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Abstract

The central melanocortin system is fundamentally important for controlling food

intake and energy homeostasis. Melanocortin-3 receptor (MC3R) is one of two

major receptors of the melanocortin system found in the brain. In contrast to the

well-characterized melanocortin-4 receptor (MC4R), little is known regarding the

organization ofMC3R-expressing neural circuits. To increase our understanding of the

intrinsic organization of MC3R neural circuits, identify specific differences between

males and females, and gain a neural systems level perspective of this circuitry, we

conducted a brain-wide mapping of neurons labeled for MC3R and characterized

the distribution of their projections. Analysis revealed MC3R neuronal and terminal
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labeling inmultiple brain regions that control a diverse range of physiological functions

and behavioral processes. Notably, dense labeling was observed in the hypothalamus,

as well as areas that share considerable connections with the hypothalamus, including

the cortex, amygdala, thalamus, and brainstem. Additionally, MC3R neuronal labeling

was sexually dimorphic in several areas, including the anteroventral periventricular

area, arcuate nucleus, principal nucleus of the bed nucleus of the stria terminalis, and

ventral premammillary region. Altogether, anatomical evidence reported here sug-

gests that MC3R has the potential to influence several different classes of motivated

behavior that are essential for survival, including ingestive, reproductive, defensive,

and arousal behaviors, and is likely to modulate these behaviors differently in males

and females.
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1 INTRODUCTION

The central melanocortin system is fundamentally important for con-

trolling energy balance and maintaining homeostasis. This system

consists of four endogenous agonists, α-melanocyte-stimulating hor-

mone (MSH), β-MSH, γ-MSH, and adrenocorticotropin (ACTH), which

are derived from the preprohormone, proopiomelanocortin (POMC).

Agouti-related protein (AgRP) is uniquely expressed in neurons in

the arcuate hypothalamic nucleus (ARH) that also contain neuropep-

tide Y and functions as an endogenous antagonist for melanocortin-3

receptor (MC3R) and melanocortin-4 receptors (MC4R), which are

the predominantmelanocortin receptors expressed in the brain (Cone,

2006; Garfield et al., 2009; Yang & Tao, 2016).

While there is abundant evidence that MC4R plays a determinant

role in the central regulation of food intake and energy homeostasis

(Butler et al., 2001; Cone, 2006; Fan et al., 2000, 2004; Huszar et al.,

1997;Morens et al., 2005), the homeostatic functions ofMC3R remain

to be thoroughly characterized. MC3RKOmice exhibit late onset obe-

sity (Butler et al., 2000), reduced lean mass (Butler et al., 2000; A. S.

Chen et al., 2000; Renquist et al., 2011), heightened diet-induced obe-

sity linked to dysfunction in physical activity and nutrient partitioning

(A. S. Chen et al., 2000; Ellacott et al., 2007; G. M. Sutton et al., 2006;),

disrupted daily feeding patterns (Butler, 2006), and decreased loco-

motor activity (Begriche et al., 2011; Butler et al., 2000; A. S. Chen

et al., 2000; Ellacott et al., 2007; Pei et al., 2019; G. M. Sutton et al.,

2006, 2008). Increased adipose mass and reduced lean mass have also

been observed in humans with reduced or absent MC3R expression

(Lam et al., 2021). Recently, MC3R has also been implicated in the

bidirectional control of responses to homeostatic challenges, providing

rheostatic control on energy storage (Ghamari-Langroudi et al., 2018)

and is a potential pharmacological target for the treatment of anorexia

(Sweeney et al., 2021). Additionally, MC3R has been implicated in

the regulatory control of the hypothalamic-pituitary-thyroid axis (Kim

et al., 2002), inflammation (Catania et al., 2004; Getting et al., 2008),

cardiovascular function (Mioni et al., 2003; Versteeg et al., 1998),

glucose disposal (A. K. Sutton et al., 2021), natriuresis (Chandramohan

et al., 2009), and reward (Lippert et al., 2014; Mavrikaki et al., 2016;

Pandit et al., 2016; Shanmugarajah et al., 2017;West et al., 2019).

While it is clearly evident that MC3R modulates critical physiolog-

ical and behavioral processes, little is known regarding the organiza-

tion of MC3R-expressing neural circuits regulating these processes.

The overall distribution of Mc3r mRNA in the rat brain has been

reported (Roselli-Rehfuss et al., 1993), but a detailed mapping of

MC3R-expressing neurons or a detailed examination of their neural

projections is lacking.

