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Abstract

Pharmacologic treatment with the neuropeptide neurotensin (Nts) modifies motivated behaviors
such as feeding, locomotor activity, and reproduction. Dopamine (DA) neurons of the ventral
tegmental area (VTA) control these behaviors, and Nts directly modulates the activity of DA
neurons via Nts receptor-1. While Nts sources to the VTA have been described in starlings

and rats, the endogenous sources of Nts to the VTA of mice remain incompletely understood,
impeding determination of which Nts circuits orchestrate specific behaviors in this model. To
overcome this obstacle we injected the retrograde tracer Fluoro-Gold into the VTA of mice that
express GFP in Nts neurons. Identification of GFP-Nts cells that accumulate Fluoro-Gold revealed
the Nts afferents to the VTA in mice. Similar to rats, most Nts afferents to the VTA of mice

arise from the medial and lateral preoptic areas (POA) and the lateral hypothalamic area (LHA),
brain regions that are critical for coordination of feeding and reproduction. Additionally, the VTA
receives dense input from Nts neurons in the nucleus accumbens shell (NAsh) of mice, and minor
Nts projections from the amygdala and periaqueductal gray area. Collectively, our data reveal
multiple populations of Nts neurons that provide direct afferents to the VTA and which may
regulate specific aspects of motivated behavior. This work lays the foundation for understanding
endogenous Nts actions in the VTA, and how circuit-specific Nts modulation may be useful to
correct motivational and affective deficits in neuropsychiatric disease.
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1. Introduction

Neurotensin (Nts) is a 13 amino-acid neuropeptide that was first extracted from the
bovine hypothalamus (Carraway and Leeman, 1973). Nts has subsequently been identified
throughout the brain (Beck et al., 1989; Carraway and Leeman, 1976; Jennes et al., 1982;
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Kitabgi et al., 1990; Uhl et al., 1979) and has been implicated in regulating a diverse
repertoire of physiology and motivated behaviors including feeding, locomotor activity,
social behavior, analgesia, sleep, and response to addictive drugs (Boules et al., 2011; Brown
et al., 2017; Cape et al., 2000; Demeule et al., 2014; Ferraro et al., 2016; Fitzpatrick

etal., 2012; Gammie et al., 2009; Merullo et al., 2015b; Smith et al., 2012). Nts may

direct certain behaviors via actions in the ventral tegmental area (VTA), based on findings
that different types of VTA neurons orchestrate distinct goal-directed behaviors (Lammel

et al., 2012; Stamatakis et al., 2013; van Zessen et al., 2012), and that a specific subset

of VTA neurons expresses neurotensin receptor-1 (Woodworth et al., 2017a). The VTA

is predominantly comprised of dopamine (DA) neurons that project to and release DA

in the nucleus accumbens (NA), prefrontal cortex (PFC), hippocampus, or amygdala to
modify goal-directed behaviors (for review see Bromberg-Martin et al., 2010; Salamone

and Correa, 2012). In contrast, the caudal “tail” of the VTA that forms a continuum with

the rostromedial tegmental nucleus (RMTg) is enriched with GABA-ergic neurons, which
inhibit VTA DA neurons and serve as negative regulators of DA-mediated behaviors (Carr
and Sesack, 2000; Margolis et al., 2012; Tan et al., 2012; van Zessen et al., 2012). Given that
alterations in both VTA DA and Nts signaling have been implicated in the pathogenesis of
drug addiction, depression, anxiety, schizophrenia, autism, pain processing and obesity, there
is likely functional overlap of these systems (Boules et al., 2014; Caceda et al., 2012; Carey
etal., 2017; Ellenbroek et al., 2016; Ferraro et al., 2016; Fitzpatrick et al., 2012; Howes et
al., 2017; Kim and Mizuno, 2010; Li et al., 2016; Nestler and Carlezon Jr, 2006; Rothwell,
2016; Theoharides et al., 2016; Volkow et al., 2013). It is therefore critical to define the
precise neural mechanisms by which Nts engages the VTA, to understand how it regulates
such diverse physiology and how Nts signaling becomes maladaptive in disease.

Pharmacologic Nts activates VTA DA neurons (Legault et al., 2002; Seutin et al., 1989;
Sotty et al., 2000, 1998; St-Gelais et al., 2004; Werkman et al., 2000), thereby increasing DA
release in the NA (Kalivas et al., 1983; Kalivas and Duffy, 1990; Sotty et al., 2000, 1998;
Steinberg et al., 1995) that can modify goal directed behaviors. Indeed, intra-VTA Nts has
been shown to suppress homeostatic and motivated feeding (Cador et al., 1986; Kelley et
al., 1989), increase locomotor activity (Cador et al., 1986; Elliott and Nemeroff, 1986; Feifel
and Reza, 1999; Kalivas et al., 1983; Kalivas and Duffy, 1990; Kalivas et al., 1981; Panayi
et al., 2005; Steinberg et al., 1994) and support self-administration (Glimcher et al., 1987;
Kempadoo et al., 2013; Rompre and Gratton, 1993), conditioned place preference (CPP)
(Glimcher et al., 1984; Rouibi et al., 2015) and locomotor sensitization similar to addictive
drugs (Elliott and Nemeroff, 1986; Kalivas and Duffy, 1990; Kalivas and Taylor, 1985;
Voyer et al., 2017). Intriguingly, many of these behavioral effects are specific to the VTA
because Nts administration outside of the VTA elicits different effects. For example, while
Nts injection in the VTA increases locomotor activity and DA release, intra-NA or central
Nts decreases locomotor activity and does not alter DA release (Elliott et al., 1986; Kalivas
et al., 1983, 1984; Meisenberg and Simmons, 1985; Vadnie et al., 2014; van Wimersma
Greidanus et al., 1984). Similarly, intra-VTA Nts does not alter acute locomotor response

to psychostimulants (Elliott and Nemeroff, 1986), whereas ICV or intra-NA Nts reduces
psychostimulant or DA-induced hyperactivity (Ervin et al., 1981; Jolicoeur et al., 1985;
Nemeroff et al., 1983; Sarhan et al., 1997; Skoog et al., 1986). One notable exception to this
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is Nts-mediated suppression of feeding behavior, as both central and direct administration of
Nts in the VTA suppress feeding in fasted and satiated animals (Cador et al., 1986; Cooke

et al., 2009; Luttinger et al., 1982). Taken together, these data suggest that there must be
projection-specified populations of Nts neurons, only some of which project to the VTA to
coordinate motivated locomotor and reward behaviors.

It is clear that exogenous Nts impacts the mesolimbic DA system, yet the endogenous
sources of Nts to the VTA have yet to be fully characterized. Furthermore, defining Nts
inputs to the VTA across species is important to determine how this neuropeptide modulates
DA-mediated behaviors relevant to animal survival. For example, European starlings
exhibit Nts immunoreactivity within the VTA, at least some of which originates from the
preoptic area (POA); this starling Nts POA — VTA circuit is implicated in regulating
sexually-motivated singing behavior (Merullo et al., 2015a, b). Zahm and colleagues have
characterized endogenous sources of Nts to the VTA in rats (Geisler and Zahm, 2006a,b;
Zahm et al., 2001). Abundant Nts-immunoreactive terminals are found within the VTA of
rats (Beaudet and Woulfe, 1992; Hokfelt et al., 1984; Szigethy and Beaudet, 1989; Woulfe
and Beaudet, 1989) and in mice, where they are found in close opposition to VTA DA
neurons (Opland et al., 2013), indicating that some Nts is released to the VTA. Nts afferents
to the VTA were examined in rats by injecting the retrograde tracers Fluoro-Gold (FG) and
the cholera toxin beta subunit (CTb) into the VTA and using in situ hybridization (ISH)

to label Nts cell bodies, demonstrating that most Nts inputs to the VTA originate from

the preoptic area (POA) and rostral lateral hypothalamic area (LHA) (Zahm et al., 2001).
Yet, lesioning the POA and LHA in rats does not substantially reduce Nts terminals in the
VTA, suggesting there may be other important sources of endogenous input in this species
(Geisler and Zahm, 2006b). Indeed, injection of a wheat germ agglutinin transynaptic tracer
(WGA-apoHRP-gold) into the VTA of rats confirmed afferents from the POA and LHA,
and identified putative afferents from the NA shell (NAsh), dorsal raphe (DR), ventral
endoprifirom area, lateral septum (LS), pedunculopontine tegmental nucleus (PTg), and
laterodorsal tegmental nucleus (LDTg) (Geisler and Zahm, 2006a).

