algorithm is available at https://github.com/GeerlingLab/
Parabrachial_efferents. We used this algorithm to identify and plot boutons in matched
subsets of 27 sections selected from one representative brain chosen from each genotype
(1280 Vglutz, 1405 FoxpZ2, 1812 Pdyn). Each bouton location was output as a circle (radius
5 pixels) filled with red (Vg/ut2), blue (Foxp2), or green (Pdyr). These images had the same
dimensions and pixel resolution as the input image, with the background color set as
transparent, and were exported and compressed to PNG. Next, in Adobe Illustrator, we
aligned each PNG file containing color boutons in a separate layer atop the source (TIFF)
histological image from each brain section. In another layer, we aligned a Nissl-
counterstained image of the same section. We used the aligned Nissl cytoarchitecture in this
image to trace the brain borders, major white matter tracts, and cerebral ventricles for
illustrations. We also used Nissl cytoarchitecture in the counterstained section to confirm the
neuroanatomical location of Syp-mCherry-labeled boutons in the NiDAB (pre-
counterstaining) source image and in the plotted PNG overlay.

We Z-projected confocal stacks and merged color channels using FIJI (ImageJ). For other
figures that contain brightfield or fluorescence images, we used Adobe Photoshop to crop
bitmap images from VS-ASW or OlyVIA (Olympus), adjust brightness and contrast, or
combine raw fluorescence data for multicolor combinations. We added lettering and made
all drawings in Adobe Illustrator. Scale bars were traced atop calibrated lines in OlyVIA to
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produce a clean white or black line. To compare the diameters of Syp-mCherry-
immunolabeled boutons in the thalamus of case 1280, we opened whole-slide images in
cellSens (Olympus) and measured the long-axis diameter of 30 punctae, chosen at random
from the lateral aspect of the parvicellular ventral posterior thalamic nucleus or from the
overlying parafascicular thalamic nucleus. We then used Prism 8 (GraphPad) to produce a
histogram (0.5 pm bins) comparing the distribution of bouton sizes from each region.

Nomenclature.

Results

Nomenclature in this paper derives from original neuroanatomical work in the peer-reviewed
literature. For the PB, this literature stems from the cytoarchitecture-based taxonomy
proposed in rats by Fulwiler and Saper (1984), but also includes subsequent work clarifying
subnuclear anatomy in mice (Geerling et al., 2016; Geerling et al., 2017; Kaur et al., 2013;
Verstegen et al., 2017b). For other brain regions, we used nomenclature that has been
adopted by at least one of the two widely used mouse brain atlases (Dong, 2008; Paxinos &
Franklin, 2013).

Distributions of Vglut2-, Foxp2-, and Pdyn-expressing PB neurons.

We began by examining the distribution of PB neurons that express Vg/ut2and the
transcription factor FoxP2. To do this, we immunolabeled the FoxP2 protein in Cre-reporter
mice where GFP expression identifies neurons with current or previous Vg/ut2 expression
(Vglut2-IRES-Cre, R26-IsI-L 10GFP). Consistent with evidence that most PB neurons are
glutamatergic (Geerling et al., 2017; Niu et al., 2010), GFP-expressing neurons filled the PB.
Here and in most surrounding regions, GFP-expressing neurons uniformly contained
Slc17a6l Vglut2 mRNA (Figure 1), with the prominent exception of neurons in the locus
coeruleus (LC), which also expressed GFP, which are known to lack Vg/ut2expression in
adults (Stornetta et al., 2002). All subregions of the PB contained GFP-expressing neurons,
and a subset of these contained nuclear immunoreactivity for FoxP2 (Figure 1). Conversely,
all PB neurons with nuclear FoxP2 immunoreactivity also contained GFP, except for a
cluster of FoxP2+ neurons at the caudal, ventrolateral edge of the PB, which form the
previously described, GABAergic population we named the “caudal Kolliker-Fuse (KF)”
(not shown here; see Geerling et al., 2017). Besides this small population, FoxP2+ neurons
form a dense cluster in the lateral subdivision of the PB, spanning its superior lateral (PBsL),
rostral-to-external-lateral (PBreL), central lateral (PBcL), and dorsal lateral (PBdL)
subnuclei. Fewer FoxP2+ neurons scatter medially, except for a dense, caudal cluster in the
pre-locus coeruleus (pre-LC, Figure 2g).

Next, we immunolabeled FoxP2 in GFP reporter mice for Padyn (Pdyn-IRES-Cre,R26-1s/-
L10GFP), which allowed us to identify neurons with current or previous expression of Payn.
Amid the same overall distribution of FoxP2-immunoreactive nuclei, a large subset co-
localized with GFP, indicating current or previous expression of Pdyn (Figure 2). Many
other FoxP2-immunoreactive neurons lacked GFP, but a large majority of GFP+ neurons in
the PB contained nuclear FoxP2 immunoreactivity, indicating that most Pdyr neurons in this
region represent a subpopulation of PB FoxP2+ neurons. These neurons formed a primary
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cluster in PBdL (Figure 2e) extending rostrally through PBcL, but tapering into fewer,
scattered neurons among the dense FoxP2+ population in PBreL (Figure 2b). Medial and
caudal to PBdL, these neurons extended across the superior cerebellar peduncle and
mesencephalic trigeminal nucleus to form a caudal cluster in the pre-LC (Figure 2h).

Injection Sites.

We injected a vector that delivers a Cre-conditional synaptic marker, synaptophysin-
mCherry (AAV8-hEfla-DIO-synaptophysin(Syp)-mCherry), into the PB of Vglut2-IRES-
Cre, Foxp2-IRES-Cre, and Pdyn-IRES-Cre mice. In Vglut2-IRES-Cre cases, Syp-mCherry
expression was restricted to neurons with mRNA for Vg/ut2 (1,184 of 1,186 counted across
n=2 cases, Table 3; Figure 3a—f). Injections of the same vector into the PB of FoxP2-IRES-
Cre mice transduced fewer neurons, with Syp-mCherry expression restricted to neurons with
nuclear immunoreactivity for FoxP2 (324 of 329 counted across n=2 cases, Table 3; Figure
3g-1). Injections into Pdyn-IRES-Cre mice produced Syp-mCherry expression in neurons
that contain Pdyn mRNA (233 of 235 neurons counted across n=3 cases, Table 3; Figure
3m-0), and most contained nuclear immunoreactivity for FoxP2 (159 of 178 counted from
n=2 cases, Table 3; Figure 3p-u).

Overall, we analyzed 11 cases with injection sites in or largely overlapping the PB. Figure 4
shows the location and extent of the core cluster of neurons expressing Syp-mCherry in the
PB at three, rostral-to-caudal levels in each case. The full, rostrocaudal extent of Syp-
mCherry immunoreactivity in each injection site is shown in the Supplemental Figure.

As expected from the broad distribution of Vg/lutZ-expressing neurons in and around the PB,
Vglut2-IRES-Cre cases had the most neurons expressing the Cre-conditional construct. Each
individual injection transduced neurons across several PB subnuclei and, in combination,
these four cases covered the entire PB. Most injection sites included at least a few Syp-
mCherry-expressing neurons dorsal to the PB, in the cuneiform nucleus and inferior
colliculus. So while our combined cases represent the full set of efferent projections from
the PB, a small subset of projections arise from neurons neighboring the PB. Indeed, as
shown below, some cases had Syp-mCherry-labeled boutons in the ventromedial medulla
(the primary efferent target of glutamatergic neurons in the cuneiform nucleus; Caggiano et
al., 2018) or in the medial geniculate nucleus of the thalamus (MGN, the primary efferent
target of neurons in the inferior colliculus; Kudo & Niimi, 1978).

Injections of the same vector in Foxp2-IRES-Cre mice transduced a more restricted subset
of PB neurons, similar to the distribution of FoxP2 immunoreactive neurons shown in
Figures 1-2. Injections in Pdyn-IRES-Cre mice transduced an even more restricted
subpopulation with a pattern similar to the GFP reporter for Pdynin Figure 2.

Distributions of Syp-mCherry-labeled boutons.

The brain-wide distribution of anterogradely labeled boutons in an exemplary case from
each genotype is shown in Figure 5. We present the rostralto-caudal distribution of brain
regions that receive input from the PB region, complementing this information with
photomicrographs from additional cases to highlight salient differences in projection
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patterns between genotypes or among injection site locations. Going forward, we will use
the terms “Vglut2,” “Foxp2,” and “Pdyn” rather than the full genotype.

Overall, Vglut2 cases had much more extensive labeling across a greater number of brain
regions, extending from the frontal pole back through the spinomedullary junction. FoxP2
and Pdyn cases had labeling in subsets of these regions, primarily in the diencephalon, but
FoxP2 and Pdyn projections avoided the cerebral cortex, basal forebrain, amygdala, and
several other regions with heavy labeling in Vglut2 cases. Ipsilateral was stronger than
contralateral labeling in all regions, with two notable exceptions, the ventral tegmental area
(VTA) and the lateral aspect of the parvicellular ventroposterior thalamic nucleus (VPpc), as
described below.

Cerebral cortex.

We found extensive projections to the cerebral cortex in all Vglut2 cases (see also Grady et
al., 2020). These projections were most extensive in cases with injections covering the
medial PB (cases 0147, 1280) and less dense after injections that were centered laterally
(1281) or rostrally and dorsally (0017). Throughout the prefrontal cortex, moderately dense
Syp-mCherry labeling pervaded the deep layers, from the genu of the corpus callosum up to
the frontal pole (Figure 5al-c1). At the caudal end of this prefrontal expanse, immediately
rostral to the corpus callosum, a dense collection of boutons appeared in the medial
prefrontal cortex, within the ventral infralimbic area and dorsal peduncular cortex (Figure
5b1). In the infralimbic area, Syp-mCherry labeled boutons concentrated in layer 5, some
forming linear groupings that had the appearance of coating the apical dendrites of
pyramidal neurons extending medially from layer 5 (Figure 15a). Immediately ventral to
this, a dense collection of boutons filled the molecular layer (layer 1) of the dorsal
peduncular cortex (Figure 7a). Many labeled axons and boutons also extended ventrally, into
a rostral-ventral region previously referred to as the “septo-olfactory” area (Saper, 1982;
Saper & Loewy, 1980) (Figure 5al—c1; Figure 7b) or caudally, into the septum pellucidum
(below).