To increase our understanding of the intrinsic organization ofMC3R

neural circuits, characterize differences that may exist between males

and females, and gain a neural systems level perspective of this cir-

cuitry, we have undertaken a brain-wide mapping of neurons labeled

for MC3R and their projections through the application of immuno-

histochemistry, genetically targeted axonal labeling, tissue clearing,

light-sheetmicroscopy, and registration of labeled neurons to theAllen

Brain Atlas CommonCoordinate Framework.

2 MATERIALS AND METHODS

2.1 Animals

Transgenic BAC mice expressing Cre recombinase under the con-

trol of the Mc3r promoter, MC3R-Cre mice, are maintained in

our colony at Vanderbilt University (Ghamari-Langroudi et al.,

2018). Mice expressing the Cre-dependent fluorescent reporters

tdTomato (tdTommice; Ai14D-Gt(Rosa)26Sor; stock number: 007914)

and synaptophysin-tdTomato (SynTom mice; Ai34D-Rosa-CAG-

LSL-Synaptophysin-tdTomato-WPRE; stock number: 012570;

MGI:J:170755) were obtained from The Jackson Laboratory (Bar

Harbor, ME). Wild-type C57BL/6J mice (stock number: 000664) were



BEDENBAUGH ET AL. 2837

also obtained from The Jackson Laboratory. To visualize neurons that

expressMC3R,MC3R-Cremice were crossed with tdTommice to gen-

erate MC3R-Cre::tdTom mice. To visualize MC3R inputs, MC3R-Cre

mice were crossed with SynTommice to generate MC3R-Cre::SynTom

mice, as described previously (Biddinger et al., 2020).

All animal care and experimental procedures were performed in

accordance with the guidelines of the National Institutes of Health

and the Institutional Care andUseCommittee ofVanderbilt University.

Mice were housed at 22◦C on a 12:12 h light:dark cycle (lights on at

6:00 a.m.: lights off at 6:00 p.m.). Mice were provided ad libitum access

to a standard chow diet (PicoLab Rodent Diet 20 #5053). Mice were

weaned at P22 and maintained with mixed genotype littermates until

used for experiments.

2.2 Immunohistochemistry, image acquisition, and
analysis

2.2.1 MC3R neuronal distribution and
postsynaptic target visualization

To visualize MC3R neuronal labeling as well as MC3R neural inputs,

brains from adult MC3R-Cre::tdTomato and MC3R-Cre::SynTom mice

were collected and processed for immunofluorescence. Mice were

anesthetized with tribromoethanol and transcardially perfused with

saline followed by fixative (4% paraformaldehyde in borate buffer,

pH 9.5). Brains were postfixed in a solution of 20% sucrose in fixa-

tive and cryoprotected in 20% sucrose in 0.2 M potassium phosphate

buffered saline (KPBS). Four series of 30μm-thick frozen sectionswere

collected using a sliding microtome. One full series of sections from

each animal was rinsed in KPBS and blocked in 2% normal goat serum

containing 0.3% Triton X-100 overnight at 4◦C. Sections were then

incubated in primary antibody (rabbit anti-RFP, 1:10,000; Rockland

Immunochemicals Inc., Limerick, PA, USA) for 48 h at 4◦C. Follow-

ing primary antibody incubation, sections were rinsed several times

in KPBS and incubated in Alexa 568 goat anti-rabbit secondary anti-

body (1:500; Life Technologies, Carlsbad, CA, USA) for 1 h at room

temperature. Sections were rinsed several times in KPBS and incu-

bated in NeuroTrace 500/524 Green fluorescent Nissl stain (1:500;

ThermoFisher Scientific, Waltham, MA, USA) for 20 min at room tem-

perature to aid in visualization of brain cytoarchitecture. Sectionswere

rinsed several times in KPBS, mounted on gelatin-subbed slides and

coverslipped using ProLongmountingmedium (Life Technologies).

Images from each animal were obtained using a laser scanning

confocal microscope (Zeiss LSM 800; Zeiss, Oberkochen, Germany).

For digital maps, confocal image stacks were collected through the z-

axis at a frequency of 10.00 μm using a 10× objective (NA 0.45). A

panoramic tile of a coronal hemisection was captured using the image

stitching module in Zen Blue. A tile of the Nissl stain for each sec-

tion was flipped horizontally in Photoshop (version 20.0.9; Adobe, San

Jose, CA, USA) to mirror MC3R labeling in the same section so that

cytoarchitectonic features andMC3Rneuronal and fiber labeling could

be observed simultaneously. Image stacks captured to compare neu-

ronal/fiber labeling, density, and distribution were collected through

the z-axis at a frequency of 3.41 μm using a 10× objective (NA 0.45)

or 0.8 μmusing a 20× objective (NA 0.8).