In comparison with starlings and rats, the Nts system in mice has been comparatively little
studied, and so the sources of endogenous mouse Nts input to the VTA remain incompletely
understood. Studies across species were limited by the inability to easily identify Nts-
expressing cells, but the recent development of N£s“'® mice enables the facile detection and
manipulation of mouse Nts neurons using Cre-Lox technology. Using these mice we have
identified a large population of Nts neurons in the LHA that project to the VTA, consistent
with the prior afferent mapping done in rats, and manipulation of these LHA Nts neurons
reveals their crucial contributions to motivated behavior and energy balance (Brown et al.,
2017; Leinninger et al., 2011; Opland et al., 2013; Patterson et al., 2015; Woodworth et

al., 2017b). The LHA may be just one of several sites by which Nts orchestrates distinct
behavioral responses in the mouse VTA, thus it will be important to define all Nts afferents
to the VTA and test their roles individually. Indeed, NVts“"¢ mice were recently used to
define how medial preoptic area Nts neurons projecting to the VTA mediate social reward
behavior, but this projection does not modify feeding (McHenry et al., 2017). Since these
data suggest that distinct sources of mouse Nts coordinate specific DA-mediated behaviors
relevant to survival (e.g. feeding vs. social behavior/mating), it is imperative to define and
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then to systematically test specific Nts — VTA circuits to understand their contributions to
physiology and behavior. The prior literature characterizing the rat Nts system has served as
a guide for mouse studies, but mice and rats differ in Nts expression (Smits et al., 2004), so
they may also differ in the distribution of Nts afferents to the VTA. Thus, herein we defined
the mouse Nts neurons that project to the VTA by injecting the retrograde tracer FG into the
VTA of NisC,GFPreporter mice, permitting robust, simultaneous detection of Nts neurons
and VTA afferents.

2. Materials and methods

2.1. Animals

Mice were bred and housed in a 12 h light/12 h dark cycle and cared for by Campus Animal
Resources (CAR) at Michigan State University. Animals had ad lib access to chow (Teklad
7913) and water. All animal protocols were approved by the Institutional Animal Care and
Use Committee (IACUC) at Michigan State University, in accordance with Association for
Assessment and Accreditation of Laboratory Animal Care and National Institutes of Health
guidelines.

NtsC€ mice (Leinninger et al., 2011) [Jackson stock # 017525], were bred to wild-type
C57/BI6 mice for seven generations to obtain fully backcrossed animals. To visualize Nts
neurons, heterozygous NS mice were crossed with homozygous Rosa26cCF-L10a mice
(Krashes et al., 2014), and progeny heterozygous for both NtsC7€ and Rosa265CFP-1 10a
alleles were studied (referred to as Ni£sC GFP mice). Genotyping was performed using
standard PCR using the following primer sequences: NVts¢’: 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. Rosa265CHP-L102: mytant 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. Adult male
and female NVrs€8:GFP mice (ages 15-26 wk) were used for all studies.

2.2. Colchicine treatment

Stereotaxic surgeries were performed as described previously (Brown et al., 2017). Briefly,
adult NV£s©"€-GFP mice received a pre-surgical injection of carprofen (5 mg/kg s.c.) and
were anesthetized with 3—4% isoflurane/O, in an induction chamber before being placed
into a mouse stereotaxic frame (Kopf). Under 1-2% inhaled isoflurane, an access hole was
drilled in the skull and a guide cannula with stylet extending 0.5 mm below the cannula
(PlasticsOne) was lowered into the right lateral ventricle, in accordance with the mouse
brain atlas (Keith and Franklin, 2007) (A/P: =0.30 mm, M/L: =1.00 mm, D/V: -=2.1 mm
from Bregma). The stylet was then removed from the guide cannula and replaced with an
injector that extended 0.5 mm beyond the end of the cannula. The injector was fitted with
tubing attached to a Hamilton syringe, which was used to deliver 250 nL of colchicine
(Sigma, 40 ug/pL) into the lateral ventricle at a rate of 100 nL/min. After 5 min the injector
was removed, and the cannula was raised out of the ventricle. The access hole in the skull
was filled with bone wax and the incision was closed using VetBond surgical adhesive. Mice
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were individually housed for 2 days to permit the colchicine to inhibit axonal transport, then
were perfused with 10% neutral buffered formalin.

2.3. Fluoro-Gold (FG) injections

Adult NtsCe,GFP mice were anesthetized and fitted into a stereotaxic frame as described
above. An access hole was drilled into the skull, through which a guide cannula containing
a stylet extending 1 mm below the cannula (PlasticsOne) was lowered unilaterally into the
VTA in accordance with the mouse brain atlas (Keith and Franklin, 2007) (A/P: —=3.2 mm,
M/L: —-0.48 mm, D/V: —4.6 mm from Bregma). The stylet was then replaced with a similar
length injector that was attached to a Hamilton syringe, via which 15 nL of FG was injected
into the VTA over 30 s. After 5 min the injector was removed, the cannula was raised out
of the VTA, and the incision was closed as described above. Mice were then individually
housed for 7 days to allow for axonal transport of FG to cell bodies, at which point they
were perfused with 10% neutral buffered formalin.

In general, mice were included in the study if the FG injection was targeted to and confined
within the VTA, and if FG-labeled neurons were observed in a pattern consistent with
mouse VTA afferents based on prior studies that separately labeled afferents to VTA

DA, GABA and glutamate neurons (Faget et al., 2016; Watabe-Uchida et al., 2012). As

a first step to recognizing such mice, we identified the injection site via the scarring

and/or autofluoresence that accompanies tissue disruption along the injection tract, then we
examined potential FG spread around these sites. There is no direct mechanism to visualize
injected FG or to verify FG spread, but we noted that injection caused tissue around the
injection site to be brighter in appearance compared to the un-injected contralateral side. We
mapped the extent of this “bright” tissue in each mouse as an approximation of FG spread,
represented by the magenta areas mapped onto the mouse brain atlas in Fig. 2B—F. Via this
analysis we identified cases in which injections were centered within (e.g. cases F23, F27,
F29) or just outside of the VTA (such as case F19, Fig. 2B), and in which the apparent FG
spread encompassed the VTA. In one case (F28, Fig. 2E) we could not identify the precise
injection site, which may have fallen outside of the series of sections we analyzed, but we
did observe tissue brightness on the injected side that was used to map the approximate FG
spread.