Overall, the mid-insular cortex contained the densest collection of Syp-mCherry-labeled
boutons in the cerebral cortex (see also Grady et al., 2020). This terminal field was
prominent at all brain levels within 1mm of (rostral or caudal to) the midline decussation of
the anterior commissure (Figure 5e1-h1). After injections centered in the medial PB (cases
0147, 1280), Syp-mCherry-labeled boutons within the insular cortex covered nearly all
layers in the “dysgranular” and granular areas here, with additional boutons extending
medially to reach a zone immediately dorsal to the principal claustrum (Figure 7d). In
contrast, an injection centered in the external lateral PB subnucleus (1281) produced a much
more restricted distribution of boutons in the insular cortex, concentrating over layers 2-3,
with few boutons in deep cortical layers (Figure 7e).

Further rostrally, labeling within the insular cortex became less dense and split into a dorsal
band above, and a thin ventral band below the large agranular subdivision, which never
contained more than trace labeling (Figure 5b1-d1). The dorsal band of boutons, above the
agranular insular area, appeared to supply the aforementioned terminal field throughout the
deep layers of the dorsolateral prefrontal cortex. In contrast, the thinner, ventral band of
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fibers and boutons extended ventrally and rostrally, coursing through the endopiriform
nucleus, and turned medially then dorsally into the septo-olfactory area and medial
prefrontal cortex (Figure 5b1-d1).

At more caudal levels, Syp-mCherry-labeled boutons continued from the heavy mid-insular
terminal field into a narrow band through the caudal, “visceral” area of the insular cortex
(Figure 5h1-k1). From there, labeling became much lighter through the perirhinal cortex,
then aggregated into a dense collection of boutons in layer 5 of the rostral entorhinal cortex
(Figure 5n1-01; Figure 7c¢). Nearby, another dense, prominent cluster of boutons filled the
amygdalopiriform transition area (APir), a transitional cortex bordering the posterior
amygdala, piriform cortex, and entorhinal cortex (Figure 5n1-o01; Figure 7c).

Outside the areas described above, no other regions of the cerebral cortex had dense
collections of boutons. However, cases with injection sites centered in the medial PB (0147,
1280) had scattered, rare Syp-mCherry-labeled boutons (trace labeling) in every cortical
area, including the hippocampus.

In sharp contrast to VVglut2 cases, Pdyn and Foxp2 cases had virtually no cortical labeling.
Two Pdyn injections transduced a small number of neurons in the locus coeruleus neurons (1
and 3 neurons contained both Syp-mCherry and tyrosine hydroxylase immunofluorescence
in cases 1814 and 1812, respectively; not shown). Both cases had scattered, trace labeling
without aggregations of boutons in any areas of the cerebral cortex. Other than this, cortical
labeling was non-existent in FoxP2 and Pdyn cases.

Septum and basal forebrain.

The septum pellucidum contained a complex set of terminal fields in continuity with
labeling in the septo-olfactory area and medial prefrontal cortex. All Vglut2 cases contained
dense concentrations of boutons in two subregions: the rostral or intermediate part of the
lateral septum (Figure 5c1) and the septohippocampal nucleus (Figure 5d1). In each, dense
aggregates of Syp-mCherry-labeled boutons formed clusters that appeared to outline the
soma and proximal dendrites of individual neurons (Figure 15b). In contrast to VVglut2 cases,
FoxP2 cases contained light labeling in the intermediate or rostral part of the lateral septum,
and Pdyn cases contained only trace labeling here. The medial septum contained no more
than light or trace labeling, with no dense collections of boutons in any case.

In Vglut2 cases, several basal forebrain nuclei received extensive input. In contrast, FoxP2
cases contained very little labeling, and Pdyn cases contained virtually none in the basal
forebrain. All VVglut2 cases had dense labeling throughout the substantia innominata, which
extends from the lateral preoptic area to the amygdala (Figure 5e1-j1; Figure 8a). Ventrally
and rostrally contiguous regions of the diagonal band and magnocellular nuclei contained
slightly less labeling, as did a rostral zone between the diagonal band, medial septum, and
shell of the nucleus accumbens designated by some as the rostral extent of the lateral
preoptic area (Dong, 2008). Caudally, the region with corticopetal basal forebrain neurons
that are homologous to the primate basal nucleus of Meynert and distribute dorsally into the
ventral globus pallidus and internal capsule (Chen et al., 2015; Guo et al., 2016; Price &
Stern, 1983; Saunders et al., 2015) contained moderately dense labeling. In every Vglut2
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case, this labeling extended dorsally as a linear streak of Syp-mCherry-labeled boutons,
running between the striatum and external globus pallidus at all levels containing these basal
ganglia structures (Figure 5h1-j1; Figure 8a).

Basal ganglia.

Amygdala.

In addition to labeling extending dorsally from the substantia innominata into the ventral
globus pallidus, all Vglut2 cases contained light labeling throughout the ventral caudate-
putamen and nucleus accumbens (Figure 8a). The injection site centered in the external
lateral PB (1281) produced the fewest, while injections into the center (0147, 1280) or
rostral-dorsal (0017) aspects of the PB produced more extensive labeling in the striatum.

FoxP2 and Pdyn cases did not have any labeled boutons in the striatum, except in the caudal
shell of the nucleus accumbens, immediately rostral to the bed nucleus of the stria terminalis
(BST; Figure 5e2—f2). This region of the nucleus accumbens contained light labeling across
genotypes, with slightly more labeling in VVglut2 cases.

In all Vglut2 cases, the ventral two-thirds of the external globus pallidus contained light
labeling, mirroring the adjacent striatum (Figure 8a). This light, scattered input had a dorsal-
to-ventral gradient of increasing density, and (as in the striatum) case 1281 had less labeling
than the other three. Foxp2 and Pdyn cases had no labeling in the globus pallidus.

The internal globus pallidus, also known in rodents as the entopeduncular nucleus, contained
a moderate density of Syp-mCherry-labeled boutons in every Vglut2 case, but no labeling in
any Foxp2 or Pdyn cases.

The subthalamic nucleus (STN) contained a variable degree of labeling in different Vglut2
cases. Consistent with evidence that the pedunculopontine tegmental area (immediately
rostral and medial to the PB) provides input to this nucleus (Canteras et al., 1990; Jackson &
Crossman, 1983), the most rostral and medial injection (case 0017) produced heavy labeling
in the STN, while the most lateral injection (case 1281) produced the least (Figure 8b—c) and
the remaining two cases had intermediate densities. No Foxp2 or Pdyn cases had any
labeling in the STN, despite labeling in all cases in an adjacent structure in the
hypothalamus, the parasubthalamic nucleus (PSTN, see below).

The amygdala contained among the densest labeling in VVglut2 cases. In contrast, FoxP2 and
Pdyn cases had virtually no labeling in the amygdala.

In all Vglut2 cases, a dense field of Syp-mCherry-labeled boutons continued laterally and
caudally from the basal forebrain to form a dense terminal field in the anterior amygdalar
area and the central nucleus of the amygdala (CeA). This dense terminal field extended
ventrally, through the BMA and into the cortical amygdalar area (CoA), excluding its
molecular layer (Figure 5j1-11; Figure 9a). Where the Vglut2 terminal field in the CeA-
BMA-CoA continuum merged rostrally into the anterior amygdalar area, it sharply outlined
the underlying nucleus of the lateral olfactory tract, which was devoid of labeling in all cases
(Figure 5h1-j1). No FoxP2 or Pdyn cases had more than sparse, fragmentary labeling in the
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amygdala, and most sections through this region had no labeling at all (Figure 5j2—13; Figure
9b).

In Vglut2 cases, the medial nucleus of the amygdala (MeA) also contained moderately dense
labeling. We also found dense labeling in a small, rostral portion of the lateral amygdalar
nucleus. The basolateral and intercalated nuclei contained light labeling overall.
Ventrolateral to the posterior BLA, at the caudal-lateral border between the amygdala and
piriform cortex, we also found a dense cluster of labeled boutons in the APir, as described
above (Figure 5m1-01; Figure 7c).

Consistent with anterograde tracing results in rats (Bernard et al., 1993), injection sites into
different subregions of the mouse PB produced strikingly different patterns of labeling in the
amygdala. For example, case 1281 had incredibly dense labeling in the lateral and lateral
capsular subdivisions (Figure 9d), while 1280 had evenly dense labeling across all CeA
subdivisions, 0147 had denser labeling in the medial CeA than in its lateral and lateral
capsular subdivisions (Figure 9c), and 0017 had labeling almost exclusively in the medial
subdivision. Compared to other cases, 1281 also had denser labeling in the MeA, but lighter
labeling in the BMA and cortical amygdala.

Bed nucleus of the stria terminalis.

The BST, which sits on the opposite side of the basal forebrain from the amygdala, received
similarly complex input (Figure 5f1-g3; Figure 9e—f). Like the amygdala, Vglut2 cases had
substantially more labeling here, but in contrast to the amygdala, all FoxP2 and Pdyn cases
had light labeling in the BST.

Among Vglut2 cases, 1281 had the densest and most restricted pattern, with dense Syp-
mCherry-labeled boutons filling the oval BST subnucleus (dorsal to the anterior
commissure) and moderately dense boutons in the fusiform subnucleus (ventral to the
anterior commissure; Figure 9e). Case 1280 had a more evenly dense pattern of labeling
across the anterior BST, and 0147 had an intermediate density in a similar pattern. Case
0017 had light labeling in the BST overall, with only trace labeling in the oval subnucleus.
In all cases, labeling was denser in the anterior BST and tapered caudally. Dorsal and caudal
to the BST, the stria terminalis itself contained punctate labeling (putatively in boutons)
along its arc between the BST and the CeA, most prominently in cases 1281 and 1280.

FoxP2 and Pdyn cases had significantly less labeling in the BST (Figure 9f), with no
prominent labeling in any subnucleus. The oval BST subnucleus never contained more than
trace labeling in these cases, while the fusiform, anterolateral, and anteromedial subnuclei
contained light labeling in all cases.

Lamina terminalis.

Projections to the subfornical organ were light, but similar in all cases. Vglut2 case 1281 and
two Pdyn cases had denser labeling, indicating that this light projection originates from the
lateral PB. In contrast, the organum vasculosum of the lamina terminalis, which surrounds
the anterior (optic recess of the) third ventricle, contained minimal to no labeling, though it
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was difficult to determine the exact boundary of this nucleus amid the massively dense PB
projection to surrounding regions of the preoptic area in every cases.

Preoptic area and hypothalamus.

Thalamus.

Among all brain regions, the preoptic area and hypothalamus contained the most similar
pattern and density of labeling in Foxp2 and Pdyn cases, relative to VVglut2 cases, with a few
notable exceptions.

In all cases, Syp-mCherry boutons filled a contiguous zone through the ventromedial
preoptic area (VMPO, Figure 5e1-f3), median preoptic nucleus (MnPO, Figure 5f1-3) and
ventrolateral preoptic area (VLPO, Figure 5g1-3). Labeled boutons extended dorsally from
the VLPO and through the medial preoptic area to form a moderately dense terminal field in
the parastrial nucleus just medial to the ventral BST (Figure 5g1—g3; Figure 9f). In contrast,
the medial preoptic area contained light labeling, with minimal to no labeling in the medial
preoptic nucleus. The lateral preoptic area had moderately dense labeling in all Vglut2 cases,
as detailed above, but virtually none in FoxP2 and Pdyn cases.

