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Abstract

Neurotensin (Nts) is a neuropeptide implicated in the regulation of many facets of physiology,
including cardiovascular tone, pain processing, ingestive behaviors, locomotor drive, sleep,
addiction and social behaviors. Yet, there is incomplete understanding about how the various
populations of Nts neurons distributed throughout the brain mediate such physiology. This
knowledge gap largely stemmed from the inability to simultaneously identify Nts cell bodies and
manipulate them /7 vivo. One means of overcoming this obstacle is to study A£s¢"€ mice crossed
onto a Cre-inducible green fluorescent reporter line (N£s"¢;GFP mice), as these mice permit both
visualization and /n vivo modulation of specific populations of Nts neurons (using Cre-inducible
viral and genetic tools) to reveal their function. Here we provide a comprehensive characterization
of the distribution and relative densities of the Nts-GFP populations observed throughout the male
NtsCe:GFP mouse brain, which will pave the way for future work to define their physiologic roles.
We also compared the distribution of Nts-GFP neurons with Nis-/n situ Hybridization (NVfs-ISH)
data from the adult mouse brain. By comparing these data sets we can distinguish Nts-GFP
populations that may only transiently express Nts during development but not in the mature brain,
and hence which populations may not be amenable to Cre-mediated manipulation in adult
NisCe:GFPmice. This atlas of Nts-GFP neurons will facilitate future studies using the Nts<’e:GFP
line to describe the physiological functions of individual Nts populations and how modulating
them may be useful to treat disease.
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Introduction

The tridecapeptide Neurotensin (Nts) was first identified from the bovine hypothalamus
(Carraway and Leeman, 1973), suggesting its potential function as a neuropeptide. Yet, Nts
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is also produced peripherally by intestinal enteroendocrine N-cells and the adrenal gland,
and these sources account for the large pool of circulating Nts (Grunddal et al., 2016;
Mustain et al., 2011; Rokaeus et al., 1984). Since its discovery, Nts has been implicated in
regulating a host of physiologic responses, including feeding, locomotor activity, social
behavior, analgesia, sleep, and response to addictive drugs (Benmoussa et al., 1996; Boules
etal., 2011; Brown et al., 2017; Cape et al., 2000; Demeule et al., 2014; Ferraro et al., 2016;
Fitzpatrick et al., 2012; Gammie et al., 2009; Hawkins et al., 1989; Lambert et al., 1995;
Levine et al., 1983; Merullo et al., 2015; Nemeroff et al., 1977; Smith et al., 2012). How Nts
mediates these effects remains unclear, and this is particularly true when considering
whether and to what extent these effects are attributable to the Nts produced within the brain
versus the periphery. Moreover, central and peripheral Nts may exert opposing control over
some processes, such as those impacting body weight. Peripheral Nts mediates intestinal fat
absorption and smooth muscle tone important for moving nutrients through the intestine
(Carraway and Leeman, 1973; Li et al., 2016); thus, the high circulating pro-Nts levels
observed in obese individuals could be predicted to facilitate the fat absorption that underlies
weight gain. Contradictorily, gastric bypass surgery further elevates circulating Nts and the
number of Nts-producing intestinal cells, suggesting that Nts signaling may contribute to the
pronounced weight loss evoked by these procedures (Mumphrey et al., 2012; Ratner et al.,
2016). A potential mechanism that reconciles these data is that local increases in intestinal
Nts might be sufficient to access the central nervous system (CNS) via vagal afferents,
which may support pro-weight loss behaviors. Indeed, some circulating Nts can access blood
brain barrier-adjacent regions implicated in suppressing homeostatic feeding (Gevaert et al.,
2016; Ratner et al., 2016); however, this Nts does not reach deeper Nts receptor-containing
brain regions that suppress motivated feeding, such as the ventral tegmental area (VTA)
(Ratner et al., 2016; Woodworth et al., 2017b, 2017a). Intriguingly, Nts administration to the
VTA or central activation of specific Nts neurons that project there suppresses feeding and
promotes physical activity behaviors that support weight loss (Cador et al., 1986; Hawkins,
1986; Kalivas and Duffy, 1990; Patterson et al., 2015; Woodworth et al., 2017b). Given the
rapid turnover of circulating Nts (Aronin et al., 1982; Ratner et al., 2016) and its limited
penetrance into deep brain structures, it is likely that some Nts-mediated physiology is
solely regulated via Nts neurons within the brain and that there are distinct mechanisms by
which peripheral and central Nts modify body weight and other physiology. Thus, defining
the central sources of Nts is an important first step to understand how Nts mediates a diverse
repertoire of physiology, including regulation of feeding and body weight.

Nts also exerts site-specific effects within the brain, hinting that distinct Nts populations
coordinate specific behaviors. For instance, infusion of Nts into the periaqueductal gray
(PAG), the rostral ventromedial medulla, central amygdala (CEA), posterior hypothalamic
nucleus (PH), nucleus accumbens (Ach), or medial preoptic nucleus (MPO) results in
decreased pain sensation with no effects on feeding (Al-Rodhan et al., 1991; Benmoussa et
al., 1996; Kalivas et al., 1982; Neubert et al., 2004). Activation of Nts neurons in the MPO
also modulates social interaction (McHenry et al., 2017). By contrast, Nts administered into
in the VTA suppresses feeding and promotes locomotor activity that can support weight loss
(Cador et al., 1986; Elliott and Nemeroff, 1986; Kalivas and Taylor, 1985). Thus, it is
imperative to identify and systematically test how each Nts-expressing population in the
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brain contributes to physiology and behavior, as this information could inform the
development of precision-treatments for chronic pain, social anxiety, obesity, or eating
disorders.

The technical challenge of identifying Nts neurons, however, has hindered discovery of how
they coordinate normal physiology. /n situhybridization (ISH) is suitable to identify Nts-
expressing neurons but can’t be used to modulate them /7 vivo, as necessary to reveal their
physiologic roles. Antibody-mediated Nts immunoreactivity (Nts-IR) only identifies fibers
in the CNS, indicating axons of passage or terminals via which Nts is released, but fails to
identify cell bodies (Uhl et al., 1977; Woodworth et al., 2018). Pre-treating animals with
colchicine disrupts the microtubule network required for anterograde transport of peptides
and effectively concentrates Nts within soma to permit their detection via Nts-IR; this
method has been used to reveal Nts perikarya within the nucleus of the solitary tract (NTS),
parabrachial nucleus (PB), dorsal raphe nucleus (DR), PAG, VTA, paraventricular
hypothalamic nucleus (PVH), rostral arcuate nucleus (Arc), lateral hypothalamic area
(LHA), CEA, MPO, and bed nucleus of the stria terminalis (BNST) (Ibata et al., 1984;
Jennes et al., 1982; Kahn et al., 1982, 1980; Triepel et al., 1984; Uhl et al., 1979).
Problematically, colchicine causes neuronal dysfunction that may alter gene expression and
it is lethal, prohibiting further studies to define how these Nts populations contribute to
normal physiology or disease states.