Next we sought to include only cases in which the FG was primarily contained within the
VTA and had not spread laterally to the substantia nigra compacta (SN), as neurons within
the VTA and SN have very different functions. We therefore used the retrograde tracing
atlas generated by Watabe-Uchida et al. as a secondary method to discriminate cases with
FG injection primarily targeted within the VTA vs. those in which FG had also spread to
the SN (Watabe-Uchida et al., 2012). Their work established that VTA DA neurons (which
comprise the majority of VTA neurons) receive dense projections from the LHA, but SN
DA neurons receive comparably few afferents from the LHA. Furthermore, SN DA neurons
receive significant inputs from the caudate/putamen (CPu) portion of the dorsal striatum
(DS) at approximate Bregma level — 1.70 mm (Keith and Franklin, 2007)), but VTA DA
generally neurons do not. Additionally, VTA neurons receive substantial input from the NA,
while the SN receives preferential input from the CPu portion of the DS at the same bregma
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level (+1.10 to +1.90). Based on these findings, we reasoned that a FG injection primarily
confined within the VTA, without spread to the SN, would result in numerous FG-labeled
cell bodies within the LHA and NA but few within the DS (Fig. 2G and data not shown

for the NA and DS from +1.10-1.90). We therefore only included mice for this study that
met all of the following criteria: 1) the FG injection and apparent spread was within the
vicinity of the VTA (Fig. 2B-F, magenta shading), 2) numerous FG-labeled cell bodies were
observed within the LHA and NA, consistent with the established LHA — VTA and NA —
VTA projections and 3) absence of FG-labeled cell bodies within the DS that would suggest
FG spread to the SN, consistent with the established DS — SN projection (Watabe-Uchida
etal., 2012, Faget et al., 2016). Out of 10 FG-injected Nts¢"€;GFP mice, 5 were excluded
from analysis because the injection was targeted lateral or dorsal to the VTA and/or the
pattern of FG-labeled neurons was more consistent with SN rather than VTA afferents.

In one case (F29, Fig. 2F) we noted significant autofluoresence that raised concern about
potential FG leak along the injection tract, but secondary analysis revealed retrograde tracing
consistent with VTA-targeting without any extensive labeling to other sites. We concluded
that this autofluoresence was due to low-level inflammation, and did not preclude afferent
analysis from this case.

2.4. Perfusions and immunohistochemistry

2.5. Imaging

Colchicine or FG-injected Nts¢;GFP mice were deeply anesthetized with sodium
pentobarbital, transcardially perfused with 10% formalin and brains were post-fixed for

24 h. After dehydration with 30% sucrose the brains were coronally sectioned (30 um)
using a freezing microtome (Leica). Each brain was sectioned into four separate but equally
represented series. Immunofluorescence was performed as previously described (Leinninger
etal., 2011). Sections were incubated with chicken anti-GFP (1:2000, Abcam) and mouse
anti-tyrosine hydroxylase (TH) (1:1000, Millipore) or rabbit anti-Fluoro-Gold (1:500,
Fluoro-Gold chrome) followed by incubation with a 1:200 solution containing species-
specific secondary antibodies with fluorescent conjugates (Alexa Fluor® 488 AffiniPure
donkey anti-chicken — Jackson ImmunoResearch, ab13970; donkey anti-rabbit 1gG (H + L)
Highly Cross Adsorbed Secondary Antibody Alexa Fluor® 568 — ThermoFisher Scientific,
A10042; donkey anti-mouse IgG (H + L) Highly Cross Adsorbed Secondary Antibody,
Alexa Fluor® 568- ThermoFisher Scientific, A10037).

and quantification

One of the four coronal series of brain sections from each mouse was analyzed in these
studies to determine the number of colocalized neurons throughout all regions of the

brain (see Table 1 for abbreviations of the brain structures referenced herein). This is

a conservative quantification method sufficient to compare relative neuronal abundance
between different brain areas, without oversampling that might occur if counts were
multiplied by 4 to approximate the number of cells throughout the entire brain. Brain
sections were analyzed using an Olympus BX53 fluorescence microscope outfitted with
FITC and Texas Red filters. Microscope images were collected using Cell Sens software
and a Qi-Click 12 Bit cooled camera, and images were analyzed using Photoshop software
(Adobe). For quantification of Nts neurons in the VTA, four representative coronal sections
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across similar bregma coordinates from each animal were assessed for number of Nts
neurons and colocalization with TH.

Although we observed substantial numbers of GFP-labeled Nts neurons and FG-labeled
neurons throughout the brain, only a few regions were found to contain colocalized neurons,
henceforth referred to as Nts/FG+ neurons. We therefore counted the number of colocalized
neurons in these regions. For each of the 5 well-targeted FG animals, multiple 10x images
were captured of each brain section and were assigned a bregma coordinate based on the
mouse brain atlas (Keith and Franklin, 2007). We chose 10x magnification because most
brain areas of interest can be captured in a single 10x image, which allowed us to use
multiple landmarks within the image to define region borders. 10x images spanning the
entire rostrocaudal axis of a particular brain area containing Nts/FG+ neurons were then
compiled using Photoshop, so that images from each animal were arranged side-by-side
according to bregma level. The atlas was used to identify pertinent landmarks, and the
borders of each anatomical area were digitally drawn onto each image. Once anatomical
boundaries were defined, the number of GFP/FG+ double-positive neurons were counted
by digitally magnifying the 10x images in Photoshop to 20x or higher. To improve
visualization of FG+ neurons, a contrast mask of +100 was applied globally to each image
for quantification. These images were used to identify, mark and count the number of
Nts/FG+ neurons. A neuron was considered to contain co-localized GFP and FG+ by the
following criteria: 1) FG immunoreactivity filled the same physical area occupied by GFP,
2) FG immunoreactivity was not present outside the boundary of GFP immunoreactivity
and 3) the pattern of FG and GFP immunoreactivity shared common overlapping features
including similarly shaped soma size, processes and nuclear void. Because GFP typically
fills the soma and processes, whereas FG tended to accumulate in the soma only, lack of
FG immunoreactivity in processes did not count as exclusion criteria. To facilitate clarity
of neuronal features in figures depicting FG+ neurons, they have been digitally enhanced
in Photoshop to improve contrast and, in some cases, brightness. Fig. 3 schematizes the
distribution of Nts/FG+ neurons found in each brain region, Table 2 depicts the relative
density of these afferents, and Fig. 4 reports the total number of Nts/FG+ neurons counted
from each region, which represents approximately ¥ of the entire brain. We did not multiply
our Nts/FG+ neuron counts by 4 to estimate total cells in each region throughout the whole
brain, due to concerns that this could introduce oversampling error for smaller nuclei. To
assess the relative density of Nts afferents to the VTA arising from brain regions, the

total number of Nts/FG+ cells in a region was divided by the number of counted sections
containing the region (Table 2).

3.1. Validation of NtsC'®;GFP mice to identify Nts neurons

We bred mice expressing Cre-recombinase in Nts neurons (Leinninger et al., 2011) to a Cre-
inducible L10-eGFP reporter (Krashes et al., 2014), producing progeny that express GFP
selectively in Nts neurons (we refer to these as NitsC’€;GFP mice). To investigate whether
this line faithfully identifies Nts-expressing cells (Fig. 1) we treated NVts¢"e-GFP mice

with colchicine and examined GFP and Nts immunoreactivity (Nts-IR). We focused our
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assessment on three brain areas known to contain significant populations of Nts-expressing
cells as confirmed via ISH (Lein et al., 2007): the LHA, POA and NA. Essentially all of
the Nts-IR cells in these regions colocalize with GFP, and GFP cells largely overlapped
with Nts-IR, confirming that the Ats;GFP line correctly identifies Nts neurons. A minor
population of GFP cells were noted that did not contain observable Nts-IR. Our data concur
with a recent report of dual-label ISH in the Ni£s€7€ line, which showed almost complete
overlap of NMtsand Cre (McHenry et al., 2017). Taken together, these data verify the fidelity
of the N£s€:GFP mouse line and its usefulness to identify and study Nts neurons.