Several hypothalamic areas contained similar labeling across genotypes (see Figure 7). The
anterior nucleus never had more than light labeling, while the suprachiasmatic nucleus
contained little to no labeling. In contrast, the retrochiasmatic area, paraventricular
hypothalamic nucleus (PVVH), arcuate nucleus (Arc), dorsomedial hypothalamic nucleus
(DMH), lateral hypothalamic area (LHA), and PSTN contained similarly prominent labeling
in all genotypes, with denser labeling in VVglut2 cases (Figure 5h1-n3). In the LHA, the
dense concentration of Syp-mCherry-labeled boutons (Figure 5k1-3) closely tracked the
distribution of neurons immunoreactive for the neuropeptide hypocretin/orexin. The striking
correspondence was most evident in Pdyn cases (Figure 10).

The most conspicuous differences between cases involved the ventromedial nucleus of the
hypothalamus (VMH, Figure 11). VVglut2 cases with injections centered in the medial PB
(0147, 1280) had a light or moderate labeling density in the VMH, while an injection site in
the lateral PB (1281) produced in the VMH the densest Syp-mCherry-labeled terminal field
in any of our cases (Figure 11a). FoxP2 cases with injections that extended rostrally in the
lateral PB (1405, including the rostral-to-external lateral and central lateral subnuclei)
produced an intermediate density of labeling in the VMH (Figure 11b). In sharp contrast, the
VMH was virtually empty in Pdyn cases, despite dense Syp-mCherry labeling in the
overlying DMH and LHA (Figure 11c). This absence of labeling was the most prominent
difference between Pdyn and FoxP2 cases.

The paraventricular thalamic nucleus (PVT) contained a moderate density of Syp-mCherry
labeling in all cases, along its full rostro-caudal extent, with slightly denser labeling in
Vglut2 cases (Figure 5h1-13). At mid-ventral levels of the thalamus, the reuniens (Re),
rhomboid (Rh), and xiphoid (Xi) nuclei contained moderately dense labeling in all VVglut2
cases and lighter labeling in FoxP2 and Pdyn cases (Figure 5j1-k3; Figure 12a-b). In the
epithalamus, the lateral habenular nucleus received light labeling in all Vglut2 and most
FoxP2 cases, but none in Pdyn cases. The centromedian (CM) and parafascicular (PF)
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thalamic nuclei contained variably dense labeling across Vglut2 cases (Figure 5m1-2;
Figure 12c—f), light labeling in FoxP2 cases, and none in Pdyn cases. Besides this, heavy
projections to other thalamic nuclei arose largely from Vglut2 neurons that lack FoxP2 and
Pdyn.

Among Vglut2 cases, the most rostral, dorsal injection (0017) produced moderately dense
labeling in the mediodorsal (MD), intermediodorsal (IMD), and paracentral (PC) thalamic
nuclei. In contrast, injections centered in the medial PB (1280, 0147) produced much heavier
labeling in the CM and paracentral (PC) thalamic nuclei, but lighter labeling in MD and
IMD (Figure 12c—d).

These Vglut2 cases also had dense labeling in the parvicellular part of the ventral posterior
nucleus (VPpc, Figure 5j1-n1), sharply contrasting the absence of labeling here in 0017
(Figure 12e—f). VPpc also contained dense labeling after an injection in the lateral PB
(1281), despite less-dense labeling in CM and substantially less labeling in PF. Within the
VPpc, its lateral aspect contained distinctively large boutons, similar to those in the PC
rostral to it. This lateral aspect of the VPpc was one of only two brain regions with denser
labeling on the contralateral side, but only after injections that involved PBeL (cases 1280
and 1281), as noted previously in rats (Bester et al., 1999; Karimnamazi & Travers, 1998;
Yasui et al., 1989). Pdyn cases had no labeling in this region of the thalamus, and the light
labeling of PF in FoxP2 cases avoided the VVPpc entirely, similar to Vglut2 case 0017
(Figure 12g).

Dorsal to these heavily labeled thalamic nuclei, several Vglut2 cases had moderately dense
labeling in the IMD, beneath the PVT. Caudally, labeling in the VPpc extended laterally,
through the subparafasicular nucleus (Figure 5n1) to the ventromedial border of the MGN
and dorsally, into the posterior triangular thalamic nucleus. The ventromedial thalamic
nucleus contained Syp-mCherry labeling in all Vglut2 cases. Further caudally, light also
labeling appeared in an ill-defined zone just medial to the lateral geniculate nucleus, though
the lateral geniculate nucleus itself contained no labeling. Some Vglut2, and to a lesser
extent FoxP2 cases did have labeling in the MGN. MGN labeling was more prominent after
injections that transduced neurons dorsally, in the inferior colliculus, which is known to
provide direct projections to the MGN (Kudo & Niimi, 1978; Ledoux et al., 1987). No Pdyn
cases had labeling in the MGN.

All Vglut2 cases had extensive Syp-mCherry labeling across a variety of midbrain regions.
FoxP2 and Pdyn cases contained substantially less labeling in the midbrain, but had
qualitatively similar patterns of labeling in the periaqueductal gray matter (PAG) and in a
continuum of regions extending rostrally and ventrally from the PB, through the retrorubral
field.

In all Vglut2 cases, a broad swath of dense labeling extended medially and rostrally from the
PB. Syp-mCherry-labeled axons and boutons extended through the pedunculopontine
tegmental nucleus and midbrain reticular formation to reach the PAG (Figure 501-s1). At
the rostral, dorsolateral extent of this massive terminal field, we found a strikingly dense
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terminal field in the lateral superior colliculus, concentrated in the lateral aspect of its deep
layers, near the midbrain surface (SC-Lat; Figure 501-q1; Figure 13a). All VVglut2 cases had
a dense labeling here. Only two FoxP2 cases had light labeling in the SC-Lat and Pdyn cases
had no labeling in this region. In the lateral-most VVglut2 injection site (1281), a more diffuse
terminal field extended medially through a larger expanse of the SC (not shown).

In Vglut2 cases, a ventral region known as the parabrachial pigmented substance — between
the interpeduncular nucleus (IPN) and red nucleus, along the medial lemniscus — contained a
moderately dense terminal field of Syp-mCherry-labeled boutons (Figure 501; Figure 13a).
This terminal field extended through the ventral tegmental area (VTA) and laterally into the
substantia nigra pars compacta (SNc) then dorsally and caudally into the retrorubral field,
including the A8 cell group. A dense band of boutons atop the IPN bridged the left and right
VTA. Atop the medial lemniscus, the dorsal VTA region contained very dense labeling and
stood out as one of only two brain regions with denser Syp-mCherry labeling on the
contralateral side (the other being the lateral aspect of the VVPpc, above). This dense terminal
zone may correspond to rostral “tail of the VTA” (Perrotti et al., 2005), and was contiguous
bilaterally with Syp-mCherry labeling that extended caudally and dorsally through the
rostromedial tegmental nuclei (RMTg; Jhou et al., 2009) to the decussation of the superior
cerebellar peduncle (dscp; Figure 5p1-q1; Figure 13b—d). Only light or trace labeling was
present in these regions in FoxP2 and Pdyn cases (Figure 502—q3).

Along the midline, all cases also contained some labeling in several raphe nuclei, including
the dorsal raphe (DR), median raphe, central linear raphe, and rostral linear raphe. Labeling
in the raphe nuclei was modestly dense in all VVglut2 cases, much lighter in FoxP2 cases, and
minimal in Pdyn cases.

In all FoxP2 and Pdyn cases, the midbrain region that received the most labeling was the
PAG. Labeling was densest in its ventrolateral subdivision (PAGVL; Figure 5n1-s3; Figure
13e). The density of labeling in the PAG was qualitatively similar in FoxP2 and Pdyn cases,
with a bouton density even denser in two Pdyn cases (1814 and 1812) than in any of the
FoxP2 cases. Here again, labeling was still denser in Vglut2 cases, along with extensive,
moderately dense labeling in the rostral PAG and throughout the ventral half of the PAG
(including DR and PAGVL). VVglut2 cases had variable patterns of labeling in the two dorsal
PAG subdivisions (moderately dense in 0017 and 1281, intermediate in 0147, and light in
1280; Figure 13f-g).

Also, unexpectedly, we found dense Syp-mCherry labeling in the ventricular ependymal
lining along the cerebral aqueduct in VVglut2 cases (Figure 13h). This was not present in any
FoxP2 or Pdyn cases. These labeled boutons encrusted the ventral aqueductal ependyma,
along the full length of the cerebral aqueduct, tapering where it meets the third and fourth
ventricles. Aqueductal labeling was most prominent in case 1280, where Syp-mCherry-
labeled boutons appeared to insert between many ependymal cells. An intermediate density
of labeling was present here in 0147, with lighter labeling in 0017. Case 1281 had light
labeling throughout the full circumference of the aqueduct, while other cases lacked boutons
along the dorsal one-third of the ependyma. None of these cases had any labeled boutons in
any other ependymal region or in the subcommissural organ or choroid plexus.
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The cerebellum does not appear to receive input from the PB. No Pdyn cases had Syp-
mCherry labeling anywhere in the cerebellum. One FoxP2 case (0610) had light Syp-
mCherry labeling in a small subregion of the interposed nucleus and trace labeling in the
flocculus, but in this case, a small number of intrinsic cerebellar neurons expressed Syp-
mCherry at the dorsal fringe of the injection site (Supplemental Figure) and in the medial
vestibular nucleus. The other three FoxP2 injections did not transduce any neurons in the
cerebellum or vestibular nuclei, and these cases had no Syp-mCherry-labeled boutons
anywhere in the cerebellum. No Vglut2 cases had neuronal transduction inside the
cerebellum, but all four had some labeled neurons immediately caudal to the PB (in the
medial vestibular nucleus) and all had trace, grainy Syp-mCherry labeling in deep cerebellar
nuclei or scattered mossy fibers in the flocculus or vermis. We cannot exclude the possibility
that some PB neurons project very lightly to the cerebellum, but tracing studies in rats and
mice indicate that direct projections from this region of the brainstem arise from the superior
and medial vestibular nuclei, not the PB (Ando et al., 2020; Ruigrok, 2003).