2.2.2 Sexually dimorphic distributions of MC3R
neurons

To determine whether MC3R labeling is sexually dimorphic in spe-

cific anatomical areas, brains from male and female adult MC3R-

Cre::tdTomato mice were collected and processed for immunofluores-

cence. Tissuewas collected and sectioned as described above. Sections

containing the anteroventral periventricular area (AVPV), principal

nucleus of the bed nucleus of the stria terminalis (BSTPr), ventrome-

dial hypothalamus (VMH), ventrolateral-ventromedial hypothalamus

(VL-VMH), arcuate nucleus (ARH), posterodorsal nucleus of themedial

amygdala (MEApd), and ventral premammillary nucleus (PMv) were

selected and processed as described above.

For a quantitative comparison of cell densities in male and female

mice, confocal image stacks were collected through the z-axis at a fre-

quency of 0.8 μm using a 20× objective (NA 0.8). Cytoarchitectonic

features of each specific anatomical area analyzed, visualized with

the NeuroTrace fluorescent Nissl stain, were used to define match-

ing regions of interest (ROI), and three-dimensional representations

of labeled cells from matched sections were digitally rendered using

Imaris software (version 9.5.1; Bitplane, Zurich, Switzerland). The total

number of MC3R neurons in each area was quantified using the spots

function in Imaris.

2.3 Tissue clearing and light-sheet microscopy

2.3.1 Tissue collection, preparation, and clearing

To spatially map MC3R labeling in intact tissue, brains derived from

MC3R-Cre::tdTomato and MC3R-Cre::SynTom mice were stabilized

and cleared using stabilization under harsh conditions via intramolec-

ular epoxide linkages to prevent degradation (SHIELD) protocol

(Park et al., 2019). Mice were anesthetized with tribromoethanol

and transcardially perfused with saline followed by fixative (4%

paraformaldehyde in borate buffer, pH 9.5). Brains were incubated

in fixative overnight and then transferred to SHIELD-OFF solution

(LifeCanvas Technologies, Cambridge, MA, USA) and incubated at

4◦C for 4 days. Brains were next incubated in SHIELD-ON solution

(LifeCanvas Technologies) for 24 h at 37◦C. SHIELD-fixed brains

were rapidly cleared using stochastic electrotransport to remove

electromobile molecules (SmartClear II Pro; LifeCanvas Technologies;

limit = 90 V, current = 1500 mA, buffer A temp. = 42◦C, buffer B

temp. = 30–40◦C). Once the samples were delipidated, the tissue

was incubated in EasyIndex (LifeCanvas Technologies) to render the

sample optically transparent for imaging.
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2.3.2 Imaging and data processing

SHIELD brains were imaged using an axially swept light-sheet micro-

scope (SmartSPIM; LifeCanvas Technologies) equipped with a 3.6×

objective (NA 0.2, uniform axial resolution ∼4 μm) and sCMOS camera

with a rolling shutter (Dean et al., 2015; Hedde & Gratton, 2018). Fol-

lowing acquisition, images were stitched to generate composite TIFF

images using a modified version of Terastitcher (Bria et al., 2019).

Stitched TIFF images were converted to Imaris files using Imaris File

Converter 9.2.1, and 3D renderings of brains were visualized using

Imaris software.

2.4 Brain registration and volumetric
quantification of MC3R neurons and fibers

The distribution of neurons in SHIELD-cleared MC3R-Cre::tdTomato

brains was registered to the Allen Common Coordinate Reference

Framework (ACCF, V3), and regional densities of labeled cells were

quantified through the application of machine learning filters devel-

oped from a user-classified training set using NeUroGlancer Ground

Truth (NUGGT), with custom modifications provided by LifeCanvas

Technologies (Swaney et al., 2019). A minimum of 200 cells per brain

were trained using the NUGGT pipeline. Registration to the ACCFwas

also used to define the regional mean fluorescence intensity of labeled

fibers in brains collected fromMC3R-Cre::SynTommice.

2.5 RNAscope fluorescence in situ hybridization

To visualize the overall Mc3r mRNA abundance and compare it to

MC3R-Cre::tdTomato expression, an RNAscope fluorescence multi-

plex assay (V2, AdvancedCellDiagnostics,Newark, CA,USA)was used.

MC3R-Cre::tdTomato mice were anesthetized with tribromoethanol

and transcardially perfused with saline followed by fixative (4%

paraformaldehyde in borate buffer, pH 9.5). Brains were postfixed in a

solution of 20% sucrose in fixative and cryoprotected in 20% sucrose

in KPBS. Four series of 20 μm-thick frozen sections were collected

using a sliding microtome. One series of sections from each animal

were mounted onto SuperFrost Plus slides (Fisher Scientific), and in

situ hybridization was performed according to the RNAscope fluores-

cent multiplex kit V2 user manual for fixed frozen tissue (Advanced

CellDiagnostics,) usingRNAscopeProbe-Mm-Mc3r-C1 (cat#412541).