3.2. Characterization of Nts neurons that project to the VTA

To identify all Nts neurons that project to or through the VTA, we stereotaxically injected
NtsCe:GFP mice with the retrograde tracer FG, which is taken up by local terminals as

well as any damaged axons of passage at the injection site. Any cell body found to contain
both FG (magenta) and GFP (green) represents an Nts neuron that projects to or through

the VTA (grey) (Fig. 2A). We verified VTA targeting by mapping the locations of the
midbrain injection tracts and by carefully assessing FG labeling within brain regions known
to preferentially project to the DA neurons of the VTA vs. the SN, based on the previous
work of Watabe-Uchida (Watabe-Uchida et al., 2012). The LHA and NA provide substantial
inputs to the DA neurons of VTA but far fewer to those in the SN; thus, we reasoned

that VTA-targeting should result in substantial FG-labeled cell bodies in the LHA and NA,
warranting inclusion in our study. Since the dorsal striatum (DS) provides significantly more
input to the SN vs. the VTA, we further reasoned that any case with robust FG labeling

in the DS would indicate FG spillage to the SN and should be excluded from our current
VTA-focused inquiry (Fig. 2G and data not shown for NA). Out of 10 animals injected with
FG, 5 had injection sites within the VTA and had many FG-labeled neurons in the LHA and
NA, but not the DS (Fig. 2B-F); these 5 mice were subsequently analyzed to define Nts
afferents to the VTA. Although the injection tracts of cases F19 and F29 appeared on the
lateral border of the VTA, these mice were included for analysis because their FG expression
was consistent with VTA rather than SN targeting (e.g. robust FG+ labeling in the LHA

and NA, with minimal FG+ neurons in the DS). We examined the whole brain of each

of the VTA-targeted cases to identify all sources of Nts afferents to the VTA. While our
analysis revealed substantial numbers of GFP-labeled Nts neurons and FG-labeled neurons
throughout the brain, we only report the brain regions containing colocalized neurons,
henceforth referred to as Nts/FG+ neurons. These findings are qualitatively summarized in
Fig. 3, and are quantitatively summarized in Fig. 4 and Table 2. Data from individual brain
regions are shown in Figs. 5-12.

3.3. Striatum and septum

We observed many Nts/FG+ neurons in the NA shell (NAsh) between +1.75 and 0.85
bregma, but few Nts/FG+ in the NA core (Figs. 4 and 5B). The Nts/FG+ neurons were found
within a diffuse continuous band across the rostrocaudal axis of the NAsh, with no clear
localization to rostral or caudal regions (Fig. 5B and Table 2). GFP-labeled neurons were
also abundant in the olfactory tubercle (OFT), but few were FG+ (Fig. 5C). Compared to

the ventral striatum (NA and OFT), the dorsal striatum contained relatively few Nts neurons,
which clustered around the lateral and medial borders of the CPu (Fig. 5D, E). We observed
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some FG+ neurons in the ventral CPu between +1.94 and 0.62 bregma, but the vast majority
did not colocalize with GFP (Fig. 5D). While Nts neurons were abundant in the LS, there
were few FG+ neurons (Fig. 5E), and we observed <1 Nts/FG+ neuron per coronal section
in the LS of mice.

3.4. Cortex and amygdala

The neocortex contained relatively few GFP-labeled Nts neurons with the exception of a
prominent band of Nts neurons in the prefrontal cortex (PFC). We noted distinct populations
of FG-labeled or Nts neurons in separate layers of the PFC and the lateral orbital cortex
(LO), but no Nts/FG+ neurons (Fig. 6B, C). Examination of the amygdala revealed FG-
labeled neurons in the central amygdala (CeA) and extended amygdala (EA) with relatively
few in the basolateral amygdala (BLA). We detected a concentrated area of Nts neurons

in the CeA of mice, which were more numerous in the lateral division in caudal sections
(Fig. 6D). Some of these CeA Nts neurons project to the VTA, and were predominantly
found between -1.30 and —0.80 bregma (Fig. 6E), although they provide a modest density
of projections compared to other sources of Nts input to the VTA (Table 2). A smaller
population of Nts/FG+ neurons was observed in the EA.

3.5. IPAC, pallidum and stria terminalis

We noted a few Nts/FG+ neurons in the interstitial nucleus of the posterior limb of the
anterior commissure (IPAC), which appeared to represent a caudal extension of the Nts/FG+
neurons described in the NAsh (Fig. 7B), By contrast, Nts expression was consistently
scarce in the adjacent ventral pallidum (VP) (Fig. 6B—C), with few Nts/FG+ neurons in the
VP near the border with the LPO (Fig. 4). We identified a few Nts/FG+ neurons in the ST of
mice, but also many cells containing only Nts or FG+ (Fig. 7C).

3.6. Hypothalamus and adjacent regions

The zona incerta (ZI) runs along the dorsal border of the LHA, and while it contained
minimal Nts neurons, many of them were Nts/FG+ (Fig. 8B). Our examination also revealed
a dense population of Nts neurons in the neighboring subthalamic nucleus (STN) (Fig.

8C), but we did not observe FG in them. However, the sparse ZI Nts neurons and the
abundant STN Nts neurons in the Nits¢"€:GFP mice were consistent with the distribution of
Nits-positive neurons in these areas reported in the mouse Allen Brain Atlas (Lein et al.,
2007).

Within the hypothalamus, the POA provided a large number of Nts afferents to the

VTA, whose distribution varied along the rostro-caudal axis. In the caudal POA, the Nts
population was most dense in the medial preoptic area (MPQO) adjacent to the third ventricle.
Many Nts/FG+ neurons were found in the MPO (Fig. 9B) and these VTA-projecting neurons
formed a dense cluster centered between —0.22 and +0.02 bregma. In the rostral POA

the Nts population was sparse in the MPO but dense within the lateral preoptic area

(LPO), where we observed many Nts/FG+ neurons (Fig. 9C) spanning between —0.10

and +0.40 bregma. More caudally in the hypothalamus, the LHA contained a sizeable
population of Nts neurons between —1.30 to —1.70 bregma, many of which were labeled
with FG from the VTA (Fig. 10B). Compared to the LHA, other hypothalamic sub-regions
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contained more sparse populations of Nts neurons, including the dorsomedial hypothalamus
(DMH), ventromedial hypothalamus (VMH), arcuate nucleus (ARC), and paraventricular
hypothalamus (PVH) (Figs. 4 and 10C-E). We identified a few Nts/FG+ neurons in the ARC
and PVH of mice, though the number of ARC and PVH Nits afferents to the VTA are minor
compared to the robust number of Nts afferents from the LHA (Fig. 4).

3.7. Midbrain and hindbrain

Examination of the dorsal midbrain revealed Nts/FG+ neurons in the inferior and dorsal
portions of the superior colliculus (inSC and dSC) and anterior prectectal nucleus (APT)
(Fig. 11B, C). The periaqueductal grey (PAG) contained many brainstem Nts afferents to the
VTA that were evenly distributed throughout its rostrocaudal and dorsoventral extent, similar
to the distribution shown in the lateral and ventrolateral (LPAG and VVLPAG) sub-regions
(Fig. 11D). While only 4-6 Nts/FG+ neurons were present in each coronal section of

the PAG, they were consistently observed across the large rostrocaudal span of the PAG
(approximately 2.5 mm); hence this continuum resulted in a substantial total number of Nts
afferents to the VTA (Fig. 4) but modest density of PAG Nts afferents to the VTA compared
to those arising from the LPO, MPO, LHA and NAsh (Table 2). We also detected small
numbers of Nts/FG+ neurons in the PTg and LDTg (Fig. 11E, Fig. 12D).

Dense populations of GFP-labeled Nts neurons were noted in the parabrachial nucleus (PB)
and the DR, but few of these contained FG, and thus provided minimal projections to the
VTA (Fig. 12B, C). The lateral PB (LPB) contained segregated groups of either GFP or
FG-labeled neurons with the GFP-labeled neurons clustered more laterally, and co-labeled
neurons tended to be found in the middle where the two populations overlap (Fig. 12C). Nts
neurons in the DR were most abundant in caudal sections between —-4.8 to —5.0 bregma,
which also gave rise to the highest numbers of colocalized neurons per section.

3.8. The VTA contains a small population of non-dopaminergic Nts neurons

Injection of FG into the VTA precluded assessment of local afferents, but to determine
whether the VTA could serve as a local source of Nts input we examined the VTA

of NisCe:GFP mice for GFP expression. We observed very few Nts neurons within the
boundaries of the VTA (372 * 44 total neurons), which were predominantly localized in the
caudolateral region (Fig. 13). 97% of these VTA Nts neurons did not colocalize with TH,
indicating that most mouse VTA Nts neurons are not DA-ergic.