The PB and nuclei immediately surrounding it contained profuse, fibrous labeling that is too
dense to classify definitively as axonal or dendritic, particularly in VVglut2 cases. In the
hindbrain caudal to the PB, all VVglut2 cases contained widespread, moderately dense
labeling throughout the reticular formation. In each case, this continuous field of Syp-
mCherry-labeled boutons in the reticular formation was the most prominent labeling in the
hindbrain. Labeling in the reticular formation was denser overall in the intermediate reticular
nucleus (IRN) than in the parvicellular and gigantocellular reticular nuclei (Figure 5ul-aal).
This broad terminal field extended continuously into the facial nucleus and through the
ventrolateral medulla (VLM), which contained a moderately dense field of labeled boutons
excluding the compact formation of the nucleus ambiguus (NAc, Figure 5x1). Dorsally, the
nucleus of the solitary tract (NTS) contained light, scattered labeling in Vglut2 cases and
rarely more than trace labeling in FoxP2 and Pdyn cases. Ventrally, the far-caudal part of the
VLM that contains the A1 group and caudal pressor area (CPA) was the only hindbrain
region with a density of labeling in some FoxP2 cases (1404 and 1405) that approximated
the density in Vglut2 cases. Two Pdyn cases (1812 and 1814) had light labeling here.

Also, as in the midbrain, all raphe nuclei in the hindbrain (magnus, pallidus, and obscurus)
contained moderately dense labeling in all VVglut2 cases. Several cranial motor nuclei
(trigeminal, facial, and hypoglossal) contained variably dense Syp-mCherry-labeled boutons
in all Vglut2 cases, and light labeling in a subset of FoxP2 cases. These cranial motor nuclei
contained no labeling in Pdyn cases. Several other hindbrain nuclei in VVglut2 (and to a much
lesser extent, FoxP2) cases had a variable number of Syp-mCherry-labeled boutons (see
Figure 6). In contrast, Pdyn cases had virtually no labeling throughout the hindbrain, except
as mentioned above.
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Pathways from the PB to the forebrain.

Descending axons from the PB project around and through the motor trigeminal nucleus and
through the reticular formation to reach the hindbrain targets just described. In contrast,
ascending projections from the PB follow one of three primary trajectories (Figure 14).

First, most axons projecting to the thalamus (except for the PVT), basal forebrain, amygdala,
and cerebral cortex travel through the central tegmental tract (ctt). The ctt is located just
lateral to the oculomotor nuclei, between the PAG and red nucleus, and carries the dorsal
noradrenergic bundle and other fiber tracts through the midbrain (Ungerstedt, 1971). In all
Vglut2 cases, the ctt contained many fascicles of Syp-mCherry-labeled axons. In contrast,
the ctt was never labeled in FoxP2 and Pdyn cases, indicating that projections through this
tract arise exclusively from non-FoxP2/non-Pdyn neurons in the PB region. Labeled axons
in the ctt first produced heavy terminal fields in the caudal thalamus, then turned ventrally
through the medial lemniscus and ventromedial thalamic nucleus, then rostrally through the
entopeduncular nucleus, to produce heavy terminal fields in the amygdala and basal
forebrain. Labeled axons continued through the amygdala and into the external capsule,
where they turned caudally, to reach the entorhinal cortex, or dorsally, to reach the insular
cortex. Many axons in the external capsule continued past the insular cortex dorsally and
rostrally, arcing through the dorsolateral prefrontal cortex and into the frontal pole.
Subcortically, axons in the basal forebrain extended rostrally and medially through the
sublenticular substantia innominata to produce terminal fields in the BST, nucleus
accumbens, septum, and medial prefrontal cortex. A subset of axons running through the
septum and medial prefrontal cortex appeared to merge with axons from the dorsolateral
prefrontal cortex.

Second, most axonal projections to the hypothalamus travel through the midbrain in a
separate, ventral pathway that corresponds roughly to the location of the ventral
noradrenergic bundle (Sawchenko & Swanson, 1982; Ungerstedt, 1971). This ventral
pathway contained many labeled axons in all FoxP2 and Pdyn cases. It coursed through the
A8 region, then turned ventrally and medially to run alongside the medial lemniscus, before
merging rostrally into the medial forebrain bundle. These axons continued rostrally through
the LHA, emitting axons medially to produce heavy terminal fields in the hypothalamic and
preoptic nuclei described above. The light axonal projections to the BST, nucleus accumbens
shell, and lateral septum in FoxP2 and Pdyn cases appeared to arise partly from this
pathway.

Third, a sizeable minority of labeled axons in all cases projected through a periventricular
pathway running along the cerebral aqueduct and beneath the dorsal third ventricle. Just
rostral to the PB, these axons separated from the ventral pathway, turning dorsomedially
through the midbrain reticular formation to ramify in the PAG. Many of these continued
rostrally through the full length of the PAG, then at the midbrain-diencephalic junction a
minority turned ventrally to merge with terminal fields in the hypothalamus. The remaining
axons emerging from the rostral PAG continued rostrally, through the dorsal thalamus,
producing a terminal field throughout the full length of the PVT. Just rostral to the anterior
PVT, the few remaining axons in this periventricular pathway either turned dorsally to
produce light terminal fields in the lamina terminalis or merged ventrally, contributing to the
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dense terminal field in the median preoptic nucleus. In FoxP2 and Pdyn cases, it was
difficult to determine the extent to which the light terminal fields in the BST and caudal
nucleus accumbens arose from rostral branches of these periventricular axons, relative to the
ventral pathway, and both may contribute.

Another relevant feature of PB projections to the forebrain is that many axons from the first
two pathways crossed (right to left) through the supraoptic commissure in the ventral
hypothalamus, en route to a similar set of targets on the contralateral side. Axons from the
ctt and ventral pathway reached the supraoptic commissure through the LHA, crossed to the
contralateral hypothalamus at roughly the level of the caudal PVH, and then traveled long
distances rostrally or caudally to reach a set of contralateral target sites mirroring the
ipsilateral regions shown and described above.

Axonal architecture.

In FoxP2 and Pdyn cases, the morphology of Syp-mCherry-labeled boutons was highly
similar in all brain regions. Most were small, with a uniformly grainy appearance. A large
majority of labeled boutons in Vglut2 cases had a similarly uniform, grainy morphology.

However, some terminal fields in VVglut2 cases exhibited strikingly different morphologies.
One region with distinctive Syp-mCherry labeling was the infralimbic area of the medial
prefrontal cortex, where linear concentrations of boutons appeared to encrust apical
dendrites, extending medially from layer 5 toward the molecular layer (Figure 15a). A
strikingly different pattern was evident in the septum, where peri-somatic boutons clustered
so densely as to reveal the shapes of individual neurons and their proximal dendrites (Figure
15b). Terminal fields in the oval BST and lateral capsular CeA exhibited yet another
distinctive morphology, with boutons forming tight, peri-somatic rings (Figure 15d—d). In
the thalamus, most regions including the medial VVPpc and overlying PF contained terminal
fields with the uniformly small, grainy boutons found in most PB target sites (Figure 15g).
In sharp contrast, we found many giant boutons, up to 5-10 um long, in the lateral aspect of
the VPpc (Figure 15f—g), as noted previously in rats (Bester et al., 1999), and similarly
massive boutons rostrally, in the PC (Figure 15¢).

Discussion

The PB influences a diverse set of brain structures. Here, we show that all known targets of
the PB receive axonal projections from glutamatergic neurons in this brainstem region, while
identifying several new targets, including the entorhinal cortex and lateral superior
colliculus. We also show that the genetic identity of PB neurons determines which ascending
tracts their axons follow and which brain regions they target. PB neurons that express FoxP2
or Pdyn do not project axons through the central tegmental tract and do not target the
cerebral cortex, basal forebrain, or amygdala; instead, they target subregions of the
diencephalon and brainstem. After discussing limitations of our tracing strategy, we
highlight salient differences between the projection patterns of FoxP2 and Pdyn neurons,
relative to other glutamatergic neurons in the PB region. We also discuss novel findings,
including our identification of sites that may relay information from the PB to the
hippocampus.
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Viral delivery and Cre-conditional expression of a synaptically targeted protein holds
considerable advantages over previous techniques for anterograde axonal tracing. However,
as with conventional techniques, interpreting the results is subject to several important
considerations. Syp-mCherry has unprecedented sensitivity and specificity as an anterograde
marker because, unlike protein tracers that distribute evenly throughout the axoplasm, or
fluorescent protein conjugates that insert uniformly throughout the axonal membrane, it is
trafficked to presynaptic boutons. This results in punctate labeling that localizes
predominantly to presynaptic boutons, but to get there, Syp-mCherry must travel through the
axon shaft, so a small amount of labeling along the axon shaft is unavoidable. Therefore,
despite highly enriched labeling of presynaptic boutons, a small fraction of labeling may
represent Syp-mCherry in axoplasm oriented perpendicular to the plane of section. For any
individual bouton in a particular region, confirming that it forms a structural synapse would
require immunoelectron microscopy (Wouterlood & Jorritsma-Byham, 1993), and testing
whether it forms a functional synapse would require patch-clamp electrophysiology
(Petreanu et al., 2007), neither of which are practical at the scale of our study. Instead, we
compared the density of Syp-mCherry labeling in brain regions using a semi-quantitative
scale (Figure 6). The varied labeling densities and expanses of different brain regions makes
it difficult to easily summarize and compare larger, sparsely labeled structures (like the
striatum or cerebral cortex) relative to smaller, densely labeled structures (like the reuniens
or parastrial nuclei) This approach entails some inherent subjectivity, which we mitigated by
referencing the same, consistent standards (Figure 6) to rate the density of labeling in all
cases.