Following in situ hybridization, slides were run through the same

immunohistochemistry protocol described above. Slides were cover-

slipped using ProLong mounting medium (Life Technologies). Images

from each animal were obtained using a laser scanning confocal micro-

scope (Zeiss LSM 800). Confocal image stacks were collected through

the z-axis at a frequency of 0.41 μmusing a 40× objective (NA 1.40).

2.6 Experimental design and statistical analyses

Group data are presented as the mean values ± SEM. Statistical

significance was determined using GraphPad Prism software (Graph-

Pad Software, San Diego, CA). Student’s unpaired t-test was used

to compare data within two groups. p-Values < .05 were considered

statistically significant.

3 RESULTS

To validate the accuracy of the genetically targeted label, we used

fluorescence in situ hybridization (FISH) combined with immunohisto-

chemistry to compare the distribution of neurons that express Mc3r

mRNA with that of labeled neurons in MC3R-Cre::tdTomato mice

(Figure 1a–i). Particular attention was given to regions that contained

neuronswith tdTomato labeling but inwhichMC3Rexpression had not

been reported previously (Figure 1a,b, e–g). The distribution of neu-

rons labeled with tdTomato fluorescence matched that ofMc3rmRNA

expression (Figure 1), although we cannot rule out the possibility that

in some cells, MC3R-Cre expression is transient.

3.1 Distribution of cell bodies labeled for MC3R

The organization ofMC3R neurons was visualized in both intact brains

through application of optical clearing and light-sheet microscopy

(Figure 2, Videos S1–S3) as well as in tissue sections derived from

MC3R-Cre::tdTom mice (Kamitakahara et al., 2016; Biddinger et al.,

2020). Visualization, (Figure 2a–d, Videos S1–S3) brain registration,

and quantification of MC3R neurons in whole brain tissue (Figure 2e,f)

facilitated appreciation of the spatial context of systems-level molec-

ular and anatomical features and underscored the complexity of

anatomical relationships between MC3R neurons in distinct brain

areas. The distribution of tdTomato-labeled neuronal cell bodies in

the brains of MC3R::tdTom mice extends from the rostral pole of the

cerebral cortex to the caudal brainstem, and unambiguously labeled

neurons were located in each major subdivision of the central ner-

vous system (Figures 1 and 2a–i, Videos S1–S3). A striking feature of

MC3R neuronal labeling is that high densities of neurons and equally

profuse labeling of their targets involve brain regions that not only

impact energy balance but also contribute to a diverse range of well-

characterized physiological functions (Figures 2 and 3). However, the

highest densities of labeled neurons were located in the hypothalamus

and in regions that shared strong connections with the hypothalamus.

3.1.1 Hypothalamus

Mosthypothalamicnuclei containedat least a few labeledneuronswith

the notable exception of the suprachiasmatic nucleus, and a diffuse dis-

tribution of labeled cells was observed throughout the hypothalamus,

with clusters of neurons in discrete nuclei (Figures 2a,c,e,f, and 3b–f,

Videos S1–S3). The greatest density of labeled neurons was present

within nuclei located in the periventricular and medial zones of the

hypothalamus (Simerly, 2005). The medial preoptic nucleus contained

a high density of labeled neurons (Figures 2f and 3b–c, Video S2),

especially the medial component, but the density of labeled neurons

was somewhat lower in the anterior hypothalamic nucleus (Figure 3d,

Video S2). Caudal to the anterior hypothalamic region, the overall den-

sityof labeledneuronsdecreased, except indiscretenuclear cell groups
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F IGURE 1 Analysis ofMc3rmRNA colocalization inmelanocortin-3 receptor (MC3R) cells labeled with tdTomato in themouse brain. High
magnification images ofMc3rmRNA (green) and tdTomato labeling (red) in anMC3R-Cre::tdTomatomouse inmajor brain regions, including the
cortex (a and b), hypothalamus (c), amygdala (d), hippocampus (e), midbrain (f), and brainstem (g).Mc3r abundance in the arcuate (h) and
hippocampal formation (i) serve as anatomical areas exhibiting high (arcuate) and little to no (hippocampal formation)Mc3r expression. Estimates
of coexpression ofMc3rmRNA in tdTomato-labeled cells measured in representative sections of malemice was 90% in the prelimbic area (PL)
(a), 100% in the primarymotor area (Mop) (b), anteroventral periventricular nucleus hypothalamus (AVPV) (c), central nucleus amygdala (CEA)
(d), CA1 (e), parabrachial nucleus (PB) (f), and area postrema (AP) (g), and 94% in the arcuate nucleus hypothalamus (ARH) (h). Scale bar, 20 μm