To overcome the limitations of conventional Nts detection methods, investigators have begun
to use N£sC€:GFP mice that permit visualization and manipulation of all Nts-expressing
neurons using Cre-LoxP technology (McHenry et al., 2017; Naganuma et al., 2019;
Woodworth et al., 2017b). The fidelity of the Nits¢"é,GFP line has been confirmed using ISH
and colchicine-mediated Nts-IR, verifying that the line reliably identifies Nts neurons in
known Nts-expressing brain regions including the LHA, MPO, and Acb (Brown et al., 2019;
McHenry et al., 2017; Woodworth et al., 2018). We subsequently used the Nis<’e:GFP line
to determine which Nts neurons provide afferents to the VTA, highlighting the Nts neurons
anticipated to exert the anorectic or social behaviors mediated via Nts in this region
(McHenry et al., 2017; Woodworth et al., 2018, 2017b). During our analysis, we also noted
substantial populations of Nts neurons throughout the brain that did not engage the VTA
and, hence, were beyond the scope of that study. Yet, we reasoned that any substantial
population of Nts neurons is a likely contributor to Nts-mediated physiology and that
identifying these populations will open the door for future studies to reveal their functions.
As a first step toward this goal, we have conducted a brain-wide assessment of the
distribution of Nts-GFP neurons throughout the brains of NVs<"€:GFP mice. Additionally, we
compared the distribution of Nts-GFP neurons with AMs-ISH (Lein et al., 2007). This
comparison is important to identify any Nts-GFP populations that, despite expressing GFP,
do not actively express Nts in adulthood. This would occur in cells that transiently expressed
Nts during development, resulting in recombination and permanent GFP expression, even if
these cells do not continue to express Nts (or Cre) during maturity. Our work thus provides a
comprehensive “Nts-GFP atlas” that will be useful to identify Nts-containing populations in
developing and adult mice. This resource will enable investigators to identify Nts
populations of interest so that they may be systematically studied in the future using
NisCe:GFP mice to finally reveal how various Nts populations mediate diverse physiology.
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Materials and Methods

Animals

C57/BL6 backcrossed Nits“'¢ mice (The Jackson Laboratory, stock # 017525) were crossed
with Rosa265GFP-L102 mice (Krashes et al., 2014) to visualize all Nts neurons via their Cre-
mediated induction of green fluorescent protein (GFP). Within the confines of this text an
“Nts neuron” refers to any neuron that expresses Nts (as signified by GFP or NVts-ISH
labeling) and is simply a shorthand to identify these cells. Designation as an “Nts neuron”
does not mean that a cell exclusively expresses Nts or solely signals via it, as neurons may
contain multiple neuropeptides and/or neurotransmitters. Nts“"¢ mice have an IRES-Cre
sequence located within the 3’-UTR of the Nts gene, which permits robust Cre recombinase
expression sufficient to induce Cre-mediated reporter labeling in any Nts-expressing cell.
The fidelity of the AMts©"€ mice for identifying Nts-expressing neurons has been validated
previously (Brown et al., 2019; Woodworth et al., 2018). We also verified that the
Rosa26FGFP-L10a [ing js not “leaky” and does not exhibit GFP expression without Cre-
mediated recombination (Woodworth et al., 2017a) and Supplementary Figure 1. Thus, male
progeny heterozygous for Nts€’€ and GFPwere utilized throughout this study to identify Nts
neurons and are referred to as NVts<’¢:GFP mice. Mice were bred and housed in a 12hr
light/12 hr dark cycle. All procedures were approved by the Institutional Animal Care and
Use Committee at Michigan State University in accordance with Association for Assessment
and Accreditation of Laboratory Animal Care and National Institutes of Health guidelines.
Tail biopsies were taken between 2—-3 wk of age and genotyped using standard polymerase
chain reaction (PCR). The following primers were used to identify AVfs“’¢ mice: common
forward, 5 ATA GGC TGC TGA ACC AGG AA,; cre reverse, 5° CCA AAA GAC GGC
AAT ATG GT; and WT reverse, 5’ CAA TCA CAA TCA CAG GTC AAG AA. Primers
used to detect the presence of Rosa26ECFP-L10a jnclude: mutant forward, 5° TCT ACA AAT
GTG GTA GAT CCA GGC; WT forward, 5° GAG GGG AGT GTT GCA ATA CC, and
common reverse, 5 CAG ATG ACT ACC TAT CCT CCC.

Immunohistochemistry and Immunofluorescence

NtsCe:GFP mice were anesthetized at 23 weeks of age with intraperitoneal pentobarbital
and transcardially perfused, first with 1X phosphate-buffered saline (PBS) and then with
10% formalin (Fisher Scientific, Pittsburgh, PA). Brains were removed, stored in 10%
formalin overnight, and then dehydrated with a 30% sucrose solution. Brains were cut
coronally into four series of 30 um sections using a freezing microtome (Leica, Buffalo
Grove, IL). To enhance visualization of Nts-GFP neurons, sections from one series were
incubated in primary antibody for GFP (Abcam, chicken, 1:1000; RRID: AB_300798). To
examine the CEA additional primary antibodies were used to detect Protein Kinase C-Delta
(PKC-8, BD Biosciences, mouse, 1:1000; RRID: AB_397781). After overnight incubation
at room temperature in primary antibodies, brain sections were washed 6 times in PBS.
Next, species-specific Alexa-488 conjugated (Jackson ImmunoResearch, 1:200; RRID:
AB_2340375) or Alexa-568 conjugated antibodies (LifeTech, 1:200; RRIDs: AB_2534013
and AB_2534017) were applied for 2 hours at room temperature. Sections were finally
washed with PBS to remove any non-specific binding and were then mounted onto slides
and coverslipped with ProLong Antifade mounting media. Immunolabeled brain sections
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were analyzed using an Olympus BX53 fluorescence microscope outfitted with FITC and
Texas Red filters, and images were collected using Cell Sens software and a Qi-Click 12 Bit
cooled camera. Images were subsequently analyzed using Photoshop software (Adobe) to
identify anatomical landmarks, then were referenced to the Franklin and Paxinos mouse
brain atlas (Franklin and Paxinos, 2013) to determine the bregma coordinate that best
matched the image. Supplemental Figure 1 shows antibody controls in ++/GFP mice and
NisC"e:GFPmice, verifying that GFP expression is indeed Cre-dependent and that the
immunolabeling protocol specifically detects GFP in NtsCe:GFP mice.

Three separate male Nts¢"€-GFP mice were analyzed to map the location of Nts soma
throughout the entire brain and qualitatively assess the density of Nts-GFP populations
within each brain region. Due to the design of the reporter strain (a GFP-L10a ribosomal
protein fusion) Cre-induced GFP was robustly localized within ribosome-rich structures
such as the soma. Neuronal processes were not readily visible since these structures have
few ribosomes and hence accrue little GFP-L10a. We therefore restricted our study to
assessing the location of GFP-labeled soma. Nts-GFP images were analyzed “by eye” to rate
the relative density of Nts neurons as follows, from most to least dense: ++++ = Very dense
distribution of soma that nearly overlap; +++/++++ = dense distribution of soma but no
overlap; +++ = Numerous distributed soma; ++/+++ = Intermediate; ++ = Moderate density
of soma; +/++ = Some scattered soma; + = Sparse soma; 0/+ = Very few if any soma noted.
Density ratings with two figures (e.g. ++/+++) indicate that the Nts density is somewhat
between the higher and lower rating. For example, a ++/+++ means that there are moderate-
to-numerous neurons in this area, but not quite as many as a +++ region. Data were
compared between the three brains, and an average rating of Nts-GFP cell density was
assigned for each brain structure. While there was some variability in Nts cell density
between the three brains analyzed (one brain each with low, intermediate and higher relative
number of Nts soma), they all had comparable, consistent distributions of Nts neurons. For
example, the range of Nts neurons observed from the LHA and BNST of the three brains is
shown in Supplementary Figure 2 and confirms the minor variability between brains. The
average density rating was taken from the brain with the intermediate density of Nts-GFP
neurons, as it represents the conservative “middle ground” of Nts cell density: Supplemental
Table 1 lists these the average relative densities of Nts-GFP neurons throughout the brain.

Additionally, we searched the database of coronally-sectioned, adult mouse brain NV¢s-ISH
images courtesy of the Allen Brain Atlas (Lein et al., 2007) to identify a section with similar
landmarks/bregma level to the Nts-GFP image. The entire Nts-ISH dataset can be referenced
via the Allen Brain Atlas website at http://mouse.brain-map.org/experiment/show/73788032
and images obtained from it are identified in our figures as “Image Credit: Allen Institute”.
Nts ISH data from the Allen Brain atlas was performed using a 56 week-old male C57BL/6J
mouse. All NMts-ISH images were assigned a bregma coordinate to permit comparison of
similar brain areas from Nts-GFP images. Due to differences in sectioning or fixation the
assigned bregma coordinates may not be matched with exact precision. Yet, bregma
coordinates are provided as a helpful starting point for investigators who may want to target
specific Nts populations in the future via stereotaxic manipulations.

Neuropeptides. Author manuscript; available in PMC 2020 December 07.


http://mouse.brain-map.org/experiment/show/73788032

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schroeder et al.