Another consideration involves our Cre-conditional approach. Genetic targeting is necessary
to study specific subpopulations of PB neurons because their intermingling makes it
impossible to stereotaxically target any one subtype in isolation. We used only knockin-Cre
strains, in which recombinase expression is driven in tandem with the driver gene, from the
endogenous locus. Nonetheless, marker expression in one subpopulation of neurons from a
brain region like the PB does not preclude expression of that same gene by unrelated
neurons in a neighboring region, as is the case for Vglut2 in the cuneiform nucleus (dorsal to
the PB) and pedunculopontine tegmental nucleus (rostral to the PB). Retrograde data from
previously published work helps distinguish which projections originate from neurons inside
the PB or from neighboring regions (see below), but without complementary retrograde
labeling for a given target site it is possible that a particular cluster of labeled puncta might
have arisen from virally transduced neurons at the margins of the PB, rather than inside its
conventional atlas boundaries. Given the extensively intermingled distributions of PB
subpopulations and other neurons rostral and ventromedial to them, genetic distinctions may
hold more functional relevance than atlas boundaries in this region. Nonetheless, we refer to
the overall Syp-mCherry labeling in this study conservatively, as arising from the PB region.
Our approach uses recent developmental-genetic information to target neuronal
subpopulations in the PB, but future findings may allow us to more selectively identify and
target neurons in this intricately complex region.
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An additional limitation, which constrains our ability to draw group-wise comparisons
across genotypes, is the effect of injection site location on axonal labeling. In addition to
genetic identity, the location of labeled neurons within the PB is an important variable
influencing the pattern of anterograde labeling (Alden et al., 1994; Bernard et al., 1993;
Bester et al., 1997; Bester et al., 1999; Saper & Loewy, 1980; Shin et al., 2011). Because the
PB contains a three-dimensional web of intermingled cell types, the ultimate locations and
patterns of viral vector spread within each injection site can produce very different labeling
patterns despite targeting similar or identical stereotaxic coordinates. For example, we found
prominent differences among our Vglut2 cases, with “PB” injection sites that transduced
neurons in the rostral, medial, or lateral aspects of this complex labeling divergent projection
patterns in the cerebral cortex, hypothalamus, thalamus, STN, and PAG. Among these
differences, we identified a massive glutamatergic PB projection to the VMH, which a
previous study claimed not to exist (Garfieldet al., 2014). Nonetheless, the VMH was one of
the most heavily labeled structures in the brain after an injection centered in the lateral PB
(1281), contrasting the lighter labeling there in three other cases. AAV injections in the
previous study presumably missed the rostral, dorsal subregion of the lateral PB that
contains VMH-projecting neurons (Fulwiler & Saper, 1984, 1985; Grady et al., 2020;
Zaborszky et al., 1984). To reduce the odds of false-negative experimental results when
stereotaxically delivering viral vectors into the PB region, it is important to consider the
location and distribution of transduced neurons within each injection site as an independent
variable. Our combined Vglut2 cases transduced neurons in all PB subregions and labeled
projections to all known targets of the PB, and more.

Genetic identity determines efferent projection patterns: FoxP2 and Pdyn relative to other
PB glutamatergic neurons.

Intermixed PB neurons originate from two, distinct precursor populations in the developing
hindbrain (Dai et al., 2008; Gray, 2008; Miller et al., 2012; Rose et al., 2009; Wang et al.,
2005). One population originates from Math1 AtohI-expressing precursor cells in the
rhombic lip, and many of their neuronal progeny in the PB express FoxpZ2 postnatally
(Geerling et al., 2016; Geerling et al., 2011; Gray, 2008; Miller et al., 2012; Verstegen et al.,
2017a). Many of these also express Pdyn, which encodes the neuropeptide co-transmitter
dynorphin (Geerling et al., 2016; Miller et al., 2012). Thus, FoxpZ2expression is useful for
identifying and accessing a large, developmentally distinct subpopulation of PB neurons,
within which a further subpopulation expresses Pdyn. The functional significance of Foxp2
or Pdyn expression by PB neurons is unknown, and we use these genetic markers to access
and study the neurons that express them, not the proteins they encode.

While Pdynis found in a large subset of FoxpZ-expressing neurons (see Figure 2 and Figure
3p-u), many Foxp2-expressing PB neurons lack Pdyn, particularly at more rostral levels.
There, many FoxpZ-expressing neurons express a different neuropeptide gene, Cck (Garfield
etal., 2014). These Cck-expressing neurons project their axons to the VMH (Fulwiler &
Saper, 1985; Garfield et al., 2014; Zaborszky et al., 1984), and presumably account for the
Syp-mCherry labeling that was present in the VMH in our FoxP2, but not Pdyn cases. Cckis
also expressed in neurons that lack FoxP2, including a caudal cluster in the medial PB that
projects axons heavily to the insular cortex (Grady et al., 2020).
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The FoxP2 projection to the VMH, which was absent in all Pdyn cases, was the most
prominent difference between our FoxP2 and Pdyn cases. We were surprised to find so little
contrast, overall, between the efferent projection patterns of FoxP2 and Pdyn neurons.
Besides the VMH, we found only a handful of minor discrepancies, primarily in the
brainstem. For example, the lateral superior colliculus in the midbrain and cranial motor
nuclei in the hindbrain contained light Syp-mCherry labeling in FoxP2 cases, but little or no
labeling in Pdyn cases. Besides these few, small differences, a key finding of our study is
that the subset of FoxP2 neurons that expresses Pdyn appears to deliver information to a set
of target sites that is largely similar to the projection targets of the overall population of
FoxP2 neurons in the PB region.

When comparing the efferent projections of FoxP2 and Pdyn cases with the larger set of PB
projections in Vglut2 cases, it is simpler to mention the subset of target regions that do
receive input, rather than the longer list of those that do not. Nonetheless, a few salient
absences are worth highlighting. For example, axonal projections in FoxP2 and Pdyn cases
avoid the central tegmental tract entirely. Also, their boutons are uniformly grainy in
appearance, without any of the other morphologies shown in Figure 14. Further, Foxp2- and
Pdyn-expressing neurons send virtually no output to the cerebral cortex, basal forebrain,
amygdala, or VPpc, and project fewer axons to the hindbrain. The molecular subtypes of PB
neurons that do project axons to these brain regions are topics of on-going investigation.
Several PB subpopulations do not express FoxpZ2 or Pdyn, including the cortically
projecting, Cck-expressing subset mentioned above (Grady et al., 2020). One of these
subpopulations expresses the neuropeptide gene Calca, and projects axons to a subset of the
targets in our Vglut2 cases (particularly 1281) that largely complement those labeled in our
FoxP2 and Pdyn cases (see Supplemental Figure 6 of Chen et al., 2018). It will be important
to determine which subpopulations supply the remaining PB projections to the hindbrain and
other sites listed above. Of course, some of the projections labeled in VVglut2, but not FoxP2/
Pdyn cases could originate from neurons located just outside the PB. For example, the
moderately dense projections to hindbrain oromotor nuclei may originate ventral to the PB,
from neurons in the Kélliker-Fuse nucleus or supratrigeminal region (Travers & Norgren,
1983).

Shifting attention back to FoxP2 and Pdyn neurons, their efferent projections account for a
majority of the glutamatergic PB output to the preoptic area and hypothalamus. They also
represent a substantial subset of PB projections to the PVT and PAG, with lighter
contributions to several other nuclei, including the xiphoid, reuniens, and intermediodorsal
thalamic nuclei. This pattern complements a previous study, which used conventional
anterograde tracing from the PB/pre-LC region and then retrograde tracer injections in many
brain regions followed by FoxP2 immunolabeling to identify target regions that receive input
from PB neurons with FoxP2 nuclear immunoreactivity in rats (Shin et al., 2011).

Two other studies in mice, published during the preparation of our manuscript, delivered
Cre-conditional vectors to the PB region in Pdyn-IRES-Cre mice to label axonal projections
that are partly consistent with our findings (see Extended Data Fig. 8 of both Kim et al.,
2020; Lee et al., 2019). In our Pdyn cases, injection sites that did (1812) or did not (1813,
1814) transduce pre-LC neurons produced Syp-mCherry labeling in a virtually identical set
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of target regions. However, the images shown by Lee et al. after targeting the pre-LC did not
include any labeling in the MnPO, VLPO, PSTN, Re/Rh/Xi, PAG, caudal VLM, and other
target areas identified in our study. Our use of immunohistochemical labeling and whole-
slide scanning may have offered better sensitivity, and Nissl counterstaining in our study
may have allowed more precise cytoarchitectural distinctions, for example between dense
labeling in the parastrial preoptic nucleus, which may have been mis-interpreted as
“vBNST” (Lee et al., 2019).

The functional roles of Pdyrexpressing FoxP2 neurons are beginning to come into focus.
First, we identified a functional link to sodium appetite in rats by showing that FoxP2+
neurons in the pre-LC (along with a smaller subset of FoxP2+ lateral PB neurons) receive
input from aldosterone-sensitive neurons in the NTS and are co-activated during sodium
appetite (Geerling & Loewy, 2007; Geerling et al., 2011). These findings were confirmed
and extended in mice (Jarvie & Palmiter, 2017; Resch et al., 2017), and more recent
experiments suggest that Pdyrn-expressing neurons in the pre-LC may help generate sodium
appetite and may receive inhibitory input from the BST when salt is consumed (Lee et al.,
2019). Separately, two clusters of lateral PB neurons relay either warm or cool skin
temperature information from the spinal cord to the hypothalamus (Nakamura & Morrison,
2008, 2010). We found that neurons in both populations ubiquitously express FoxP2 and that
a Pdyn-expressing subset in the dorsal lateral PB subnucleus (PBdL) is warm-activated
(Geerling et al., 2016). Thus, changes in ambient temperature are sensed by warm and cool
thermosensory axons in the skin, signaled through spinoparabrachial axons, and then relayed
rostrally by Pdyn- (cool-relay) and Pdyr+ (warm-relay) subsets. These neurons are
probably responsible for PB-dependent responses that are necessary for autonomic and
behavioral thermoregulation (Nakamura & Morrison, 2008, 2010; Yahiro et al., 2017).
Interspersed between the warm-relay Pdyrn neurons (in PBdL) and the medial, sodium-
deprivation-activated Pdyrn neurons (in pre-LC) is another population of Pdyn neurons that
relay visceral, mechanosensory signals important for meal termination (Kim et al., 2020).
Other studies indicate that a subset of Pdyn neurons in PBdL relay pain signals (Chiang et
al., 2020; Hermanson, Telkov, et al., 1998). One of these studies, published during the
preparation of our manuscript, claimed that Padyn neurons relay noxious signals from the
spinal cord to neighboring, amygdala-projecting neurons in PBeL (Chiang et al., 2020),
though it is unclear whether the labeled processes in question (YFP-labeled fibers extending
ventrolaterally from PBdL) are dendrites or axons, or whether they form synaptic contact
with any neurons in PBeL.

We lack markers to differentiate these functionally distinct Pdyn subpopulations. Besides
these, there are at least two other, non-Payn subpopulations of FoxP2 neurons in the PB: the
cool-relay cluster in PBreL that projects axons to the preoptic area (Geerling et al., 2016)
and Cck-expressing neurons in the superior lateral PB neurons that project to the VMH
(Garfield et al., 2014; Grady et al., 2020).

Comparison with previous tracing studies.

The general pattern of efferent projections in our Vglut2 cases is largely consistent with the
pivotal anterograde tracing study of Saper and Loewy (1980). After delivering tritiated
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amino acids into the PB region, they traced efferent projections from injection sites centered
in either the medial or lateral PB subdivision. Their results extended the findings of Norgren,
who had used axonal degeneration and anterograde autoradiography to trace efferent
projections emerging from the caudal, gustatory PB (“pontine taste area”; Norgren, 1976;
Norgren & Leonard, 1971, 1973).