4. Discussion

Here, we characterized the endogenous sources of Nts that can directly regulate the VTA
in mice. Our findings reveal that the largest source of mouse Nts input to the VTA comes
from the hypothalamus, predominantly from the sub-regions of the LPO, MPO, and LHA.
The NAsh also provides significant Nts afferents to the VTA, while the amygdala, VP, and
sub-regions of the hindbrain provide more modest Nts input. To our knowledge this is the
first comprehensive definition of mouse Nts afferents to the VTA, and is a first step toward
understanding how Nts coordinates a diverse repertoire of behaviors in mice. Indeed, since
Nts afferents from the MPO and LHA of mice modify DA-mediated social interaction and
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energy balance, respectively (McHenry et al., 2017; Patterson et al., 2015; Woodworth et
al., 2017b) it is possible that each Nts circuit orchestrates a specific motivated behavior via
the VTA. Going forward it will be important to determine the particular roles of each Nts
projection, and hence precise mechanisms to influence feeding, locomotor activity, social
behavior, sleep, and response to addictive drugs.

4.1. Validation of the Nts€"®;GFP model and implications

Nts neurons have been previously difficult to identify because immunohistochemical
reagents labeled fibers, but were insufficient to label cell bodies unless animals were
pre-treated with lethal doses of the axonal transport inhibitor, colchicine (Leinninger et

al., 2011). The requirement for colchicine treatment therefore limited study of Nts neurons
and their contributions to normal physiology. Here we demonstrate that NtsC"e:GFP reporter
mice faithfully identify colchicine-mediated Nts-IR cells, confirming the fidelity of these
mice for identifying Nts, and their utility for future studies of the physiological contributions
of Nts neurons. While most GFP-labeled cells in these mice co-localized with Nts-IR, we
also observed a few GFP-labeled cells that did not. This could result from incomplete
colchicine-mediated inhibition of axonal transport in all Nts neurons, or if colchincine-
induced cell death occurs before there was sufficient Nts accumulation in the cell body

to be detected via IR: both scenarios would prevent adequate detection via Nts-IR, but
genetically-induced GFP labeling would be present. Another possible explanation is that the
GFP-only cells expressed Nts at some point in development that permitted Cre-mediated
recombination and GFP expression, but no longer actively express Nts in the adult state
assessed here. Since Cre-mediated recombination induces permanent GFP expression, any
developmentally-expressing Nts cells would remain GFP-labeled throughout the lifespan
labeled despite their current Nts expression or lack thereof. However, few GFP-only cells
were observed in the NtsCe:GFP reporter mice, while essentially all of the Nts-IR cells were
co-labeled with GFP, indicating that the model robustly and specifically identifies actively
expressing Nts cells. Furthermore, an independent group recently analyzed the POA from
the NitsC"8,GFPline via ISH and reported that 91% of the Cre-positive cells contained Nits
but no Nis-positive cells were found without Cre (McHenry et al., 2017). These data are
consistent with our results using colchicine-mediated Nts-IR in the N£s¢78:GFPline, and
indicate that these mice can be used to correctly and quantitatively identify Nts neurons in
the mouse brain.

Our data also revealed an important consideration when using the knock-in NesC’e-GFP
line: it identifies Nts cells, but does not reflect the amount of Nts peptide they express.
Because the NVts€e;GFPline includes an IRES-Cre cassette downstream of the Nts coding
sequence, any Nts expression will lead to Cre expression, recombination and robust GFP
expression. This many explain why we observed similarly bright GFP cells within the
LHA, POA and NA, but variable levels of colchicine-mediated Nts-IR between these brain
regions, and indeed between cells within the same brain region. The NA, for example,
contains cells with weak Nts-IR compared to that of LHA and POA neurons, which is
consistent with the intensity of Ats1SH across these regions (Fig. 1). Given that Nts-IR

is low, but detectable, our data favor the interpretation that adult mouse NA Nts neurons
express modest amounts of Nts message and peptide compared to hypothalamic Nts cells,
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but are equivalently identified via GFP expression in the Nts€"¢;GFP line (Fig. 1). Thus,

the NitsCe:GFP line faithfully identifies any Nts neuron, but the amount of induced-GFP
cannot be used to differentiate cells expressing high vs. low levels of Nts peptide. The
variable levels of Nts expression between cells within a region, coupled with the technical
artifacts inherent to colchicine use (as detailed above), might explain our observation of
some apparent “GFP-only” labeled cells. Indeed, cells expressing minimal amounts of Nts
(such as those in the NA) may be unlikely to concentrate sufficient Nts peptide prior to their
malfunction/death to permit immunodetection compared to hypothalamic cells expressing
higher peptide levels. This type of technical artifact is avoided by directly assessing mRNA
levels, and explains why an ISH study of the AzsC’€ line for Ntsand Cre did not identify
any “Cre-only” cells, despite clearly variable levels of Nts mMRNA between cells (McHenry
etal., 2017). Future studies using the Nts€€;GFPline should be careful when interpreting
the physiologic significance of the GFP-marked Nts cells, bearing in mind that the model
does not quantitatively assess the amount of Nts peptide they express. This is an important
consideration, since ISH and our colchicine-mediated Nts-IR data reveal significantly lower
Nts expression in the NA compared to the LHA and POA regions of the hypothalamus. This
might suggest that LHA and POA Nts neurons, in general, produce and release more Nts to
their projection targets than NA Nts neurons, which could have functional implications for
Nts-mediated signaling within the VTA. Going forward, stimulation of region-specific Nts
afferents will be necessary to determine if their differential Nts expression causes distinct
physiologic effects via the VTA.

Previously, immunohistochemistry was used to identify numerous Nts cell bodies in rats that
co-express TH, and hence are DA-ergic (Bayer et al., 1991; Hokfelt et al., 1984; Studler

et al., 1988), but very few Nts-expressing cells are detected in the mouse VTA via ISH

(Lein et al., 2007). Using NVsC"e:GFP reporter mice we observed only a small population

of GFP-labeled Nts neurons within the VTA, consistent with Nts ISH labeling in mice.
Together these data illuminate important species disparities in Nts expression, and suggest
that the Nts system may modify the VTA signaling via distinct mechanisms in mice and
rats. For example, only 3% of mouse VTA Nts neurons co-expressed TH, thus the vast
majority are not DA-ergic, in contrast to the largely DAergic VTA Nits cell bodies neurons
described in rats (Hokfelt et al., 1984; Seroogy et al., 1988). Mouse VTA Nts neurons may
instead contain either glutamate or GABA and project locally within the VTA to directly
regulate DA neuron firing (Omelchenko and Sesack, 2009). Intriguingly, the small number
of TH-negative Nts neurons was primarily detected in the caudal VTA along the rostral
lateral borders, where the majority of VTA GABA neurons reside (Mazei-Robison and
Nestler, 2012). These data suggest that mouse VTA Nts neurons could be GA-BAergic,

and might provide local inhibitory control over neighboring DA neurons. Furthermore, our
finding of few local VTA Nts neurons compared to the robust Nts input from the POA, LHA
and NAsh suggests that external sources of Nts are the predominant mechanism to modulate
the VTA and motivated behaviors. Thus, the use of Nts¢"é,GFP mice reveals important
functional differences in how Nts engages the VTA and perhaps DA signaling in mice and
rats, which will be important to consider in future studies of Nts action in rodents.
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4.2. Limitations of this study and potential impact on interpretations