Page 6

Fluorescence In Situ Hybridization (ISH)

Results

C57BI/6J wild type mice (Jackson Labs, n=3 per experiment) were perfused with fixative
and brains were extracted, post-fixed and sectioned as above. For each mouse, three free
floating sections spanning a brain region of interest were selected for analysis using
Advanced Cell Diagnostics RNAScope single-plex or multiplex fluorescent Kits (catalog
#322360 and 323100), per the manufacturer’s protocol. Briefly, sections were dried onto
slides in a 40 °C oven for 1 hour, incubated in hydrogen peroxide solution for 10-60 min at
room temperature, washed in distilled water and dried. After incubation in 100°C 1X Target
Retrieval Reagent (7—10 minutes), sections were rinsed, dried and dipped in 100% alcohol.
Dry sections were incubated in Protease 111 solution for 15 minutes at 40 °C and washed in
distilled water. Samples were then incubated with probes for 2 hours in a humidified oven at
40°C. Samples singly labeled with Nts probe (catalog no. 420441) were visualized with
Fast-Red-A and -B (60:1). Samples simultaneous hybridized with Nts and Galanin (Gal;
Mm-Gal-C2, cat. no. 400961-C2) probes were visualized with TSA plus fluorescein or Cy3,
respectively. Sections were finally rinsed, dipped in xylene for 2 min and coverslipped with
antifade mounting media.

General Observations

We observed many Nts-GFP cells scattered throughout the brain, which are described in
Supplemental Table 1 by their location across the caudal-rostral brain axis and relative
density. In many cases Nts-GFP cells were evenly distributed throughout a brain region, but
we also observed sites in which Nts-GFP neurons were visibly grouped together in clusters;
we refer to the latter as Nts-GFP populations. Figures include representative images from
NisCe:GFP mice of the brain areas with the largest density of Nts-GFP cells (those with
qualitative density ratings of +++/++++ or ++++, see Supplemental Table 1 and Table 1)
across the entire caudal-rostral axis of the brain. Each Nts-GFP image was assigned a
Bregma level according to the mouse brain atlas (Franklin and Paxinos, 2013) to permit
identification of Nts-GFP containing brain regions using stereotaxic coordinates, and thus
how to target specific Nts-GFP populations for future manipulations. Corresponding images
of Nts-ISH from an adult mouse (courtesy of the Allen Brain Atlas (Lein et al., 2007)) are
presented alongside each Nts-GFP image to distinguish whether mature neurons in these
regions actively express Nts. This is important because Cre-mediated recombination will
occur during whichever stage Nts is expressed in the Nts¢;GFPmice, inducing permanent
GFP expression. Thus, any developmentally-expressing Nts cells will undergo
recombination and remain GFP-labeled throughout the lifespan, and this is independent of
whether or not such cells actively express Nts in the mature brain. Comparing Nts-GFP and
Nits-1ISH data from adult mice suggests which Nts-GFP cells expressed Nts developmentally
versus during adulthood. Table 1 summarizes regions in which we observed a higher density
of Nts-GFP neurons than Afs-1SH (average density ratings differing by more than one “+”),
and which may exhibit developmentally-restricted expression of Nts.
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Starting caudally, the most notable structure containing a dense population of Nts-GFP
neurons is the hypoglossal nucleus (12N), which also contains robust NVes-ISH (Fig 1A).
Other hindbrain regions containing sizable Nts-GFP populations and dense Nfs-ISH include
the caudal portion of the spinal trigeminal nucleus (Sp5C) (Fig 1B), the fusiform region of
the dorsal cochlear nucleus (DCFu) (Fig 1C), the facial nucleus (7N) (Fig 1D), the A5 group
of noradrenaline cells (Fig 1D, E), and the dorsal, external, and central parts of the lateral
parabrachial nucleus (LPBD, LPBE, LPBC) (Fig 1F-G). The Koelliker-fuse nucleus (KF)
and the principal sensory trigeminal nucleus (Pr5) contain many Nts-GFP neurons, and
while a comparable level of NMts-ISH exists in the KF, there is an absence of detectable Vs
ISH signal in the Pr5 (Fig 1H), suggesting that Nts is transiently expressed by Pr5 cells at
some stage of development, but not in adult Nts-GFP neurons.

Other hindbrain structures contained more diffuse, but readily identifiable populations of
Nts-GFP neurons with qualitative density ratings of ++/+++ or +++, as per Supplemental
Table 1. Some of these moderately dense populations of Nts-GFP neurons are shown in
Figure 1 and include the gracile (Gr) and cuneate nuclei (Cu and CuR), the inferior olivary
complex (I0A and 10B), the caudal aspect of the interpolar spinal trigeminal nucleus (SP5I),
the area postrema (AP), the parvicellular part of the medial vestibular nucleus (MVePC), the
anterior aspect of the ventral cochlear nucleus (VCA), and the medial parabrachial nucleus
(MPB and MPBE). We observed other moderately sized Nts-GFP populations (nhot pictured
but described in Supplemental Table 1) within the retractor bulbi part of the adbucens
nucleus (6RB), the supratrigeminal nucleus (Su5), and the laterodorsal tegmental nucleus
(LDTg). NVrs-1SH was detected in a similar distribution and density as the Nts-GFP cells
within the Gr, Cu, AP, MVePC, 6RB, MPB and LDTg.

We observed many Nts-GFP neurons evenly scattered throughout the periaqueductal gray
(PAG), including within the lateral (LPAG- Fig 2A), dorso-lateral and dorso—medial
(DLPAG/DMPAG - Fig 2D), and the ventrolateral (VLPAG- Fig 2E) sub-regions.
Interestingly, only the caudal VLPAG exhibited significant NVis-ISH (Fig 2B and C), whereas
Nis-1ISH was absent from the DLPAG and DMPAG (Fig 2D). This discrepancy between the
distributions of Nts-GFP and Nts-ISH may signify that Nts is transiently expressed
throughout most of the PAG during development, but is only in adult neurons of the VLPAG.
In contrast, the adjacent cuneiform nucleus (CnF) contains a dense population of Nts-GFP
neurons as well as NVs-ISH (Fig 2A and 2B). A large, dense cluster of Nts-GFP neurons and
Nis-1SH was found within the dorsal aspect of the dorsal raphe nucleus (DRD) that lies
ventral to the cerebral aqueduct (Fig 2C). Nts-GFP neurons and corresponding Nfs-1ISH were
also found, but more evenly distributed, within the lateral and ventral aspects of the dorsal
raphe (DRL and DRV) (Fig 2C-E). Two regions with particularly dense distributions of Nts-
GFP neurons and Nes-1SH included the subbrachial nucleus (SubB) and the nucleus of the
brachium of the inferior colliculus (BIC) (Fig 2G). Other midbrain regions with sizable, yet
evenly dispersed Nts-GFP neurons and Nis-1SH, include the Sagulum (Sag) (Fig 2B), the
deep gray and white layers of the superior colliculus (DpG) (Fig 2D), the precuneiform area
(PrCnF) (Fig 2E), the parabigeminal nucleus (PBG) (Fig 2F), and the microcellular
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tegmental nucleus (MiTg) (Fig 2F). Midbrain structures with more moderate densities of
Nts-GFP neurons (with qualitative density ratings of ++/+++ or +++) include the dorsal
cortex of the inferior colliculus (DCIC), lateral lemniscus (I1), subpeduncular tegmental
nucleus (SPTQ), located just beneath the decussation of the superior cerebellar peduncle
(scp), the intermediate gray and white layers of the superior colliculus (InG / InWh), the
oculomotor nucleus (3N) and associated structures, the mesencephalic reticular formation
(mRT) and the nucleus of Darkschewitsch (DK) (Supplemental Table 1). At the transition
between the midbrain and caudal hypothalamus we also observed scattered Nts-GFP
neurons and Afs-1SH within the Substantia Nigra Compacta (SNC); this is best observed in
(Fig 4A).