The overall set of brain regions that receive glutamatergic, Syp-mCherry-labeled boutons in
our study includes all the efferent projection targets identified in these original studies, and
those identified in subsequent studies using other anterograde tracers, including wheat germ
agglutinin-horseradish peroxidase, biotinylated dextran amine, or Phaseolus vulgaris
leukoagglutinin (PHA-L) (Alden et al., 1994; Bernard et al., 1993; Bester et al., 1997; Bester
et al., 1999; Bianchi et al., 1998; Hayakawa et al., 1999; Herbert et al., 1990; Karimnamazi
& Travers, 1998; Krukoff et al., 1993; Shin et al., 2011; Thompson & Swanson, 1998).
Complementary, retrograde tracing experiments in several additional studies confirmed that
neurons within the PB, rather than in surrounding structures, project axons to these target
sites (Fulwiler & Saper, 1984; Herbert et al., 1990; Shin et al., 2011; Tokita et al., 2010).
Listing all the minor differences among these prior tracing studies, or between their results
and ours, would be well beyond the scope of this Discussion. However, two categories of
new observations in our study require further consideration.

First, for several brain regions receiving input from the PB region, previous retrograde
tracing results clearly showed that the projection originates outside or at the margins of the
PB. These include: (a) the MGN, which receives direct axonal projections from the inferior
colliculus (Kudo & Niimi, 1978; Ledoux et al., 1987), which contained virally transduced
neurons at the dorsal aspect of several of our injection sites; (b) the STN, which receives
direct projections from neurons in the PPN, rostral to the PB (Canteras et al., 1990; Jackson
& Crossman, 1983); and (c) the flocculus, lobule X, and deep nuclei of the cerebellum,
which receive input from neurons in the vestibular nuclei along the caudal, ventral and
medial borders of the PB (Ando et al., 2020; Ruigrok, 2003).

Second, we identified targets that were not highlighted in previous PB tracing studies,
despite retrograde labeling of PB neurons in other tracing studies that focused on afferents to
the brain region in question. In contrast to previous reports of PB axonal projections to the
posterior basolateral amygdaloid nucleus in rats (BLP; Bernard et al., 1993; Saper & Loewy,
1980), in our cases Syp-mCherry punctae concentrated in the APir, a transitional allocortex
(also called the post-piriform transition area, or “TR”; Dong, 2008) that lies ventrolateral
and slightly caudal to the BLP in mice. While this could represent a species difference,
axonal labeling in previous illustrations (see for example Figure 3F of Saper & Loewy,
1980) is in a location more consistent with the homologous transition cortex in rats, which
was later delineated and named “TR” (Swanson, 1992) or “APir” (Paxinos & Watson, 2007).
Consistent with our interpretation, injecting a retrograde tracer into this cortical region in
rats labeled neurons in the PB (Santiago & Shammah-Lagnado, 2005).

Across the piriform cortex from the APir, we also discovered a VVglut2 terminal field
concentrated over layer 5 of the rostral entorhinal cortex. To our knowledge, this projection
was not reported in any PB efferent tracing studies, although we are aware of one example in
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which light labeling of PB neurons after a retrograde tracer injection in Ent had been
dismissed as more likely representing projections to a bordering area (Santiago &
Shammah-Lagnado, 2005).

Another unexpected target that receives substantial input from the PB region is the lateral
extent of the deep layers of the superior colliculus (SC-Lat). We are not aware of any
previous descriptions of this dense, concentrated projection to SC-Lat, but one panel in a
previous study included a light, scattered projection across the ipsilateral SC after an
anterograde tracer injection into the lateral PB (Figure 31 of Saper & Loewy, 1980), similar
to the light, broader projection to the SC we observed in case 1281. This broader projection
may originate, in part, from neurons immediately rostral to the lateral PB, in the
parabigeminal nucleus or nucleus of the lateral lemniscus (Graybiel, 1978; Taylor et al.,
1986). However, the injection sites in our three Vglut2 cases with dense labeling in SC-Lat
did not approach those nuclei. A complementary finding that tracer injections into the SC
produced retrograde labeling of PB neurons in cats (Edwards et al., 1979) confirms that at
least some input to SC-Lat originates in the PB. It is tempting to speculate a role in attention,
orienting responses, oculomotor control, REM-sleep-related eye movements, or even eyelid
opening, but the function of this projection remains unknown. From a neuroanatomical
perspective, unraveling its function would benefit from using retrograde tracing in mice to
begin characterizing the source neurons in or near the PB.

Yet another new observation in our study is that in the ventral midbrain, a large, bilateral
subset of Syp-mCherry boutons targets a paramedian region known as the “tail of the VTA”
or RMTg. This region contains GABAergic neurons that are activated by dopamine reuptake
inhibitors and that serve as an inhibitory relay to dopaminergic neurons in the underlying
VTA and SNc (Jhou et al., 2009; Perrotti et al., 2005). A previous tracing study described
projections to this ventral, paramedian region of the midbrain (Saper & Loewy, 1980), and
retrograde tracer injections into the RMTg labeled many neurons in the PB (Jhou et al.,
2009). This projection likely underlies the PB-dependent, short-latency inhibition of
midbrain dopaminergic neurons in response to noxious stimuli (Coizet et al., 2010), which
appear to operate in parallel with PB projections that relay viscerosensory signals and
directly excite dopaminergic neurons (Han et al., 2018).

Novel functional perspectives.

Many authors have contemplated the functional roles of projections from the PB to specific
target regions. These include: regulating body temperature in the preoptic area and
hypothalamus (Geerling et al., 2016; Nakamura & Morrison, 2008, 2010); influencing
attention or arousal through the hypothalamus, thalamus, amygdala, basal forebrain, or
cerebral cortex (Chou et al., 2002; Fuller et al., 2011; Kaur et al., 2013; Kaur et al., 2017;
Qiu et al., 2016; Saper, 1982; Saper & Loewy, 1980); relaying danger signals to a variety of
brain regions (Campos et al., 2018; Chiang et al., 2019; Palmiter, 2018; Saper, 2016);
inhibiting food, salt, and water intake in the CeA or hypothalamus (Carter et al., 2015;
Carter et al., 2013; Kim et al., 2020; Park et al., 2020; Ryan et al., 2017); and modulating
autonomic function in the hindbrain, hypothalamus, CeA, or BST (Chamberlin & Saper,
1992, 1994; Davern, 2014; Saper & Loewy, 1980; Yokota et al., 2015). For the most part, we

J Comp Neurol. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 27

will reserve discussion of brain regions not innervated by FoxP2 or Pdyn neurons for future
publications focusing on the PB subpopulations that do target those regions, but here we will
highlight three functionally relevant observations derived from our new neuroanatomical
data.

First, PB projections to the hypothalamus are abundant and complex, as reviewed in
previous work (Bester et al., 1997; Fulwiler & Saper, 1984). Among these patterns, we find
a major distinction between glutamatergic subpopulations. Specifically, neurons that express
Vglut2, and to a lesser extent (non-Pdyn-expressing) FoxP2 neurons, project massively to
the VMH. In striking contrast, the VIMH was empty in Pdyn cases, despite their similarly
dense terminal fields in other hypothalamic regions, prominently including the LHA “orexin
field.” Our findings complement previous evidence that rostral PB neurons that express Cck,
a subset of which express FoxP2, project heavily to the VMH and other hypothalamic nuclei
(Fulwiler & Saper, 1985; Garfield et al., 2014; Hermanson, Larhammar, et al., 1998) by
adding that Pdyn-expressing neurons located caudally project heavily to the LHA, not the
VMH. PB neurons that project axons to the VMH are activated by noxious, spino-
parabrachial inputs (Bester et al., 1995; Hermanson, Larhammar, et al., 1998), and neurons
in the VMH drive stereotyped aggressive and sometimes sexual behaviors (Lee et al., 2014;
Linetal., 2011; Yang et al., 2013). Thus, a subset of glutamatergic PB neurons (some of
which express FoxP2) provides copious input to the VIMH, which likely triggers defensive or
aggressive affective states in response to painful stimuli. Payn-expressing glutamatergic PB
neurons do not participate in this pathway, and may instead drive autonomic, metabolic,
appetitive, or aversive behavioral effects that are mediated by preoptic nuclei, LHA orexin
neurons, and other hypothalamic nuclei.

Next, existing discussions of the PB either ignored the thalamus or focused primarily on its
relay function as delivering gustatory and other sensory information to the so-called
gustatory or viscerosensory thalamus (VVPpc) (Bester et al., 1999; Fulwiler & Saper, 1984;
Norgren & Leonard, 1973). However, the PB probably conveys a broader range of
information than just this, and it certainly projects it to a wider set of thalamic nuclei (Bester
et al., 1999; Krout & Loewy, 2000). We show that non-Payrn-expressing, glutamatergic
neurons densely target several parts of the thalamus, particularly the intralaminar nuclei PF
and CM, which are known to send massive axonal projections to the dorsal striatum and
prefrontal cortex (Van der Werf et al., 2002). Pdyn-expressing neurons contribute to the
larger set of PB projections targeting the full extent of the PV T, which projects to the ventral
striatum, as well as Re and Rh, which in turn target the prefrontal cortex and hippocampus.
The function of PB input to these thalamic nuclei is unknown, but we speculate that they
convey painful and/or other (pruritic, thermal, gustatory, other viscerosensory) stimuli that
increase the gain of somatomotor activation (via broad excitatory output to the striatum) and
of cortical-limbic networks subserving arousal and attention (via broad excitatory output to
prefrontal cortex). Consistent with the latter possibility, a minority of ischemic strokes in the
thalamus impair arousal, and this finding correlates with a posterior location, centered in or
near the human CM and PF (Hindman et al., 2018). Further, rodent experiments
demonstrated an arousal-promoting role for both PVT and CM/PF (Gent et al., 2018; Ren et
al., 2018).
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Finally, midline projections to the Re, Rh, and Xi stand apart from this pattern because these
thalamic nuclei send output directly to the hippocampus (Van der Werf et al., 2002). This
suggests that a subset of PB efferent projections may influence spatial navigation, or
semantic and episodic memory encoding (Burgess et al., 2002). We identified several
additional brain regions, outside the thalamus, that receive input from the PB and project
axons directly to the hippocampus. These include the rostral entorhinal cortex,
amygdalopiriform transition cortex, lateral septum, and septohippocampal nucleus, each of
which represents a potential route for PB-relayed information to influence hippocampal
memory circuits. The nature of the information relayed from the PB to the hippocampus is
unknown, and it is unclear how this excitatory input would interact with the better-known
sets of information flowing into the hippocampus from association cortices and other
afferents. Given the imprecise nature of most viscerosensory and noxious information
relayed by PB neurons, it is possible that they supply contextual information to enhance the
salience of or increase the likelihood of encoding memories, rather than delivering the
primary information to be encoded as a memory engram.