(Video S2). The arcuate nucleus, ventromedial hypothalamus and dor-

somedial hypothalamus contained the highest densities of labeled

neurons (Figures 2c,e,f and 3e, Video S2), whereas fewer labeled

cells were located in the paraventricular nucleus of the hypothalamus

(Figures 2e,f and 3d, Video S2). Intermediate densities of labeled neu-

ronswere observed in the lateral preoptic (Figures 2e and3c, Video S2)

and hypothalamic areas (Figures 2c,e,f and 3d,e, Video S2), and in the

ventral premammillary nucleus (Figure 2e, Video S2). Fewer cells were

detected in the dorsal premammillary nucleus (Figure 2e, Video S2).

3.1.2 Amygdala

Labeling in the amygdala was extensive. At rostral levels through the

amygdala, scattered labeled neurons were distributed throughout the

anterior area of the amygdala (Figures 2e and 3d, Video S2), excluding

the nucleus of the lateral olfactory tract (Figures 2e and 3d, Video S2).

The highest densities of labeled neurons in the amygdala were found

in the medial (especially its posterodorsal part) and basomedial nuclei

(Figures 2c,e,f and 3e, Video S2). Abundant labelingwas also present in

the central amygdalar nucleus, where amajority of cells were localized

to the lateral subdivision (Figures 2c,e,f and 3d,e, Video S2). Scattered

neurons with light to moderate labeling were observed in select corti-

cal amygdalar nuclei, including the lateral zone of the posterior part of

the cortical amygdalar nucleus (Figures 2e and 3e, Video S2). Only low

densities of labeled neurons were detected in the lateral, basolateral,

or posterior amygdalar nuclei (Figures 2e, 3d–f, and 4a, Video S2).

3.1.3 Septal nuclei, bed nuclei of the stria
terminalis, and pallidum

The septal nuclei contained clusters of labeled neurons with heav-

ily labeled dendrites extending from the cell bodies (Figure 3b,c). In

contrast to the low density of neurons in the medial septal nucleus

(Figures 2e and 3b,c, Video S2), the lateral nucleus of the septum
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F IGURE 2 Brain-widemapping of melanocortin-3 receptor (MC3R) neurons. Three-dimensional rendering of anMC3R-Cre::tdTomato brain
viewed in the sagittal plane (a). Scale bar, 500 μm. Coronal view ofMC3R labeling in the same brain at the level of the prelimbic and insular cortex
(b), arcuate nucleus, ventromedial hypothalamus and basomedial, central andmedial amygdala (c), and subiculum and periaqueductal gray (d).
Scale bars, 500 μm.MC3R cell density in the whole brain was quantified by registering cell locations to the Allen Common Coordinate Reference
Framework (e and f)

F IGURE 3 Two-dimensional atlas ofMC3R neurons. Lowmagnification stitched tile images of melanocortin-3 receptor (MC3R) labeling in an
MC3R-Cre::tdTomato brain (a–i). Scale bar, 1 mm
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(a) (b)

F IGURE 4 Comparison of melanocortin-3 receptor (MC3R) cellular architecture, morphology, and distribution. ProminentMC3R labeling in
the central amygdala juxtaposed with the lack of labeling in the adjacent basolateral amygdala (a). Dense cellular and fiber labeling in the
paraventricular thalamus (b). MC3R expression in layer 2/3 of the infralimbic area (c). Pyramidal cells in the pyramidal layer of CA1 in the
hippocampus (d). Scale bar, 100 μm

contained dense clusters of labeled cells, with the highest density in

its ventral component, although the caudal part of the lateral septal

nucleus also contained a high density of labeled neurons (Figures 2e

and 3b,c, Video S2). In contrast to the septal nuclei, most parts of the

bed nuclei of the stria terminalis (BST) contained only low to moder-

ate densities of labeled neurons (Figures 2e,f and 3b,c, Video S2). A

notable exception is the principal nucleus of theBST (Video S2); its high

density of labeled neurons contrasted with the significantly lower lev-

els of labeling observed in the anterior division of the BST. Only a few

scattered cells were detected in the globus pallidus or diagonal band

nucleus (Figures 2e and 3b,d, Video S2).