There were few significant Nts-GFP clusters observed in the thalamus of AitsC¢"é;GFP mice
compared to other brain areas. Dense populations of Nts-GFP neurons were observed within
the medial aspect of the medial geniculate nucleus (MGM), the triangular posterior thalamic
nucleus (PoT), the posterior intralaminar thalamic nucleus (PIL), the peripeduncular nucleus
(PP), and the suprageniculate thalamic nucleus (SG) (Fig 3A). Apart from the PoT, these
thalamic structures contained ample Afs-1ISH and, hence, actively express Nesin the adult
brain. Another concentrated population of Nts-GFP neurons and a similar distribution of
Nits-1SH was observed within the anterior paraventricular thalamic nucleus (PVA) (Fig 3B).
The density of Nts-GFP neurons increased over the caudal to rostral extent of the PVA, such
that the Nts-GFP neurons were most abundant in the rostral aspect. Other thalamic regions
contained more modest populations of Nts-GFP neurons, and these areas included the
ventral part of the medial geniculate nucleus (MGV), the mediocaudal LP thalamic nucleus
(LPMC), the central medial thalamic nucleus (CM), the subparafascicular thalamic nucleus
(SPF), and the intermediodorsal thalamic nucleus (IMD) (refer to Supplemental Table 1).
While the intermediodorsal (IMD) and central medial (CM) thalamic nuclei contain many
Nts-GFP neurons, these regions lack comparable Nts-1ISH (best observed in Fig 4C-E).
Despite reports indicating the presence of Nts-IR fibers within these medial thalamic
structures (Jennes et al., 1982; Ray and Price, 1990), the failure to detect Nts-IR soma or Nts
ISH in these sites together with our data suggests that Nts is only transiently expressed
during the development of these thalamic neurons. One notable exception are the visible
clusters of Nts-GFP and NVrs-ISH cells observed in the Xiphoid and Paraxiphoid nuclei of
Thalamus (Xi and PaXi); however, these structures are more closely associated with the
hypothalamus (Fig 4D-E). Hence, Nts may play an important role in the development of the
thalamus but signaling may only be maintained during adulthood in select thalamic cells.

Hypothalamus and Adjacent Regions

Starting at the caudal extent of the hypothalamus, we observed many Nts-GFP neurons in
the medial and lateral regions of the mammillary nucleus (MM and LM), yet, comparable
Nts-1ISH was only observed in the MM and was absent from the LM (Fig 4A). The ventral
premammillary nucleus (PMV) contained a distinct cluster of Nts-GFP neurons consistent
with AMfs-ISH data (Fig 4B). In addition, a densely packed population of Nts-GFP neurons
and comparable Nrs-ISH were apparent within the subthalamic nucleus (STh) (Fig 4C). The
adjacent parasubthalamic nucleus (PSTh) contained more sparsely distributed Nts-GFP and
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Nts-1ISH-identified neurons (Fig 4C). Just above these regions lie the ventral and dorsal
portions of the Zona Incerta (Z1V, ZID), which contained sparse Nts-GFP neurons and
similar distributions of NVts-ISH (Fig 4C). Moving rostrally, the next large population of Nts-
GFP neurons and Nts-1SH was found within the lateral hypothalamic area (LHA) (Fig 4D).
Nts-GFP neurons were also noted within the rostral arcuate nucleus (Arc), a region essential
for regulating energy balance; however, sparse NVts-ISH was observed in this structure (Fig
4E). Other mediobasal areas that modulate energy balance, such as the ventromedial and
dorsomedial hypothalamic nuclei (VMH and DM), contained scattered Nts-GFP neurons but
little observable Ats-1ISH (Fig 4D). Notably, the paraventricular nucleus of the hypothalamus
(PVH) was virtually devoid of Nts-GFP cells and Nts ISH (Fig 4E), which is interesting
given the known cellular heterogeneity of this brain area and its importance in energy
balance.

The rostral-medial hypothalamus harbored abundant Nts-GFP neurons, notably within the
striohypothalamic nucleus (StHy), the medial preoptic nucleus (MPO), the ventromedial
preoptic nucleus (VMPOQ), and the anteroventral periventricular nucleus (AVPV) (Fig 4F and
4G). Indeed, the sheer density of tightly-packed Nts-GFP cells in the MPO and AVPV made
it difficult to resolve individual neurons. The Nfs-1ISH distribution matches that of the Nts-
GFP cells within the MPO, but is less pronounced in the StHy, VMPO, and AVPV (Fig 4F
and 4G). More modestly-sized populations of Nts-GFP neurons were found within the
posterior aspect of the anterior hypothalamic area (AHP), posterior hypothalamus (PH),
lateral preoptic nucleus (LPO), ventrolateral preoptic nucleus (VLPQ), septohypothalamic
nucleus (SHy), and parastrial nucleus (PS) and comparably less Ns-ISH was present in
these regions relative to Nts-GFP cells (Supplemental Table 1).

The bed nucleus of the stria terminalis (BNST) complex lies dorsal to the preoptic area
(POA) and contained a moderate number of Nts-GFP and ANrs-1ISH labeled cells. These cells
were mostly scattered throughout the lateral division, including the intermediate (BSTLI),
posterior (BSTLP), dorsal (BSTLD) and juxtacapsular (BSTLJ) parts (Fig 4F and 4G). The
medial division of the ventral aspect of the BNST (BSTMV) also contained considerable
dispersed Nts-GFP and Afs-1SH-labeled cells. Intriguingly, the BNST was the rare brain
region in which Nfs-1ISH labeled cells were slightly more abundant than the corresponding
Nts-GFP labeled cells; this was particularly true for the BSTLD and BSTLI (Fig 4F).

Cerebral Cortex and Amygdala

Compared to the broad distribution of Nts-GFP neurons throughout the bulk of the
hypothalamus, the hippocampus contained more restricted populations of Nts-GFP neurons.
Notably, the prosubiculum, dorsal subiculum (DS) and ventral subiculum (VS) harbor
numerous Nts-GFP neurons (Fig 5A). NVts-ISH is also prominent within the prosubiculum
and DS, but not the VS (Fig 5A). The hippocampal CA1 pyramidal cell layer encompasses
many Nts-GFP neurons, and these neurons are localized primarily within the caudal aspects
of the structure up through the level of the DM (Fig 5B). Since much less NVts-ISH is
apparent in the CAL region from the Allen Brain Atlas, there may be a reduction in the
number of mature neurons that continue to express Nts in this region (Fig 5B). The markedly
higher density and distribution of Nts-GFP cells in the VS and CA1 compared to Nts-ISH
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suggests that Nts is expressed developmentally throughout the hippocampus, but expression
is not sustained in the VS or CA1 of adult mice.

The distribution of cortical Nts-GFP was also fairly circumscribed, as it was limited to the
retrosplenial (RSD and RSGc) and cingulate (Cg) regions (Fig 5B, C and E). Sizable
populations of Nts-GFP neurons were observed in these regions, but Ns-ISH was
undetectable (Fig 5B, C and E and Fig 3B). A striking, large population of Nts-GFP neurons
was confined within the Cg, but NV¢sISH was very low and virtually undetectable in this
region (Fig 5E and 5B). As with the hippocampus, these data hint that Nts provides a
primarily developmental role in the cortex and that it is not an active neuropeptide signal
within the adult cortical regions.

Within the amygdala, only the CEA possessed a significant cluster of Nts-GFP neurons (Fig
5D). In agreement, intense Afs-ISH labeling was observed within the caudal CEA (Fig 5D).
A number of amygdala-associated structures contained more moderate, but still considerable
amounts, of Nts neurons (++/+++ to +++). These structures included the amygdalopiriform
transition area (APir), ventral aspect of the basolateral amygdalar nucleus (BLV), anterior
aspect of the basomedial amygdalar nucleus (BMA), cortical amygdalar area (COA),
intraamygdalar division of the stria terminalis (STIA), cortex-amygdala transition area
(CxA), anterodorsal and anteroventral medial amygdalar nucleus (MeAD/MeAV), main
intercalated amygdalar nucleus (IM), and sublenticular extended amygdala (EA)
(Supplemental Table 1). Of these structures, comparable Nts-ISH labeling within the Allen
Brain Atlas was observed for the BLV, BMA, and STIA, while slightly lower levels of Nts
ISH (+/++) was detected within the COA, CxA, and MeAV (Supplemental Table 1).