Our results show that the genetic identity of PB neurons determines their connectivity (and
therefore, function). The method and results presented here provide a new framework for
mapping the efferent projections of PB neurons based on their intrinsic genetic identity,
rather than by grouping PB neurons based their location and cytoarchitectural appearance.
Beyond improving the consistency of future experimental and ontological work across
laboratories that study mice, the larger aim of this approach is that classifying PB neurons
and their connections using genetic markers and cell-type-specific labeling will enhance the
translation of basic science discoveries in experimental animals to the brains of our primary
species of interest — the human.
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Cck
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CLi

CM
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main olfactory bulb
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nucleus of the diagonal band
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nucleus of trapezoid body

nucleus of the solitary tract
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optic chiasm

optic tract
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PAG dorsolateral subdivision
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parvicellular reticular nucleus
parabrachial nuclear complex
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PIL

Pir
PL-ACA
preLC
PMd
PMv
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PO
PoT
PPN
PRN
Prt

PS
PSTN
PSVv
PT
PVH
PVT
RCA
Re
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rLA

RLi

prodynorphin

peri-lateral geniculate nucleus
perirhinal cortical area

parafascicular thalamic nucleus
posterior hypothalamic nucleus
Phaseolus Vulgaris leukoagglutinin
posterior intralaminar thalamic nucleus
piriform cortex

prelimbic & anterior cingulate cortex
pre-locus coeruleus

posterior mammillary nucleus, dorsal
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pontine nuclei

posterior thalamic nuclear complex
posterior triangular thalamic nucleus
pedunculopontine (tegmental) nucleus
pontine reticular nucleus

pretectal area

parastrial nucleus

parasubthalamic nucleus

principal sensory trigeminal (CN V) nucleus

paratenial thalamic nucleus
paraventricular hypothalamic nucleus

paraventricular thalamic nucleus

retrochiasmatic area of the hypothalamus

reuniens thalamic nucleus
rhomboid thalamic nucleus
rostral lateral amygdalar nucleus
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RMTg
RN
ROb

RR/A8

scp
SEZ
SF
SFO
SHi
Sl
SNc

SNr

SPF

Spv

st

STN

Str

Str/GP bdr
SUM
Syp-mCherry

TH

raphe magnus

rostromedial tegmental nucleus
red nucleus

raphe obscurus

retrorubral area / A8 group
superior colliculus

superior colliculus, lateral aspect
suprachiasmatic nucleus
subcommissural organ
superior cerebellar peduncle
subependymal germinal zone
septofimbrial nucleus
subfornical organ
septohippocampal nucleus
substantia innominata
substantia nigra, pars compacta
substantia nigra, pars reticulata
septal-olfactory area

superior olivary complex
supraoptic nucleus
subparafasicular nucleus

spinal trigeminal nucleus

stria terminalis

subthalamic nucleus

striatum

border between striatum and GPe
supramammillary nucleus
synaptophysin-mCherry

tyrosine hydroxylase

J Comp Neurol. Author manuscript; available in PMC 2022 March 01.

Page 34



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al. Page 35
™ tuberomammillary nucleus
TRN tegmental reticular nucleus
TT tenia tecta
Ubc ubiquitin C
Vv trigeminal (CN V1) motor nucleus
Vglut2 vesicular glutamate transporter 2 (S/c17a6)
VII facial (CN VII) motor nucleus
VLPO ventrolateral preoptic nucleus
VLM ventrolateral medulla
VM ventromedial thalamic nucleus
VMH ventromedial hypothalamic nucleus
VMPO ventromedial preoptic area
VNC vestibular nuclear complex
VPpc parvicellular ventral posterior thalamic nucleus
VTA ventral tegmental area
Xi xiphoid thalamic nucleus
X1l hypoglossal (CN XII) motor nucleus
Zl zona incerta
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Figurel.
Neurons that express the transcription factor FoxP2 form a subset of the larger population of

glutamatergic neurons in the parabrachial nucleus (PB). (a—i) Across three levels of the PB
region, Cre-reporter expression reveals the distribution of neurons that have expressed
vesicular glutamate transporter 2 (Vglut2). Approximate bregma level is shown at the
bottom-left of each column. Green fluorescent protein (conjugated to the L10 ribosomal
subunit; LAOGFP) in Vglut2-IRES-Cre;R26-Is/-L 10GFP mice represents neurons that have
expressed Vglut2. Note that this includes neurons in the locus coeruleus (LC), which no
longer express Vglut2 in the adult brain (Stornetta et al., 2002). Neurons with nuclear
immunofluorescence labeling for FoxP2 (magenta) span the dorsal lateral (dL), central
lateral (cL), rostral to external lateral (reL), and superior lateral (sL) PB subnuclei. In
contrast, FoxP2 labeling is sparse in the external lateral (eL) subnucleus. Scale bar in (i) is
200 pm and applies to panels (a-i). (j-1) GFP-expressing neurons in the lateral PB neurons
contain mRNA for Vglut2 (S/c17a6). Scale bar in (1) is 20 pm and applies to panels (j-k).
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Other abbreviations: iL, internal lateral; MeV, mesencephalic trigeminal nucleus; scp,
superior cerebellar peduncle.
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Figure 2.
Neurons that express the neuropeptide gene Pdyrn form a subset of the larger FoxP2

population in the PB. (a, d, g) Immunofluorescence labeling for FoxP2 (magenta) at three
rostrocaudal levels of the PB, from (a) PBreL, back through (d) PBdL and PBcL, and
caudally to (g) the pre-LC. (b, e, h) Green fluorescent protein (conjugated to the L10
ribosomal subunit; LLOGFP) in Pdyn-IRES-Cre,R26-Is/-L 10GFP mice represents neurons
that have expressed Pdyn. (c, f, i) Merged images show the co-localization of FoxP2-
immunoreactive nuclei with LLOGFP reporter. Approximate bregma level show at bottom-
left. Scale bar is 100 um and applies to all panels.
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Figure 3.
Cre-conditional expression of synaptophysin(Syp)-mCherry in each Cre-driver strain. (a—f):

Syp-mCherry (red) expression in a Vglut2-IRES-Cre mouse (case 1281), along with /n situ
hybridization for S/c17a6 (Vglut2, blue) and Ubc (ubiquitin c, green). White arrowheads
indicate Syp-mCherry-expressing PB neurons with mRNA labeling for S/c17a6. Scale bar in
(@) is 10 um and applies to (b—c). Scale bar in (d) is 200 um and applies to (ef). (g-1): Syp-
mCherry expression in a FoxP2-IRES-Cre mouse (case 1405), with immunofluorescence
labeling for FoxP2 (green) and tyrosine hydroxylase (TH, magenta). Scale bar in (g) is 10
um and applies to (h—i). Scale bar in (j) is 200 um and applies to (k-I). (m-0): Syp-mCherry
(red) expression in a Pdyn-IRES-Cre mouse (case #1814), with fluorescence in situ
hybridization for Pdyn mRNA (green). (p—u): Syp-mCherry expression in a Pdyn-IRES-Cre
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mouse (case 1812), with immunofluorescence labeling for FoxP2 (green) and TH (magenta).
Scale bars in (m) and (p) are 10 um and apply to (n—0) and (g-r), respectively. Scale bar in
(s) is 100 pm and applies to (t-u).
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Figure 4.
Location and distribution of Syp-mCherry-transduced neurons in each case. The top row (a—

¢) shows Nissl cytoarchitecture at three rostrocaudal levels of the PB region, with
approximate bregma levels at bottom-right. Color outlines show the location of the core
cluster of Syp-mCherry-transduced neurons in that case (case numbers at right), separated
by Cre-driver strain. Other abbreviations: B, Barrington’s nucleus; Cb, cerebellum; L, lateral
PB subdivision; M, medial PB subdivision; \, motor nucleus of the trigeminal (\/th cranial)
nerve.
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Figure5.
Brain-wide plots of punctate immunolabeling for Syp-mCherry, representing putative

presynaptic boutons of virally transduced neurons in the PB region. Representative cases
from each Cre-driver strain are shown in separate colors in each column (Vglut2-IRES-Cre
case 1280, red; FoxP2-IRES-Cre case 1405, blue; Pdyn-IRES-Cre case 1814, green). The 27
illustrated sections in each row (a—aa) were chosen to match the rostrocaudal level and
section angle between cases as closely as possible. The solid color in panels (s1-3)
represents the region of heavy somatic and dendritic immunolabeling at the core of each
injection site. Other abbreviations: see List of Abbreviations.
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Density of Syp-mCherry-labeled punctae across 147 brain regions in each PB-injected case,
grouped by Cre-driver strain. The density standards we used to rate each region are shown at
right. Gray indicates an absence of Syp-mCherry labeling. Light-to-dark shades of blue
represent increasing densities of punctae. Ice-blue represents regions that were excluded
from analysis due to Syp-mCherry labeling in cell bodies and/or dendrites near the injection
site. White represents areas that could not be analyzed due to histologic artifacts.
Abbreviation: tr, trace labeling.
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Figure7.
Syp-mCherry labeling (black, NiDAB) in the cerebral cortex of Vglut2 cases (case numbers

at upper-right of each panel). (a) Moderately dense labeling in the medial prefrontal cortex,
within the thicker molecular layer (layer 1) of the dorsal peduncular cortex immediately
ventral to the infralimbic area (Hurley et al., 1991). (b) Dense labeling in the “septo-
olfactory area” aggregates dorsal and ventral to the tenia tecta, which has a thickened layer 2
(Hurley et al., 1991). (c) Dense Syp-mCherry labeling in layer 5 of the rostral entorhinal
(Ent) cortex and in the amygdalopiriform transition cortex (APir). (d) Dense glutamatergic
Syp-mCherry labeling covers all layers of the mid-insular cortex, but avoids the principal
claustrum nucleus (CLA). In one Vglut2 case with an injection site centered in the lateral PB
(1281), labeling in the insular cortex clustered superficially, over layer 3. All scale bars are
100 pm. Other abbreviations: Hc, hippocampus.
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Figure8.
Syp-mCherry labeling in basal forebrain and basal ganglia. (a) In addition to light punctate

labeling in both the striatum (Str) and globus pallidus (GPe), a band of Syp-mCherry-labeled
boutons extends dorsally between these two structures, up from a dense terminal field in the
basal forebrain, primarily within the substantia innominata (SI). (b—c) We found dense
labeling in the subthalamic nucleus (STN) in only one case, where the injection site spread
rostrally from the PB into the pedunculopontine tegmental area (b, 0017). Vglut2 case 1281
(c) and other Vglut2 cases had little to no labeling in the STN. Other abbreviations: ic,
internal capsule; ot, optic tract. Scale bars are 200 pm.
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Figure.
Syp-mCherry labeling in the amygdala, bed nucleus of the stria terminalis (BST), and

preoptic area. (a—b) All Vglut2 cases had dense labeling in the central (CeA), basomedial
(BMA), and cortical (CoA) nuclei of the amygdala and lighter labeling in the medial nucleus
(MeA), with little to no labeling in the basolateral nucleus (BLA). (b) FoxP2 (and Pdyn)
cases had virtually no Syp-mCherry labeling in the amygdala. (c—d) Injection site location
within the PB affects the distribution of labeling within the CeA. An injection site centered
in the medial PB (c, case 0147) produced denser Syp-mCherry labeling in the medial CeA
subdivision (outer dashed line), while an injection into the lateral PB (d, case 1281)
produced denser labeling in the combined lateral and lateral capsular CeA subdivisions
(inner dashed line). (e—f) Vglut2 cases contained dense labeling in the anterior, lateral BST.
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In this region of the BST, the densest labeling in the oval subnucleus (BSTov) appeared after
an injection centered in PBeL (e, case 1281). Vglut2 cases also had consistently heavy
labeling in a focal subregion of the ventrolateral BST (BSTvL) and in the adjoining preoptic
parastrial nucleus (PS), as well as the median preoptic nucleus (MnPO). (f) Pdyn (and
FoxP2) cases had much lighter labeling in the BST, but similarly dense Syp-mCherry
labeling in the PS and MnPO. Other abbreviations: ac, anterior commissure; oc, optic
chiasm; st, stria terminalis. Scale bars are all 200 um.