The general retrograde tracer FG can be taken up by any terminals at the injection site,
thus FG must be confined to the specific region of interest to accurately identify afferents
(Schmued and Fallon, 1986). The cases analyzed herein were of mice with FG injections
targeted to the VTA, spanning the medial to lateral subregions, but we cannot rule out

the possibility of some FG spread into extra-VTA regions. Such spread could result in
attribution of afferents to the VTA when they indeed arise from the minimal FG spread

to VTA-adjacent regions. For example, FG spread to the midbrain reticular formation just
above the VTA could result in the FG-labeled cells that we observed in the mouse ZI.
Since the ZI projects to this midbrain reticular formation in rats, but not to the VTA (Zahm
etal., 2011), it is possible that our current finding of ZI Nts projections to the VTA of
mice results from such an experimental artifact (Zahm et al., 2011). This could account
for the apparent ZI Nts afferents to VTA found in our mouse study, and the dearth of

them previously reported from rats. However, two independent groups using Cre-specific
retrograde tracing from Cre-containing VTA DA or GABA neurons determined that they
receive direct projections from the ZI (Beier et al., 2015; Watabe-Uchida et al., 2012),
supporting the possibility that some mouse ZI Nts neurons may indeed project specifically
to the VTA. Another caveat of using FG is that the injections cause some unavoidable
mechanical damage to the targeted tissue that impairs assessment of local circuits. As a
result, we were unable to confidently assess any local VTA afferents arising from within
the VTA itself or from the VTA-RMTg continuum, due to their close proximity to the FG
injection site. However, given the paucity of Nts neurons in the VTA (Fig. 13), including
the tail region that is thought to blend into the RMTg in mice (Bourdy and Barrot, 2012;
Quina et al., 2015), it is unlikely that these local populations are a significant source of

the Nts input to the VTA in mice. Additionally, FG can be taken up by damaged axons of
passage near the injection site, which may lead to false-positive identification of afferents
(Dado et al., 1990). Since it is nearly impossible to perfectly contain FG within the small
mouse VTA, or prevent any damage to axons of passage, it is important to interpret our
current findings with caution in light of these potential caveats. Lastly, since we did not use
unbiased stereology in this investigation, we could not establish the absolute number of Nts
afferents to the VTA. However, our objective was simply to compare the relative number
and density of VTA afferents between Nts-containing brain sites, in order to guide future
physiologic studies of Nts-mediated regulation of the VTA. Thus, our data from Fig. 4 and
Table 2 should be interpreted as a comparative description of Nts afferents to the VTA.
Despite these methodological provisos, our work does, at the least, narrow the potential sites
of Nts inputs to the mouse VTA, which can be confirmed via future studies using NVs¢"e
mice and genetically-and-location specified tract tracers.

4.3. Comparison to previous work

The VTA receives input from many brain structures (Faget et al., 2016; Geisler and Zahm,
2005; Phillipson, 1979; Watabe-Uchida et al., 2012), but we found that the mouse Nts
afferents were confined to a limited number of regions. This result is not due to the
NisC"e:GFP model under-reporting Nts neurons since essentially all Nts-IR neurons are
identified by GFP and ISH confirms similar labeling fidelity in the line (McHenry et al.,
2017). Instead, our data indicate that Nts input to the mouse VTA comes from relatively
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circumscribed regions. For example, the DR, VP, and PBN provide major input to the VTA
(Faget et al., 2016; Yetnikoff et al., 2015), and we also observed many FG-labeled neurons
in these regions but very few were Nts-specific VTA afferents. The highest number of Nts-
labeled VTA afferents in mice came from the POA, originating specifically from the MPO
and LPO sub-regions. Intriguingly, the POA only provides ~2% of all VTA input in mouse
(Faget et al., 2016), suggesting that the Nts projections likely comprise the majority of POA
inputs to the VTA. Other significant sources of mouse Nts input to the VTA originated from
the LHA and NAsh, regions that are essential for mediating ingestive and social reward
behavior (Caggiula and Hoebel, 1966; Garris et al., 1999; Hoebel and Teitelbaum, 1962).
Intriguingly, in mice, POA Nts neurons regulate social reward via the VTA (McHenry et
al., 2017), while LHA Nts neurons modify locomotor activity and energy balance via the
VTA (Patterson et al., 2015; Opland et al., 2013; Leinninger et al., 2011). Our current
tracing results are thus consistent with these previously characterized Nts afferents to the
VTA, and taken together this work suggests that region-specific sources of Nts input to the
VTA may control distinct motivated behaviors. Overall our data support Geisler and Zahm’s
hypothesis that Nts inputs to the VTA preferentially originate from regions associated with
mediating reward behaviors rather than aversion (Geisler and Zahm, 2006a).

We did note several discrepancies in the distribution of Nts afferents in mice compared

to those in rats, indicative of species differences in Nts signaling. For example, rats have

a continuous band of Nts afferents from the LPO and rostral LHA, while mice exhibit
significant clusters of Nts afferents in the perifornical LHA (between —1.30 and —1.80 from
bregma) and the LPO, with sparse afferents between these regions. Additionally, although
mice and rats have many Nts neurons in the LS and endopiriform areas (Alexander et al.,
1989; Sato et al., 1991), mice lack the substantial Nts-afferents from these regions to the
VTA that were observed in rats. This discrepancy may be explained by the general paucity
of VTA projections from the LS and endopiriform areas in mice (0.1-0.3% of all VTA
afferents) compared to rats (~2-3% of all VTA afferents) (Faget et al., 2016; Yetnikoff

et al., 2015). Mice also appear to lack the significant Nts projections from the DR and

LS to the VTA that have been described in rats (Geisler and Zahm, 2006a). In contrast,

mice have more Nts afferents to the VTA originating from the ZI and the NAsh. Indeed,

the mouse ZI and LHA contain comparable total numbers of Nts neurons projecting to

the VTA (Fig. 4), but more sparse ZI Nts projections to the VTA were observed in rats
(Zahm et al., 2011). Intriguingly, a higher density of mouse Nts inputs to the VTA arise
from the LHA compared to the ZI, despite equivalent total numbers of afferents observed

in each site (Table 2 and Fig. 4); the concentration of LHA Nts afferents may suggest a
more important physiologic role for this population in regulating the VTA than the sparse ZI
projections. Furthermore, our mouse data are consistent with reports of rat Nts afferents to
the VTA from the NAsh, BNST and amygdala, but the density of afferents differs between
species. For example, Geisler and Zahm reported a minor NAsh Nts input to the VTA in rats
(Geisler and Zahm, 2006a), but our analysis in mice identifies the NAsh as one of the most
significant contributors of total Nts neurons providing input to the VTA (Fig. 4). Since these
Nts/FG+ cells were distributed across the large expanse of the NAsh, they provided less
dense projections to the VTA than other regions with comparable total numbers of Nts/FG+
cells, such as the LPO and MPO (Table 2). Along with the sparse distribution of NAsh
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Nts afferents to VTA, these NA neurons express minimal amounts of Nts peptide, which
raises questions about whether NA-released Nts mediates significant physiologic effects

vs. the robust amounts of Nts that is released from hypothalamic afferents to the VTA.
Going forward it will be important to test the role of Nts from the NA vs. hypothalamus

to determine if these afferents mediate differential effects and/or act upon different VTA
targets. We also detected small populations of VTA-projecting Nts neurons in the APT,

PAG, and SC, which were not previously identified in rats. Overall, our data suggest species-
conserved Nits circuits from the LHA and POA that can engage the VTA, but also point

to other species-specific mechanisms for Nts action that may have functional importance.
While we cannot rule out that the apparent differences between mice and rats could be due
to technical artifacts (e.g. differences in retrograde tracer spread), the fact that mice and rats
have vastly different VTA Nts expression (Fig. 13) at least suggests some species differences
in central Nts signaling, and warrants further careful assessment of both rodent models.