Striatum, Pallidum, and Forebrain

We observed extensive Nts-GFP and Nfs-ISH in the mouse ventral striatum, which broadly
consists of the olfactory tubercle (Tu) and the nucleus accumbens (Acb). Abundant Nts-GFP
neurons were found throughout the rostrocaudal extent of the olfactory tubercle (Tu),
including within clusters of neurons known as the islands of cajella (1Cj) (Fig 6A). Nts-ISH
was very intense and mostly similar in distribution to the Nts-GFP neurons throughout the
Tu and ICj. The Acb also contained numerous Nts-GFP neurons and Nts-ISH that was
predominantly located within the medial and lateral shell (AcbSh and LAcbSh) with a more
minor population residing in the nucleus accumbens core (AchC) (Fig 6A-E). The density
of Nts-GFP neurons was greatest at the very medial aspect of the AcbC (+++), whereas this
density is much lower within the lateral core (+). Other structures within the striatum and
pallidum contained smaller but still considerable densities of Nts-GFP neurons (++/+++ or +
++). Notably, these structures include the caudate putamen (CPu), globus pallidus (internal)/
entopeduncular nucleus (EP), anterior and ventral aspects of medial portion of the bed
nucleus of the stria terminalis (BSTMA/BSTMYV), interstitial nucleus of the posterior limb
of the anterior commissure (IPAC), lateral septal nucleus (LS), the substantia innominata
(SIB), and septohippocampal nucleus (SHi) (Supplemental Table 1). Within the CPu, the
highest density of Nts-GFP neurons (+++) was found in the caudal aspect of the region
spanning between the levels of the rostral Arc and the caudal MPO (Fig 3B and Fig 5D, E).
The CPu, STMA and STMV, IPAC, and LS sub-regions had Ars-1SH densities comparable
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to the observed distribution of Nts-GFP neurons (Supplemental Table 1). The navicular
postolfactory nucleus (Nv) was the rostral-most structure with a large Nts-GFP population
(Fig 6E).

The only notable discrepancy between forebrain Nts-GFP and Ns-ISH distributions was in
the ventral tenia tecta (VTT) and the medial portion of the anterior olfactory area (AOM),
which are olfactory structures contained within the rostral-most aspect of the brain
(Supplemental Table 1). While the VTT and AOM contained moderate densities of Nts-GFP
neurons, no detectable NVts-ISH was present in either structure.

Secondary Confirmation of Nts-ISH Within Brain Regions

Brain regions with differential distributions of Nts-GFP and Ns-ISH from the Allen Brain
Atlas may indicate sites that express Nts transiently, but not in adulthood. Yet, the Nts-ISH
from the Allen Brain Atlas only provides a snapshot of AVfs-ISH from a single male mouse
and may not reflect biological variability in Nts expression. An apparent lack of expression
could also result from an experimental artifact, for example if the Nts probe was not fully
distributed throughout a section. To overcome these possible confounds, we performed
RNA-Scope Nts-ISH in specific brain regions in which we’d found concordance or
discordance between the Nts-GFP and Allen Brain Afs-1SH signals. For example, the KF
and Pr5 in the hindbrain both had ample Nts-GFP neurons, but Allen Brain Afs-ISH was
only noted in the KF (Fig 1H). Similarly, RNA-Scope analysis identified NVts-ISH in the KF
but not the Pr5 (Fig 7A-C). We also confirmed that there is minimal Nts-ISH in the CA1
and Cg, which is similar to the Allen Brain atlas and contrasts to the numerous Nts-GFP
neurons in these regions (CAL: Fig 7D-E vs. Fig 5B; Cg: Fig 7L-M vs. Fig 5E). These data
lend further support to the idea that Nts is transiently expressed at high levels in the Pr5,
CALl and Cg, but that this expression is absent in the adult brain. We also performed RNA-
Scope Nis-ISH in brain regions that had abundant Nts-GFP signal that was concordant with
the Allen Brain Atlas NVes-ISH. Indeed, RNA-Scope analysis confirmed high Nes-ISH in the
CeA, STh, LHA and MPO, similar to the Allen Brain and Nts-GFP distributions. (CeA: Fig
7F-G vs. Fig 5D; LHA: Fig 7F,H vs. Fig 4D; STH: Fig 7F,1 vs. Fig 4C; MPO: Fig 7J,K vs.
Fig 4F). These findings suggest that the Allen Brain Afs-1SH is a reliable indicator of Nts
expression in the adult mouse brain and can be utilized for comparison to the Nts-GFP
distributions.

Heterogeneity of Nts Neurons Within Brain Regions

We were struck by the observation of very dense populations of Nts-GFP neurons within the
LHA and CEA, regions known to contain multiple molecularly-distinct neuronal populations
that exert unique modulation of feeding. We therefore reasoned that Nts-expressing neurons
in the LHA and CEA may not be homogeneous and might differ in their expression of other
neuropeptides or molecular markers that would provide clues as to their function. We first
tested this hypothesis in the LHA by examining the co-distribution of the neuropeptides Nts
and Gal. LHA neurons expressing anorectic Nts are alleged to overlap with the same
neuronal population that expresses orexigenic Gal, which was determined by analyzing IR
for Nts and Gal in colchicine-treated mice (Laque et al., 2013). Yet, subsequent studies
showed that LHA Nts and LHA Gal neurons differ in projection targets and physiologic
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regulation of feeding and behavior, suggesting they may not be a fully overlapping
population (Qualls-Creekmore et al., 2017; Woodworth et al., 2017b). To examine this
possibility, we performed dual ISH for Mtsand Gal (Fig 8A), thus bypassing the requirement
for colchicine treatment, and potentially interrupted anterograde transport that might
jeopardize cell health and alter gene expression. Using dual ISH, we observed robust Ga/
throughout the DM, but no Atswas found in this structure (Fig 8A). These findings are
consistent with prior ISH (Lein et al., 2007) and the dearth of Nts-GFP cells in the DM (Fig
4). By contrast, we noted ample distributions of Galpositive and Nis-positive cells within
the LHA. While many LHA neurons contained high levels of both Ga/and Nis (Fig 8A,
yellow arrows), many Ga/neurons did not overlap with Nts neurons. Moreover, we also
identified NVrs-labeled neurons that completely lacked or had negligible Ga/signal (white
arrowheads) (Fig 8A, white arrows). These data suggest that LHA Nts neurons are
heterogeneous and that there are at least two subpopulations of Nts neurons in this structure,
one of which robustly co-expresses Ga/and the other of which does not. These anatomical
findings also concur with recent single-cell molecular analysis of LHA populations, which
found populations of Nts neurons containing Gal as well as Nts neurons that did not
(Mickelsen et al., 2019).

We next examined the CEA, where Nts and protein kinase ¢-6 (PKC-8) are localized, and
both are implicated in anorexic behavior (Cai et al., 2014; Cooke et al., 2009; Levine et al.,
1983; Woodworth et al., 2017b). To investigate whether these purported anorectic proteins
overlap spatially, we examined PKC-8 immunoreactivity (IR) within the CEA of NitsCe;GFP
mice. This analysis revealed a few CEA Nts-GFP cells that also contained PKC-6-IR (Fig
8B, yellow arrows), but the majority of CEA Nts-GFP and PKC-6 neurons were largely
separate and did not overlap (Fig 8B, white arrows). Interestingly, most Nts-GFP neurons
were found within the medial aspect of the CeL subregion of the CEA, and these did not
colocalize with PKC-8-IR. A small number of Nts-GFP neurons found within the lateral
aspect of the CeL, however, did co-express PKC-& (Fig 8). These data corroborate recent
literature showing that very little Afs-1SH overlaps with PKC-& within the CeL (Mccullough
et al., 2018) and further demonstrates that NVts<"¢;GFP mice can be useful to both identify
Nts neurons and to define their molecular phenotype.