3.1.4 Thalamus and striatum

Thehighest densities of labeledneurons in the thalamuswereprimarily

in midline nuclei (Figures 2c,e and 3d,e, Video S2). Heavily labeled and

densely packed cellswere found throughout the rostrocaudal extent of

the paraventricular nucleus of the thalamus (Figures 2c,e, 3d,e, and 4b,

Video S2). Additionally, the intermediodorsal nucleus, mediodorsal

nucleus, and lateral dorsal nucleus exhibited moderate to dense

concentrations of labeled neurons (Figures 2e and 3d,e, Video S2), and

a high to moderate density of cells was found in the nucleus reuniens

(Figures 2e and3d, Video S2). Distinct clusters of labeled neuronswere

also found in the more posterior areas of the thalamus, including the

medial geniculate complex and suprageniculate nucleus (Figures 2e

and 3g, Video S2). Overall, cellular labeling in the striatum was rel-

atively sparse when compared to other brain regions (Figures 2b,e,f

and 3a, Video S2). The caudoputamen exhibits the densest labeling

in the striatum, with widely scattered neurons with intensely labeled

dendrites (Figures 2b,e,f and 3b–d, Video S2). The nucleus accumbens

contained few labeled neurons, which stood in stark contrast to the

apparent intensity of its innervation (see below).

3.1.5 Cortical regions

Clearly labeled MC3R neurons were present in discrete cortical

regions, with the most extensive labeling observed in the pre-

frontal region of the cerebral cortex and in the ventral subiculum

(Figures 2b,d–f and 3a,g, Video S2). In the prefrontal region, a high

density of labeled neurons was largely confined to layers II and III
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of the prelimbic cortex, with significant labeling also in the infralim-

bic cortex (Figures 2b,e,f, 3a and 4c, Video S2). A similar distribution

was apparent in parts of the motor cortex, with scattered neu-

rons present in deeper cortical layers as well (Figures 2e and 3a–e,

Video S2). A moderate density of labeled neurons was present in cor-

tical regions associated with decision-making, spatial orientation, and

sensory processes, including the anterior cingulate area (Figures 2e

and 3a–c, Video S2), insula (Figures 2b,e,f and 3a–d, Video S2), gusta-

tory area (Figures 2b,e,f and 3a,b, Video S2), primary somatosensory

area (Figures 2b,e and 3a,b,e, Video S2), and ventral retrosplenial area

(Figures 2d,e and 3f,g, Video S2). In the hippocampal formation, the

highest density of labeled neurons was in the pyramidal layer of the

ventral subiculum (Figures 2d–f and 3g, Video S2). Lower densities of

labeled neurons were found in the dorsal subiculum, and a few scat-

tered neurons were distributed in the hippocampus proper (Ammon’s

horn; Figures 2d,e, 3f,g, and 4d, Video S2).We did not detect labeling in

dentate granule cells.

3.1.6 Midbrain and medulla

Labeled MC3R neurons were found in the brainstem from the mid-

brain through the caudal medulla with particular clusters in regions

associated with sensory, motor, and autonomic functions (Figures 2d–f

and 3f,i, Video S2). In the midbrain, the periaqueductal gray contained

clearly labeled cells with the highest density located in the dorsal

half of the PAG, a region with strong projections to the hypotha-

lamus (Figures 2d,e and 3f,g, Video S2). The parabrachial nucleus,

another region that sends projections to the hypothalamus, exhibited

a moderate density of labeled neurons, with the highest density in the

lateral and medial components (Figure 2e and 3h, Video S2). Low lev-

els of labeling were observed in the locus coeruleus and raphe nuclei

(Figures 2e and 3h, Video S2). Regions known to relay visceral sen-

sory information rostrally, including the nucleus of the solitary tract

(Figures 2e,f and 3i, Video S2), exhibited moderate to light labeling,

whereas labeling was almost completely absent in the dorsal motor

nucleus of the vagus nerve (Figures 2e and 3i, Video S2). In the area

postrema, a circumventricular organ, moderate to heavy labeling was

apparent (Figures 2e and 3i, Video S2). Regions associated with visual,

auditory, or somatosensory processes also contained high to mod-

erate amounts of labeled neurons, including the anterior pretectal

nucleus (Figures 2e and 3g, Video S2), inferior and superior colliculus

(Figures 2e and 3g,h, Video S2), and spinal nucleus of the trigeminal

nerve (Figures 2e and 3i, Video S2), with a very dense cluster of labeled

neurons in the olivary pretectal nucleus (Figures 2e and 3f, Video S2).

A moderate density of diffusely distributed labeled cells was found in

nuclei of the reticular formation, including the intermediate,medullary,

and pontine reticular nuclei (Figures 2e and 3f,i, Video S2).