4.4. Functional implications for Nts afferents to the VTA

It is now recognized that the VTA contains functionally-distinct populations of neurons

that differentially regulate reward, aversion or fear behaviors (Cohen et al., 2012; Faure

et al., 2008; Lammel et al., 2012; Tan et al., 2012; van Zessen et al., 2012). Mapping

the VTA inputs that target specific subpopulations of VTA neurons may therefore point

the way to directing certain behaviors, and could have far-reaching impact on treatment

of many psychiatric conditions. Nts is one signal that can act within the VTA, largely
indicated via pharmacological studies; yet, there has remained a gap in the field concerning
which populations of Nts neurons provide endogenous Nts to the VTA, and if/how they
engage specific VTA neurons to modify behavior. Our findings reveal multiple populations
of Nts neurons throughout the mouse brain that project to the VTA. However, given the
abundance of Nts-expressing populations projecting to the VTA, their variability in Nts
peptide expression levels, and data suggesting that distinct Nts populations mediate different
behaviors, it is likely that the Nts populations described here engage and act via different
populations of VTA neurons. For example, stimulation of medial POA Nts neurons that
project to the VTA promotes social reward that is influenced by estradiol levels, suggesting
that this circuit may contribute to sexual receptivity and/or reward behavior (McHenry et al.,
2017). These POA Nts neurons did not, however, modulate rewarding feeding behavior. By
contrast, experimental activation of LHA Nts neurons, at least some of which project to the
VTA, suppressed motivated feeding while promoting drinking and locomotor activity, which
led to weight loss (Woodworth et al., 2017b). LHA Nts-mediated feeding suppression and
DA release to the NA was dependent on signaling via Nts receptor-1, thus, Nts released from
LHA Nts neurons likely acts directly via the subset of VTA neurons that co-express Nts
receptor-1 and DA (Woodworth et al., 20173, b). It has yet to be determined whether POA
Nts neurons that project to the VTA mediate behavior via release of Nts and regulation of
Nts receptor-1 expressing DA neurons or via the many Nts receptor-2 expressing glia in this
region (Woodworth et al., 2017a). Since many POA and LHA neurons produce high levels
of Nts, however, it is likely that these populations exert at least some of their actions via

Nts signaling. Given that such different behaviors were regulated by the POA Nts vs. LHA
Nts neurons, it seems likely that their released signals are mediated via different subsets of
VTA neurons, and possibly via a different Nts receptor isoform. Based on these data, it is
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tempting to speculate that Nts afferents from other regions might engage specific VTA cells
to mediate other behaviors ascribed to Nts, such as analgesia or to attenuate the reinforcing
effects of drugs of abuse (Schroeder and Leinninger, 2017).

Our findings confirm that there are several large populations of VTA-projecting Nts neurons
distributed throughout the brain of mice, and raises the possibility that they may be
functionally and neurochemically distinct from each other. For example, only the Nts
neurons in the LHA are regulated by the anorectic hormone leptin (Leinninger et al.,

2011), while POA Nts neurons are specifically regulated by sex-specific odor cues and

sex steroids (McHenry et al., 2017). It is therefore tempting to speculate that different
populations of Nts neurons receive specific physiologic cues, and in response, release

their unique set of transmitters to regulate the VTA and output behavior. While we have
focused on defining Nts-expressing afferents to the VTA, it is likely that these neurons also
express other transmitters, whose release might produce differential effects in the VTA. For
example, at least some LHA Nts neurons co-express the neuropeptide galanin, though they
appear to predominantly project within the LHA and not to the VTA (Laque et al., 2015;
Qualls-Creekmore et al., 2017). Different populations of Nts neurons might vary in classical
neurotransmitter content, and hence release of Nts along with inhibitory GABA or excitatory
glutamate could lead to very different effects within the VTA. Nts afferents to the VTA may
also be differentially regulated in males and females. In addition to the estradiol-mediated
and sex-specific regulation of POA Nts afferents to the VTA (McHenry et al., 2017), altered
Nts signaling has been linked to anorexia nervosa, a disorder predominantly diagnosed in
females. Thus, there are likely gene x sex interactions to be characterized within the Nts
signaling system that coordinate energy balance (Lutter et al., 2017), though it is yet to be
determined if these are mediated via the POA and or afferents to the VTA. By identifying
the specific populations of Nts neurons that provide input to the VTA, our work paves the
way for subsequent neurochemical phenotyping, which is essential to determine how these
populations engage the VTA to mediate behavior.

5. Conclusions

Collectively, our work defines the central circuits capable of providing endogenous Nts

to the VTA in mice, which are summarized in Figs. 3-4 and Table 2. These data

will be useful to direct the application of optogenetic and/or chemogenetic strategies to
selectively modulate the activity of site-specified Nts populations, and thereby to define
their contributions to behavior and physiology. One limitation of our present work is that it
identifies Nts neurons that project to the VTA in general, but does not reveal which specific
VTA neurons are targets of Nts signaling (e.g. DAergic, GABAergic, and/or glutamatergic
neurons). Since it is now appreciated that VTA neuronal subpopulations control specific
motivated behaviors and their reinforcing or aversive valence, it will be crucial to establish
how Nts neurons mechanistically engage VTA neurons to fully understand their role in
behavior. Indeed, given that Nts inputs from the LHA and POA appear to differentially
modify motivated behaviors, there may be distributed Nts circuits and Nts mechanisms

to appropriately coordinate environmental stimuli with feeding, arousal and/or social
interaction responses. Modulation of specific Nts afferents to the VTA may therefore be
useful to normalize maladaptive behaviors and to improve health.
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Fig. 1.
Validation of NtsC"é,GFP mouse model. Side-by-side comparison of Nts mMRNA expression

via in situ hybridization (ISH) from the Allen Brain Atlas (Lein et al., 2007) to Nits¢"e:GFP
mice treated with colchicine and co-stained for Nts peptide using immunofluorescence
(magenta). Representative images from the A) LHA, B) POA, and C) NA are shown. Scale
bars = 100um. LPO = lateral preoptic area, MPO = medial preoptic area, aca = anterior
commissure. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2.

C(?nfirmation of VTA targeting in Nits¢"8:GFP mice injected unilaterally with FG. A)
NitsCre:GFP reporter mice were injected unilaterally in the VTA with FG allowing for
simultaneous visualization of neurons that project to the VTA (FG positive neurons), Nts
neurons (GFP positive neurons) and Nts afferents to the VTA (GFP/FG+ double-positive
neurons). B—F). Midbrain images of the five VTA-targeted NVts¢"€-GFP mice included in the
final analysis. The approximate spread of FG is shown in magenta. FG-labeled cell bodies
of VTA-targeted animals are confined to the LHA, ZI, CeA, and absent from the DS. G)
Expected afferent patterns to the VTA or SN based on Uchida (Watabe-Uchida et al., 2012).
Scale bars = 200um. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3.

Sc%ematic illustration of Nts afferents to the VTA. Distribution patterns of Nts neurons and
VTA afferents at different bregma coordinates. Green ovals represent GFP-labeled neurons,
pink ovals represent FG-labeled neurons, and yellow stars indicate colocalized Nts/FG+
neurons. Only the sub-regions included in analysis are outlined in black and labeled, and
blank regions do not necessarily indicate lack of GFP or FG. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 4.

Quantification of Nts-expressing afferents to the VTA by anatomical sub-region. Cell bodies
colocalized with GFP and FG were counted in one of four coronal series through the brain.
Bars thus represent approximately one quarter of the total number of colocalized GFP/FG+
neurons within each region, averaged across all 5 study mice described in Fig. 2B-F.