Discussion

Importance of Assessing the Distribution of Nts Neurons in the Mouse Brain

A major goal of neuroscience is to understand how molecularly- and regionally-specified
neuronal populations coordinate behavior and physiology. Because central Nts mediates a
diverse array of physiologic responses depending on where it is administered in the brain
(analgesia, regulation of body temperature, suppression of feeding, locomotor activity,
vasodepressor response), it is likely that regionally-defined populations of Nts neurons
coordinate specific functions. Characterizing the roles of these distributed Nts populations
requires the ability to identify and then manipulate them in vivoto reveal how they mediate
behavior and biology. While the use of ISH and colchicine-mediated Nts-IR has been
valuable to identify Nts neurons, primarily in rats, these methods don’t permit subsequent
manipulation of neurons of interest. By contrast, the recombinase-mediated labeling of Nts
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neurons that occurs in Nitsé,GFP mice facilitates Nts neuron detection and permits their
manipulation using widely available Cre-Lox tools. Indeed, this approach has already been
successful in establishing that Nts neurons in the POA vs. the LHA modulate social and
feeding behaviors, respectively (McHenry et al., 2017; Woodworth et al., 2017b). Much,
however, remains to be learned about Nts-mediated physiology. Given the differences in Nts
expression and brain architecture between rodents (Schroeder and Leinninger, 2018; Smits
et al., 2004), prior descriptions of Nts-expressing neurons in rats may not translate to
NtsCe:GFP mice to guide function-directed studies. Our work here thus fills a critical gap by
providing an “Nts-GFP atlas” that investigators can use to identify Nts populations and then
systematically test their function in N£sC"é;GFP mice.

Important Considerations in Using Nts©"€;GFP mice to Study Nts Neurons

Nis“"¢ mice are engineered so that Cre expression is an excellent proxy of which cells are
actively expressing Nts. However, as with any knock-in recombinase mouse model, once
NtsC" mice are bred onto a Cre-inducible reporter line, Cre expressed at any point during
development causes recombination and permanent reporter labeling. Thus, while Cre-
inducible expression of reporters like GFP are ideal to permit cell detection, immediate
recombination upon Cre expression prevents discrimination of which cells transiently
expressed Nts/Cre during development vs. those that actively express them in adult cells.
Additionally, the GFP reporter line does not indicate Nts expression at the level of individual
neurons, as constitutive GFP expression will occur in cells that have undergone
recombination, regardless of the degree to which Nits is actively expressed. These confounds
must be considered when examining NVes<"€:GFP mice. Since Nts expression differs within
the neonatal, postnatal, and adult brain of rats (Bissette et al., 2006; Wolfson et al., 1985;
Yamano et al., 1984), it is likely that there is also some Nts-dependent ontogeny in the
mouse brain. Moreover, because Nts receptors are broadly expressed in the developing rat
brain but their expression becomes more circumscribed in maturity (Lépée-Lorgeoux et al.,
1999; Palacios et al., 1988), it is possible that Nts exerts different functions during the
formation of neural circuits as compared to Nts signaling in the mature brain. Hence, prior to
performing any manipulations of Nts-GFP neurons in adult Nts<"¢:GFPmice, it is important
to verify whether the cells in question are actively expressing Cre/Nts, or whether they were
labeled during development. Only cells actively expressing Cre can be modulated using Cre-
Lox methodologies. For this reason, we compared the distribution of Nts-GFP neurons with
adult NMrs-1ISH provided by the Allen Brain Institute (Lein et al., 2007), reasoning that any
sites of Nts-GFP neurons that lack Ars-1ISH represent Nts-GFP populations that transiently
expressed Nts and underwent recombination during development but do not actively express
Nts in adulthood. We noted several brain areas with discrepant Nts-GFP and Nts ISH
profiles (see Table 1) and have pointed them out in the text. We acknowledge, that the Allen
Brain NVts-ISH may not perfectly represent Nisexpression, as it is derived from a single
sample and inherent biological variability or technical artifacts could result in under-
detection of Ars-expressing neurons. However, our assessment of specific brain areas across
three male mice via RNA-Scope revealed comparable Afs-1ISH to that of the Allen Brain
Atlas, lending support to its utility to predict RNA expression. Yet, since we could not
evaluate all areas with discordant expression, the absence of As-1ISH in areas with Nts-GFP
neurons should not be taken as absolute confirmation of their “developmental” profile or that
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that they do not express Cre/Nts during maturity. In addition, only three Nits¢"é;GFP brains
were evaluated, and while they were generally consistent, there was some expected
biological variability in the distribution and relative densities of Nts populations between
them (Supplemental Figure 2). Hence, given the small sample sizes of these studies,
investigators should cautiously and conservatively interpret the data as a “snap-shot” of
regions that contain Nts, and should confirm levels of Cre/Nts expression in their brain
region, age and physiological context of interest. This can easily be done by injecting Cre-
inducible reagents into adult NVts¢"€-GFP mice at sites of interest, and only neurons actively
expressing Nts will express Cre and undergo recombination.

The fidelity of the NVtsCe;:GFP mice has been previously characterized. Dual ISH for AVtsand
Cre performed in NVs©"€ mice demonstrated that Cre recombinase is solely co-expressed by
Nts neurons (McHenry et al., 2017). In addition, we have previously verified that Nts-
immunoreactive neurons faithfully colocalize with GFP cells in Nits¢"é,GFP mice (Brown et
al., 2019; Woodworth et al., 2018). While nearly all GFP-expressing neurons overlapped
with Nts-immunoreactive cells in regions with known dense populations of Nts neurons,
such as the LHA, POA, and Acb, there was a minor portion of GFP cells that did not exhibit
Nts expression (Woodworth et al., 2018). This indicates that, even in regions in which
densities of NMts-1ISH correspond well with densities of GFP neurons, there may still be a few
GFP neurons within the NVts€€;:GFP mouse that are not actively expressing Nts. Thus, those
interested in using these mice should take care to fully characterize the Nts vs. GFP
expression in their region of interest, to understand to what extent the GFP identifies active
Nts-expressing cells. However, Cre expression reflects whether or not a neuron is actively
expressing Nts. Thus, injectable viral Cre-dependent technologies, such AAV-delivered
activating or inhibitory DREADDs, will result in activation and inhibition only in Cre/Nts-
expressing neurons, and has been used for this purpose in the LHA (Naganuma et al., 2019;
Woodworth et al., 2017b). This technique can be used to verify the extent of neurons in a
specific area that are actively expressing Nts/Cre, as any modulations are only of “real”
actively expressing Nts neurons.

One additional consideration is that we characterized the distribution of Nts-GFP neurons
from the brains of adult male NVs¢"€-GFP mice, but it is possible that the distribution and/or
relative density of Nts-GFP populations may differ in females. A number of brain regions
have already been reported to display enhanced Nts expression in females relative to males,
likely due to estradiol-induced effects, including the arcuate nucleus, medial preoptic
nucleus, anteroventral periventricular nucleus (Alexander, 1993; Alexander et al., 1991;
Vastagh and Liposits, 2017). Going forward, investigators should validate the distributions
of Nts neurons in areas of interest in both sexes, particularly if they are studying the role of
Nts in physiology with known sex differences. For example, loss of function Nts variants
have been discovered in individuals with anorexia nervosa, a type of eating disorder that is
more prevalent in females than males. It is possible that differences in Nts expression or
function might contribute to the development and sex difference of eating disorders, though
this has yet to be mechanistically examined (Lutter et al., 2017). Additionally, males and
females also exhibit differences in pain processing; hence, there may be differences in Nts
signaling that underline sexual dimorphism in pain sensing and analgesia (Loyd and
Murphy, 2009). In light of the established sex differences in Nts expression within select
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brain regions, (Alexander, 1999, 1993; Alexander et al., 1991; Axelson et al., 1992;
Herbison and Theodosis, 1992; Vastagh and Liposits, 2017), investigators should
characterize Nts expression in female Nits¢e;GFP mice before using the line to assess the
role of Nts in reproduction or sex differences. This is particularly crucial when considering
that our study, Allen Brain ISH, and most other Nts studies were carried out in males.

Lastly, the method used to identify Nts neurons robustly labeled soma but prohibited
detection of Nts-containing fibers. This was an inherent caveat of the Cre-mediated
GFP:L10a reporter line used for the study: GFP is fused to the ribosomal protein unit L10a
(Rpl104) so any induced GFP is restricted to ribosomes within the cell body. Since axons
have few ribosomes little GFP-L10a will be found in these structures. Going forward,
however, investigators can easily reveal the projection targets of any Nts population of
interest using NtsC"®;GFP mice and Cre-mediated tract tracers.