3.2 Sexually dimorphic distribution of MC3R
neurons

To determine if MC3R neuronal labeling is significantly different

between males and females, the number of MC3R neurons was

F IGURE 5 Melanocortin-3 receptor (MC3R) labeling is sexually
dimorphic. Lowmagnification images (left, middle column) and
comparison of the number ofMC3R neurons (right column) in male
and femaleMC3R-Cre::tdTomatomice (a–e). The number ofMC3R
neurons was significantly higher in the anteroventral periventricular
nucleus hypothalamus (AVPV) (a), principal nucleus of the bed nucleus
of the stria terminalis (BSTPr) (b), and ventral premammillary nucleus
(PMv) (e) in females. In contrast, the number ofMC3R neurons was
significantly higher in males in the arcuate nucleus hypothalamus
(ARH) (c), and no differences were found in theMeApd (d). Scale bar,
200 μm. Data were analyzed with Student’s unpaired t-test. *p< .05,
**p< .01, ****p< .0001

compared between male and female MC3R-Cre::tdTomato mice in

anatomical areas where sexually dimorphic expression patterns have

been previously reported (Figure 5a–e) (Gu et al., 2003; Hutton et al.,

1998; Polston & Simerly, 2003; Polston et al., 2004; Simerly, 1998;

Sweeney et al., 2021). In the AVPV, BSTPr, and PMv, females exhibited

significantly more MC3R neurons than males (Figure 5a,b,e). Alterna-

tively, in the ARH, males exhibited significantly more MC3R neurons

than females (Figure 5c). No differences in the number of labeled neu-

rons were found betweenmales and females in theMeApd (Figure 5d),

VMH, or VL-VMH.
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F IGURE 6 Brain-widemapping of melanocortin-3 receptor (MC3R) projections. Three-dimensional rendering of anMC3R-Cre::SynTom brain
viewed in the sagittal plane. Scale bar, 500 μm. Coronal view ofMC3R projections in the same brain at the level of the nucleus accumbens (b),
arcuate nucleus, ventromedial hypothalamus and basomedial, central andmedial amygdala (c), and brainstem (d). Scale bars, 500 μm.MC3R fiber
density in the whole brain was quantified by registering themean fluorescence intensity in each brain region to the Allen CommonCoordinate
Reference Framework (e and f)

3.3 Distribution of MC3R-labeled fibers and
terminals

In addition to mapping labeled MC3R neuronal cell bodies, MC3R

axonal projections were effectively visualized in whole brains and tis-

sue sections derived from MC3R-Cre::SynTom mice. Based on the

distribution of MC3R neuronal labeling described above, MC3R ter-

minals were apparent throughout the brain, forming dense terminal

fields in regions that represent a diversity of functional neural systems

(Figures 6 and 7, Videos S4–S5). Several regions of the hypotha-

lamus exhibited profuse axonal labeling, as did a number of fore-

brain and brainstem regions that shared strong connections with the

hypothalamus.

3.3.1 Hypothalamus

Most hypothalamic nuclei contained at least a moderate density of

labeled fibers, with the notable exception of the suprachiasmatic

nucleus,whichwasnearly devoidof labeling (Figures6c,e and7d,Video

S5). Given the high density of labeled neurons in regions that pro-

vide strong hypothalamic projections, the highest densities of labeled

fibers extended throughout most of the periventricular and medial

zones of the hypothalamus. Several nuclei contained dense plexuses

of labeled fibers, including the paraventricular nucleus of the hypotha-

lamus (Figures 6c,e,f, 7d, and 8a, Video S5), the arcuate nucleus

(Figures 6d–f and 7e, Video S5), the anteroventral periventricular

nucleus (Figures 6e,f and 7c, Video S5), the medial preoptic nucleus

(Figures 6e and 7c, Video S5), and the dorsomedial and ventrome-

dial hypothalamic nuclei (Figures 6d–f and 7e, Video S5). The lateral

hypothalamus contained a lower density of labeled fibers (Figures 6c–f

and 7d,e, Video S5), but at least amoderate densitywas present in each

major subdivision (Hahn & Swanson, 2012).

3.3.2 Amygdala

Amygdalar nuclei, particularly the medial and central zones, contained

intense terminal labeling (Figures 6d–f and 7d,e, Video S5). High den-

sities of labeled fibers extended throughout the rostrocaudal extent

of the medial amygdala, with the posterodorsal part of the nucleus

exhibiting the most profuse labeling (Figures 6d–f and 7e, Video S5).