This quantification method is the most conservative method to compare relative neuronal
abundance between different brain areas, without oversampling that might occur if the
counts were multiplied by 4 to approximate the total number of cells throughout the entire
brain region. Areas that contained <1 colocalized neuron per section were not included in

the quantification.
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Fig. 5.
The NA shell contains clusters of Nts neurons that project to the VTA. A) Schematic of

brain regions analyzed according to distance from Bregma. B) Many Nts/FG+ neurons were
found in the NAsh (yellow arrows), but not NAc (Case F19). C) Nts expression in the

OFT, an area that does not provide significant VTA input and hence few FG+ neuron was
observed (Case F29). D) Representative expression of Nts and FG in the CPu shows little

to no colocalization (Case F19). E) Nts neurons were numerous in the LS, an area that does
not provide substantial input to the VTA (Case F29). Scale bar = 100uM. NAsh = nucleus
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accumbens shell, OFT = olfactory tubercle, CPu = caudate/putamen, LS = lateral septum.
(For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Rostral

Fig. 6.
Cortical Nts inputs to the VTA originate in the CeA but not neocortex. A). Schematic of

brain regions analyzed according to distance from Bregma. Representative images show
the absence of FG and Nts co-labeling in the B) PFC and C) LO (Case 27). D) A dense
population of Nts neurons resided in the lateral division of the caudal CeA, but these
neurons were unlikely to project to the VTA (Case 27). E) Some Nts neurons in the medial
CeA project colocalized with FG (yellow arrows) (Case 29). Scale bar = 100um. PrL =
prelimbic cortex, LO = lateral orbital cortex CeM = medial division of CeA, CeL = lateral
division of CeA, ec = external capsule, EA = extended amygdala. (For interpretation of the

Neuropeptides. Author manuscript; available in PMC 2018 April 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Woodworth et al.

Page 31

references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 7.
Nts neurons in the IPAC, pallidum, and ST that project to the VTA. A) Schematic of brain

regions analyzed according to distance from Bregma. B) Nts/FG+ neurons were observed
in the lateral IPAC (yellow arrows) while the adjacent VP contained low numbers of Nts
neurons (Case F19). C) Nts/FG+ neurons were observed in the ST (yellow arrows) (Case
F27). Scale bar = 100um. IPAC = interstitial nucleus of the posterior limb of the anterior
commissure, VP = ventral pallidum, stl = lateral division of bed of stria terminalis. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 8.
Nts-expressing inputs from the ZI and STN. A) Schematic of brain regions analyzed

according to distance from Bregma. B) Caudal section of the hypothalamus showing
Nts/FG+ neurons in the ZI (yellow arrows) but not the C) STN (both Case F19). Scale

bar = 100um. pSTN = para-subthalamic nucleus, ZI = zona incerta, cp = cerebral peduncle.
(For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Neuropeptides. Author manuscript; available in PMC 2018 April 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Woodworth et al.

Page 34

Fig. 9.

ths projections to the VTA from the POA. A) Schematic of brain regions analyzed
according to distance from Bregma. B) A dense Nts population resided in the caudal MPO
and many of these were Nts/FG+ neurons that projected to the VTA (yellow arrows) (Case
F28). C) Numerous Nts/FG+ neurons were also observed in the rostral LPO (yellow arrows)
(Case F23). Scale bars = 100um. MPN = median preoptic nucleus, MPO = medial preoptic
area, LPO = lateral preoptic area. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 10.
Nts inputs from the LHA, VMH, ARC, and PVH. A) Schematic of brain regions analyzed

according to distance from Bregma. B) The LHA contained a large number of Nts/FG+
neurons (yellow arrows). C) The VMH and D) ARC did not provide many Nts afferents to
the VTA. E) The PVH contained minimal Nts neurons and was not a major source of Nts
input to the VTA. All images from Case F28. Scale bars = 100um. cp = cerebral peduncle,
LHA = lateral hypothalamic area, VMH = ventromedial hypothalamus, ARC = arcuate
nucleus, 3V = third ventricle, PVH = paraventricular hypothalamus. (For interpretation of
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the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 11.
Brainstem Nts inputs to the VTA. A) Schematic of brain regions analyzed according to

distance from Bregma. Few colocalized neurons were detected in the B) SC, C) APT (both
Case F19), D) PAG (Case F27) and E) PTg (Case F19). Scale bar = 100um. inSC = inferior
superior colliculus, dSC = dorsal superior colliculus, APT = anterior pretectal nucleus,
LPAG = lateral periaqueductal grey, VLPAG = ventrolateral periaqueductal grey, PTg =
pedunculopontine tegmental nucleus, SPTg = subpeduncular tegmental nucleus.
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Fig. 12.
Brainstem Nts inputs to the VTA from the DR, PBN, and LDTg. A) Schematic of

brain regions analyzed according to distance from Bregma. Few colcoalized neurons were
detected in the B) DR, C) PB (both Case F23), and D) LDTg (Case F27). Scale bar =
100um. DR = dorsal raphe, LPB = lateral parabrachial nucleus, MPB = medial parabrachial
nucleus, scp = superior cerebellar peduncle, LDTg = laterodorsal tegmental nucleus.
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Fig. 13.
Minimal Nts expression in the VTA. Nts¢:GFPmice (n = 6) were used to determine the

number and distribution of VTA Nts neurons and whether or not they co-express TH. A,

B, C) Representative images of GFP-identified Nts neurons across three different bregma
coordinates in the VTA of NitsC€:GFP mice (scale bar = 200um). Insets highlight individual
Nts neurons and the presence or absence of colocalization with TH (greyarrows = TH+

Nts neurons, green arrows = TH- Nts neurons). These data demonstrate that of the few
GFP+ cells found in the VTA, the majority do not colocalize with TH and are not DAergic.
ml = medial lemniscus, ip = interpeduncular nucleus, fr = fasciculus retroflexus, mt =
mammillothalamic tract. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Abbreviations used.

Table 1

Abbreviation  Full name

3V Third ventricle

aca Anterior commissure

AHA Anterior hypothalamic area
APT Anterior pretectal nucleus
ARC Arcuate nucleus

BLA Basolateral amygdala

CeA Central amygdala

CeL Lateral division of the central amygdala
CeM Medial division of the central amygdala
cp Cerebral peduncle

CPu Caudate/putamen

DA Dopamine

DMH Dorsomedial hypothalamus
DR Dorsal raphe

DS Dorsal striatum

dsc Dorsal superior colliculus

EA Extended amygdala

ec External capsule

En Entorhinal cortex

FG Fluoro-Gold

fr frasiculus retroflexus

GFP Green fluorescent protein

ip Interpeduncular nucleus

IPAC Interstitial nucleus of the posterior limb of the anterior commissure
iSC Inferior superior colliculus

ISH in situ hybridization

LDTg Laterodorsal tegmental nucleus
LHA Lateral hypothalamic area

LO Lateral orbital cortex

LPAG Lateral periaqueductal grey
LPB Lateral parabrachial nucleus
LPO Lateral preoptic area

LS Lateral septum

ml Medial lemniscus

MPB medial parabrachial nucleus
MPN Median preoptic nucleus

MPO Medial preoptic area

mt mammillothalamic tract

NA Nucleus accumbens (all parts)
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Abbreviation  Full name

NAsh Nucleus accumbens shell

Nts Neurotensin

OFT Olfactory tubercle

PAG Periaqueductal grey

PB Parabrachial nucleus

PFC Prefrontal cortex

POA Preoptic area

PrL Prelimibc cortex

pSTN Para-substhalamic nucleus

PTg Pedunculopontine tegmental nucleus
PVH Paraventricular hypothalamus
RMTg Rostromedial tegmental nucleus

SC Superior Colliculus

scp Superior cerebellar peduncle

SN Substantia nigra

SPTg subpeduncular tegmental nucleus
ST Stria terminalis (general)

sti Intermediate division of bed of stria terminals
stl Lateral division of bed of stria terminals
STN subthalamic nucleus

VLPAG Ventrolateral periaqueductal grey
VMH Ventromedial hypothalamus

VO Ventral orbital cortex

VP Ventral pallidum

VTA Ventral tegmental area

VA| Zona incerta
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Table 2

Relative density of Nts afferents to the VTA.

Area  Total #colocalized # Colocalized per section
LPO 177.2+9.1 32127

MPO 1744254 31.7+5.2

LHA 1254 +187 22329

NAsh  160.5+43.8 19.2+59

VAl 87.8+21.1 8.6+23

CeA 61.3+29 85+0.1

PAG 59.0 £20.0 38+16
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