Summary

The goal of this work was to provide a descriptive map of Nts neurons throughout the
NitsCe:GFP mouse brain. We documented numerous brain regions that contain Nts-GFP
neurons, some of which were not thought to possess Nts neurons prior to this report, and the
Nts neurons at many of these sites are plausible participants in the regulation of various
aspects of physiology, spanning from analgesia, locomotor activity, cardiovascular response,
social behavior, addiction, learning, memory, and feeding. These findings emphasize the
wealth of information yet to be mined about how Nts neurons contribute to biology and
behavior. It is our hope that this work will facilitate subsequent studies designed to both
understand the roles of these Nts populations in normal physiology and to determine
whether these populations may be tractable targets to improve maladaptive behaviors or
disease states.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Nts-GFP and AVrs-1ISH in the Hindbrain. From left to right, each row contains a Bregma-

numbered atlas image (Franklin and Paxinos, 2013), an image of Afs-ISH at the same
Bregma level, courtesy of the Allen Brain Atlas (Lein et al., 2007), a 4x image of Nts-GFP
neurons, and a 10x image of Nts-GFP neurons from the same area. Red and blue shaded
areas in the atlas image are outlined in the Nts-GFP images. A) Bregma -7.76, Red shading
corresponds to the Hypoglossal nucleus (12N), B) Bregma —7.64, Red shading corresponds
to the Spinal trigeminal tract, caudal part (Sp5C), C) Bregma —6.24, Red shading
corresponds to the Dorsal cochlear nucleus, fusiform layer (DCFu), D) Bregma —5.80, Red
shading corresponds to the Facial nucleus (7N), E) Bregma —5.68, Red shading corresponds
to the A5 noradrenaline cell group (A5), F) Bregma —-5.34, Red shading corresponds to the
Lateral parabrachial nucleus, dorsal part (LPBD)whereas blue shading corresponds to the
Lateral parabrachial nucleus, central part (LPBC), G) Bregma —5.20, Red shading
corresponds to the Lateral parabrachial nucleus, external part (LPBE) while blue shading
corresponds to the LPBC, H) Bregma —4.96, Red shading corresponds to the Principal
sensory trigeminal nucleus (Pr5) whereas blue shading corresponds to the Koelliker-Fuse
nucleus (KF). AP= Area postrema, 10N = dorsal motor nucleus of the vagus, Gr= Gracile
nucleus, CuR= Cuneate nucleus, Cu= Cuneate nucleus and fasciculus, Sp51= Spinal
trigeminal tract, interpolar part, IOB= Inferior olive subnucleus B of the medial nucleus,
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10A= Inferior olive subnucleus A of the medial nucleus, SolM= Solitary nucleus, medial
part, SolV'= Solitary nucleus, ventral part, MdV/= Medullary reticular nucleus, ventral part,
MdD= Medullary reticular nucleus, dorsal part. 4V/= 47" ventricle, MVePC= Medial
vestibular nucleus, parvicellular part, DC= Dorsal cochlear nucleus, SollM= Solitary
nucleus, intermediate part, PCRtA= Parvicellular reticular nucleus, SuVe= Superior
vestibular nucleus, VVCA= Ventral cochlear nucleus, anterior part, MPB= Medial
parabrachial nucleus, DMPAG= Dorsomedial periaqueductal gray, LPAG= Lateral
periaqueductal gray, CnF= Cuneiform nucleus, 5SN= Motor trigeminal nucleus.
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Figure 2.

Nts-GFP and NVts-ISH in the Midbrain. From left to right, each row contains a Bregma-
numbered atlas image (Franklin and Paxinos, 2013), an image of NVfs-1ISH at the same
Bregma level, courtesy of the Allen Brain Atlas (Lein et al., 2007), a 4x image of Nts-GFP
neurons, and a 10x image of Nts-GFP neurons from the same area. Red, blue, and green
shaded areas in the atlas image are outlined in the Nts-GFP images. A) Bregma -5.20, Red
shading corresponds to the Lateral periagueductal gray (LPAG)while blue shading
corresponds to the Cuneiform nucleus (CnF), B) Bregma —5.02, Red shading corresponds to
the Sagulum nucleus (Sag) whereas blue shading corresponds to the CnF, C) Bregma —4.90,
Red shading corresponds to the Dorsal raphe nucleus, dorsal part (DRD), D) Bregma -4.60,
Red shading corresponds to the Dorsomedial periagueductal gray (DMPAG), blue shading
corresponds to the Dorsolateral periaqueductal gray (DLFAG), dark green shading
corresponds to the Deep white layer of the superior colliculus (DpWh), and light green
shading corresponds to the Deep gray layer of the superior colliculus (DpG), E) Bregma
-4.48, Red shading corresponds to the Precuneiform area (PrCnF) whereas blue shading
corresponds to the ventrolateral periaqueductal gray (VLPAG), F) Bregma —4.36, Red
shading corresponds to the Parabigeminal nucleus (PBG) while blue shading corresponds to
the Microcellular Tegmental nucleus (MiTg), G) Bregma —3.64, Red shading corresponds to
the Brachium of the Inferior Colliculus (BIC) whereas blue shading corresponds to the
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Subbrachial nucleus (SubB). LDTg= Laterodorsal tegmental nucleus, LPBC= Lateral
parabrachial nucleus, central part, LPBE=L ateral parabrachial nucleus, external part, MPB=
Medlial parabrachial nucleus, DRC= Dorsal raphe nucleus, caudal part, DRI=Dorsal raphe
nucleus, interfascicular part, MPB= Medial parabrachial nucleus, DCIC= Dorsal cortex of
the inferior colliculus, DRV'= Dorsal raphe nucleus, ventral part, DRL= Dorsal raphe
nucleus, lateral part, InG/InWh= Intermediate gray or white layer of the superior colliculus,
PDR= Posterodorsal raphe nucleus, mRt=Mesencephalic reticular formation, DS= Dorsal
Subiculum, VS=Ventral Subiculum.
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Figure 3.
Nts-GFP and NVrs-ISH in the Thalamus. From left to right, each row contains a Bregma-

numbered atlas image (Franklin and Paxinos, 2013), an image of NVfs-1ISH at the same
Bregma level, courtesy of the Allen Brain Atlas (Lein et al., 2007), a 4x image of Nts-GFP
neurons, and a 10x image of Nts-GFP neurons from the same area. Shaded areas in the atlas
image are outlined in the Nts-GFP images. A) Bregma —3.40, Red shading corresponds to
the Suprageniculate Thalamic nucleus (SG), blue shading corresponds to the Medlial
Geniculate nucleus, medial part (MGM), yellow shading corresponds to the Peripeduncular
nucleus (PP), green shading corresponds to the Posterior Intralaminar Thalamic nucleus
(PIL), and maroon shading corresponds to the Posterior Thalamic nucleus, Triangular (PoT),
B) Bregma -0.22, Red shading corresponds to the Paraventricular Thalamic nucleus,
Anterior (PVA). DS= Dorsal Subiculum, LPAG=Lateral periaqueductal gray, Ag=Aqueduct,
DK= Nucleus of Darkschewitsch, InG/InWh= Intermediate gray or white layer of the
superior colliculus, CPu= Caudate Putamen, Cg= Cingulate Cortex, LSD= Lateral Septal
Nucleus, dorsal part, BSTLP= Bed nucleus of the stria terminalis, lateral division, posterior
part.
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Figure 4. Nts-GFP and Nts-1SH in the Hypothalamus.
From left to right, each row contains a Bregma-numbered atlas image (Franklin and Paxinos,