J Comp Neurol. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huang et al.

Page 59

Orexin

Syp-mCherry
Orexin

Figure 10.
In the LHA of Pdyn cases, the distribution of Syp-mCherry-labeled boutons (a,c; red) had a

striking overlap with the distribution of neurons that are immunoreactive for the
neuropeptide orexin (also known as hypocretin; ice-blue in b—c). Scale bar is 100 pm.
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Vglut2 1281

Figure 11.
Syp-mCherry labeling at a middle (tuberal) level of the hypothalamus, showing the

prominent differences in labeling density within the ventromedial hypothalamic nucleus
(VMH). (a) Vglut2 cases had variable labeling densities in the VMH, with by far the densest
arising after an injection into the lateral PB (case 1281). (b) FoxP2 cases had lighter labeling
in the VMH, while (c) Pdyn cases had virtually none. All cases had prominent labeling in
the hypothalamic dorsomedial, lateral, and arcuate nuclei. Scale bar is 200 um.
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Figure12.
Syp-mCherry labeling in the thalamus. (a—b) The reuniens (Re) thalamic nucleus contained

labeling in all cases. This labeling was densest in Vglut2 cases, accompanied by similarly
dense labeling in the overlying rhomboid (Rh) nucleus. (c—d) Across Vglut2 cases,
projections from the PB region to the midline and intralaminar thalamic nuclei was varied
and somewhat complementary. For example, injections centered in the medial PB
subdivision (Vglut2 case 1280, a) produced heavy labeling in the centromedian (CM) and
paracentral (PC) thalamic nuclei, with lighter labeling in the mediodorsal (MD) thalamic
nuclei and moderately dense labeling in the midline intermediodorsal (IMD) nucleus. In
contrast, an injection located rostrally and dorsally in the PB region (Vglut2 case 0017) left
CM and PC almost devoid of labeling, despite similarly dense labeling in MD and IMD, and
produced additional labeling rostrally, in the centrolateral (CL) intralaminar nucleus (not
shown). All cases had moderately dense labeling throughout the paraventricular thalamic
nucleus (PVT). Caudal levels of the thalamus (e—f) also received distinctly different
projection patterns from the PB region. Specifically, () most VVglut2 cases had dense Syp-
mCherry labeling in the parafasciular (PF) thalamic nucleus, surrounding the fasciculus
retroflexus (fr), and immediately ventral to it in the parvicellular subdivision of the
ventroposterior thalamic nucleus (VPpc). In contrast, (f) case 0017 had no labeling in the
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VPpc and modest labeling in the PF. (g) FoxP2 cases had even lighter labeling in the PF, and
none in VVPpc. Scale bars are 200 um in (a—b) and 500 pm in (c—g).
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Figure 13.
Syp-mCherry labeling in the midbrain. (a) Dorsally, all Vglut2 cases had labeling in axons

coursing through the central tegmental tract (ctt) and producing a terminal field through the
midbrain reticular formation, which extended into the lateral, deep layers of the superior
colliculus (SC-Lat). A parallel pathway and terminal field pervaded all levels of the
periaqueductal gray matter (PAG). Ventrally, all Vglut2 cases had a moderately dense
terminal field in the ventral tegmental area (VTA). This was the only brainstem region with
similar or denser labeling on the contralateral side. Labeling here surrounds the medial
lemniscus (ml) and arcs over the interpeduncular nucleus (IPN). This VTA terminal field
was continuous with a dense terminal field laterally, in the substantia nigra pars compacta
(SNc), which was continuous with dense labeling in the A8/retrorubral field caudally. The
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red nucleus (RN), which contained little or no labeling, separated the dorsal and ventral
terminal fields in the midbrain, with a lateral band of Syp-mCherry-labeled punctae running
between it and the medial geniculate nucleus. (b—c) Extending caudally and dorsally from
the VTA, all Vglut2 cases had a moderately dense terminal field in a region described as the
“tail of the VTA” or rostromedial tegmental area (RMTg), which runs between the IPN/VTA
rostro-ventrally, and the decussation of the scp (dscp) caudo-dorsally. (e-g) The PAG
received a variety of different input projections, including a more focal input to its ()
ventrolateral column in Pdyn cases or a broader VVglut2 projection to its (g) lateral plus
ventrolateral or in some cases (f) dorsal subdivisions. Also in this region, (h) we observed
dense Syp-mCherry labeling throughout the ventral ependyma of the ventral cerebral
aqueduct, exclusively in Vglut2 cases.
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Figure 14.
Axonal pathways and efferent target sites of (a) Vglut2 and (b) FoxP2 and Pdyn neurons in

the PB region. In (b), note that the VIMH and several hindbrain nuclei (in parentheses)
receive input from FoxpZ-expressing neurons, but do not appear to receive any input from
Pdyrn-expressing neurons in the PB region.
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Figure 15.
Atypical morphologies of Syp-mCherry-labeled boutons in the: (a) Medial prefrontal cortex

(infralimbic area; right side is medial); (b) Septohippocampal nucleus; (c) Oval BST
subnucleus; (d) Lateral capsular subdivision of the CeA; (e) PC thalamic nucleus; (f) VPpc
(lateral) thalamic nucleus; and (g) PF thalamic nucleus. The large boutons in the PC and
lateral VPpc (e-f) form a striking contrast with the uniformly small, grainy appearance of
boutons in the neighboring PF (g), which is the typical appearance of PB terminal fields in
most other brain regions. (h) The distribution of bouton sizes (long-axis diameter) in the
lateral VPpc includes many with larger diameters than in the dorsally adjacent PF.
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Cre driver and reporter mice used in this study

Table 1.
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(2014): 238.

allele/MGI1:5559562

Strain Reference Sourceinformation Key gene
Vglut2-IRES- | Vong, Linh, et al. “Leptin action on Jax 016963 IRES-Cre inserted downstream of
Cre (Slc17a6- GABAergic neurons prevents obesity and https://www.jax.org/strain/016963 the stop codon of S/c17a60on
IRES-Cre) reduces inhibitory tone to POMC neurons.” chromosome 7

Neuron71.1 (2011): 142-154.
Foxp2-IRES- Rousso, David L., et al. “Two pairs of ON Richard Palmiter lab, University of IRES-Cre inserted after
Cre and OFF retinal ganglion cells are defined by | Washington termination codon of the mouse
intersectional patterns of transcription factor Jax 030541 FoxpZ gene
expression.” Cell reports 15.9 (2016): 1930- https://www.jax.org/strain/030541
1944,
Pdyn-IRES- Krashes, Michael J., et al. “An excitatory Jax 027958 IRES-Cre inserted downstream of
Cre paraventricular nucleus to AgRP neuron https://www.jax.org/strain/027958 the endogenous Pdyn
circuit that drives hunger.” Nature 507.7491 (prodynorphin) gene
(2014): 238.
R26-LSL- Krashes, Michael J., et al. “An excitatory Available from originating Floxed transcription STOP cassette
L10GFP paraventricular nucleus to AgRP neuron investigators followed by EGFP/RpI10 fusion
reporter circuit that drives hunger.” Nature 507.7491 http://www.informatics.jax.org/ reporter gene under control of the

CAG promoter targeted to the
Gt(ROSA)26Sor locus
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Antisera used in this study
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dodecyl sulfate).

Antigen Immunogen description Source, Host Species, RRID Concentration

DsRed DsRed-Express, a variant of Discosoma sp. Clontech, rabbit polyclonal, cat. # 632496, lot# 1:2,000
red fluorescent protein 1509043, RRID: AB_1001313483.

mCherry Full length mCherry fluorescent protein Life Sciences, rat monoclonal, cat.# M11217, lot# | 1:2,000

R1240561, RRID: AB_2536611

Forkhead box Recombinant human FOXP2 isoform 1 R&D Systems, sheep polyclonal, cat.# AF5647, 1:10,000

protein 2 (FoxP2) Ala640-Glu715 RRID: AB_2107133

Orexin / hypocretin Full-length (33 amino acid) orexin/hypocretin Phoenix, rabbit polyclonal, cat.# G- 003-30; lot# 1:5,000
peptide 01282-3; RRID: AB_2315019

Tyrosine Denatured tyrosine hydroxylase from rat Millipore, rabbit polyclonal, cat. #AB152, lot# 1:10,000

hydroxylase (TH) pheochromocytoma (denatured by sodium 240602, RRID: AB_696697
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Table 3.

Co-localization of mMRNA and protein in Syp-mCherry-expressing neurons

Vglut2 case# Syp-mCherry Slc17a6 mMRNA  Percent co-localization
1280 512 510 99.6%

1281 674 674 100.0%

Total 1186 1184 99.8%
FoxP2case# Syp-mCherry FoxP2nuclear immunoreactivity — Percent co-localization
1404 194 190 97.9%

1405 135 134 99.3%

Total 329 324 98.5%

Pdyn case# Syp-mCherry FoxP2 nuclear immunoreactivity Percent co-localization
1812 93 87 93.5%

1814 85 72 84.7%

Total 178 159 89.3%

Pdyn case# Syp-mCherry Pdyn mRNA  Percent co-localization
1812 70 69 98.6%

1813 37 37 100.0%

1814 128 127 99.2%

Total 235 233 99.1%
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