2013), an image of Nfs-ISH at the same Bregma level, courtesy of the Allen Brain Atlas
(Lein et al., 2007), a 4x image of Nts-GFP neurons, and a 10x image of Nts-GFP neurons
from the same area. Shaded areas in the atlas image are outlined in the Nts-GFP images. A)
Bregma -2.92, Red shading corresponds to the medial mammillary nucleus, medial part
(MM) whereas blue shading corresponds to the /ateral mammillary nucleus (LM), B)
Bregma —-2.54, Red shading corresponds to the Premammillary nucleus, ventral (PMV), C)
Bregma -2.30, Red shading corresponds to the Subthalamic nucleus (STh) while blue
shading corresponds to the Parasubthalamic nucleus (PSTh), D) Bregma —1.70, Red shading
corresponds to the Lateral Hypothalamus (LHA), E) Bregma —-1.22, Red shading
corresponds to the Rostral Arcuate nucleus (Arc), F) Bregma —0.18, Red shading
corresponds to the Striohypothalamic nucleus (StHy), G) Bregma +0.02, Red shading
corresponds to the Ventromedial Preoptic nucleus (VMPQO), blue shading corresponds to the
Medlial Preoptic nucleus (MPQO), and green shading corresponds to the Anteroventral
Periventricular nucleus (AVPV). DK= Nucleus of Darkschewitsch, rmx= Retromammillary
decussation, SNC= Substantia Nigra Compacta, fr= Fasciculus retroflexus, PSTh=
Parasubthalamic nucleus, STh= Subthalamic nucleus, 3V/= 37 ventricle, PAG=
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Periaqueductal Gray, ZID= Zona Incerta, Dorsal, ZIV/'= Zona Incerta, Ventral, IMD=
Intermediodorsal Thalamic nucleus, PH= Posterior Hypothalamic nucleus, DM=
Dorsomedial Hypothalamic nucleus, VVMH=\Ventromedial Hypothalamic nucleus, CM=
Central Medjal Thalamic nucleus, Xi= Xiphoid Thalamic nucleus, PaXi= Paraxiphoid
nucleus of Thalamus, ArcD= Arcuate hypothalamic nucleus, Dorsal, ArcL= Arcuate
hypothalamic nucleus, Lateral, PVH= Paraventricular nucleus of the Hypothalamus, AHP=
Anterior Hypothalamic Area, Posterior, RChL= Retrochiasmatic, Lateral, BSTL /= Bed
nucleus of the stria terminalis, lateral division, intermediate part, BSTLP= Bed nucleus of
the stria terminalis, lateral division, posterior part, BSTMV= Bed nucleus of the stria
terminalis, medial division, ventral part, BSTL D= Bed nucleus of the stria terminalis, lateral
division, dorsal part, BSTLJ= Bed nucleus of the stria terminalis, lateral division,
Juxtacapsular part, IPACL = Interstitial nucleus of the posterior limb of the anterior
commissure, MPA= Medjal Preoptic Area, Tu= Olfactory tubercle, VLPO= Ventrolateral
Preoptic nucleus, LPO= Lateral Preoptic nucleus.
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Image Credit: Allen Brain
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Figure 5. Nts-GFP and Nts-1SH in the Cortex.
From left to right, each row contains a Bregma-numbered atlas image (Franklin and Paxinos,

2013), an image of Nrs-ISH at the same Bregma level, courtesy of the Allen Brain Atlas
(Lein et al., 2007), a 4x image of Nts-GFP neurons, and a 10x image of Nts-GFP neurons
from the same area. Shaded areas in the atlas image are outlined in the Nts-GFP images. A)
Bregma -3.40, Red shading corresponds to the Dorsal and Ventral Subiculum (DS and VS)
while blue shading corresponds to the Oriens layer of the hippocampus (Or), B) Bregma
-2.06, Red shading corresponds to Field CA1 of the hippocampus (CA1sp) C) Bregma
-1.22, Red shading corresponds to the Retrosplenial Dysgranular and Granular Cortex
(RSD/RSGc), D) Bregma -1.70, Red shading corresponds to the Central Amygdalar nucleus
(CEA), E) Bregma —0.22, Red shading corresponds to the Cingulate Cortex (Cg). SG=
Suprageniculate Thalamic nucleus, MGM=Medial Geniculate nucleus, PIL= Posterior
Intralaminar Thalamic nucleus, PP= Peripeduncular nucleus, PoT= Posterior Thalamic
nucleus, InG= Intermediate gray layer of the superior colliculus, DIEnt= Dorsointermedial
Entorhinal Cortex, VIEnt= Ventral Intermediate Entorhinal Cortex, PMCo= Posteromedial
cortical amygdalar nucleus, CPu= Caudate Putamen, PV/P= Paraventricular Thalamic
nucleus, Posterior, PF= Parafascicular Thalamic nucleus, PV= Paraventricular Thalamic
nucleus, STIA= ST, intraamygdalar division, BMP= Basomedial Amygdalar nucleus,
posterior, MePD= Medial Amygdalar nucleus, posterodorsal, MePV'= Medial Amygdalar
nucleus, posteroventral, LHA= Lateral Hypothalamus, Arc= Arcuate hypothalamic nucleus,
Xi= Xiphoid Thalamic nucleus, CM= Central Medial Thalamic nucleus, L S=L ateral Septal
Nucleus.
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Figure 6. Nts-GFP and Nts-1SH in the Forebrain.
From left to right, each row contains a Bregma-numbered atlas image (Franklin and Paxinos,

2013), an image of Nrs-ISH at the same Bregma level, courtesy of the Allen Brain Atlas
(Lein et al., 2007), a 4x image of Nts-GFP neurons, and a 10x image of Nts-GFP neurons
from the same area. Shaded areas in the atlas image are outlined in the Nts-GFP images. A)
Bregma +0.74, Red shading corresponds to the /slands of Cajella (1Cj), B) Bregma +1.18,
Red shading corresponds to the Nucleus Accumbens, lateral shell (LAcbSh), C) Bregma
+1.34, Red shading corresponds to the Mucleus Accumbens, Shell (AcbSh), D) Bregma
+1.42, Red shading corresponds to the Offactory tubercle (Tu), E) Bregma +1.78, Red
shading corresponds to the Navicular Postolfactory nucleus (NVv). LSV=Lateral Septal
Nucleus, ventral part, LSI=Lateral Septal Nucleus, intermediate part, aca=anterior
commissure, AcbC=Nucleus Accumbens, Core, ICiM=Island of Cafella, Major Island,
SIB=Substantia innominata, VDB=Nucleus of the Vertical Limb of the Diagonal Bana,
SHi=Septohippocampal nucleus, Pir=Piriform Cortex.
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Figure 7. Verification of Nts-I SH in Specific Brain Regions.
RNA Scope ISH for Ats (white) in wild type male mice (n=3). Panels show representative

images of findings. A) 4x image of section containing the Pr5 and KF. B) KF (20x) and C)
Pr5 (20x). CA1 region of the hippocampus at D) 4x and E) 20x. F) 4x image of section
containing the CeA, LHA and STh. 20x images of from this section of the G) CeA, H) LHA
and I) STh. Abundant Asis found in the J) 4x image of the MPO and K) can be seen in
numerous MPO cell bodies at 20x. By contrast, note the dearth of Afsin the L) 4x image
and K) 20x image of the Cq. Pr5=Principal sensory trigeminal nucleus, KF=Koelliker-Fuse
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nucleus (KF), CA1=Field CA1 of the hippocampus, CeA=central amygdala, LHA= lateral
hypothalamic area, STh= subthalamic nucleus, MPO=medial preoptic area, Cg=cingulate
cortex.
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Figure 8. Heterogeneity of Nts Neurons Within the LHA and CEA.
From left to right, each row contains a 10x image of merged red and green channels,

followed by 20X images of green, red, and merged channels. A) RNA Scope dual-
fluorescent ISH for Nts (green) and Galanin (Gal, red) in the LHA. Yellow arrows identify
neurons expressing Nts and robust levels of Gal. White arrows identify neurons expressing
Nts and negligible Gal. B) Section of the CEA from an Nts€¢;GFP mouse immunostained
for GFP (Nts-GFP, green) and PKC-8 (red). Yellow arrows identify the few neurons co-
labeled with Nts-GFP and PKC-8, which lie primarily within the lateral aspect of the CEA
(CeL). White arrows identify CEA neurons that contain Nts but no detectable PKC-86. LHA=
Lateral Hypothalamus, fx=fornix, DM=Dorsomedial Hypothalamic nucleus,
VMH=\Ventromedial Hypothalamic nucleus, CeL =Central Amygadalar nucleus, lateral,
CeC=Central Amygdalar nucleus, central, CeM=Central Amygdalar nucleus, medial.
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