Heavy labeling was also observed in the central amygdala, especially

in the medial and capsular subdivisions (Figures 6d–f and 7d,e, Video

S5). A moderate density of labeled axons was found in the basolat-

eral nucleus, with the highest levels of labeling in its anterior part

(Figures 6e,f and 7e,f, Video S5). The anterior (Figures 6c,e and 7d,

Video S5) and lateral amygdalar nuclei (Figures 6d,e and 7e, Video S5)

also exhibited moderate levels of axonal labeling. Labeling in cortical

amygdalar areas was generally sparse (Figure 7f, Video S5).

3.3.3 Septal nuclei, bed nuclei of the stria
terminalis, and pallidum

Moderate to high densities of labeled axonal projections were present

in every part of the bed nuclei of the stria terminalis, with the greatest

density of labeling observed in the anteromedial and principal nuclei

(Figures 6e,f and 7b,c, Video S5). In the septum, the highest density

of labeling was found in the ventral part of the lateral septum, with

sparser (but notable) labeled inputs in the dorsal part of the lateral

septal nucleus (Figures 6e and 7b,c, Video S5). These labeling patterns
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F IGURE 7 Two-dimensional atlas of melanocortin-3 receptor (MC3R) projections. Lowmagnification stitched tile images ofMC3R projections
in anMC3R-Cre::SynTom brain (a–i). Scale bar, 1 mm

contrasted with the low levels of labeled axons in the medial septum

(Figures 6e and 7b,c, Video S5). The substantia innominate contains

a high density of labeled axons, especially in its anterior and medial

portions (Figures 6e and 7b–d, Video S5). Only meagre labeling was

present in the diagonal band (Figures 6e and 7b, Video S5), and few

to no labeled projections were found in the globus pallidus (Figures 6e

and 7d, Video S5).

3.3.4 Thalamus and striatum

Rich terminal fields were mainly present in the mediodorsal and cau-

dal nuclei of the thalamus (Figures 6e and 7d,e,g, Video S5). Profuse

labeling was apparent throughout the rostrocaudal extent of the par-

aventricular thalamus (Figures 6e and 7d,e, Video S5), and relatively

dense labeling was also present in the nucleus reuniens (Figures 6e

and 7d,e, Video S5). Moderate densities of labeled fibers were found

in the centromedial, intermediodorsal, mediodorsal, lateral dorsal, and

lateral posterior nuclei (Figures 6e and 7d,e, Video S5). Multiple caudal

nuclei also exhibited dense to moderate labeling, including the medial

geniculate complex, suprageniculate nucleus, peripeduncular nucleus,

parvicellular part of the subparafascicular nucleus, and posterior lim-

iting nucleus (Figures 6e and 7g, Video S5). Most lateral and ventral

nuclei of the thalamus exhibited little to no fiber labeling (Figures 6e

and 7d,e, Video S5).

In the striatum, both the caudoputamen and nucleus accumbens

appear to be heavily innervated by MC3R neurons (Figures 6b,e,f

and 7a, Video S5). Very dense fiber labeling was found in both the core

and shell of the nucleus accumbens (Figures 6b, 7a, and 8b, Video S5),

abundant labeled axonswere found throughout the rostral caudoputa-

men, and the density was especially high in dorsal and medial regions

of the caudoputamen (Figures 6e,f and 7b,c, Video S5).

3.3.5 Cortical regions

MC3R axonal projections appear to innervate select cortical regions,

with the most extensive labeling observed in the prefrontal cortex

(Figures 6b,e,f and 7a–c, Video S5) and in the hippocampal forma-

tion (Figures 6e and 7g, Video S5). In the prefrontal region, layers I-III

of the infralimbic, prelimbic, and anterior cingulate areas contained

high densities of labeled fibers (Figures 6b,e,f and 7a–c, Video S5).

A similar distribution in superficial layers was apparent in the motor

cortex (Figures 6c,e 7a,b,d,e, and 8c, Video S5), although abundant

labeling was also present in layer V, which contrasts with the sparse

labeling characteristic of layer IV. Moderate densities of labeled termi-

nals were present in cortical regions associated with decision-making,

spatial orientation, and interosensory processes, including the insula

(Figures 6b,e,f and 7a-c, Video S5), gustatory area (Figures 6b,e and 7a,

Video S5), and secondary somatosensory area (Figures 6c,e and 7d,
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(a) (b)

F IGURE 8 Comparison of melanocortin-3 receptor (MC3R) fiber
projection pattern, density, and distribution. AbundantMC3R fiber
labeling is apparent in the paraventricular hypothalamus (a) and
nucleus accumbens (b). Scale bar in (a) is 200 μm. Scale bar in (b) is
500 μm. In the primarymotor cortex, fiber density is particularly
prominent in layer 2/3 (c). Scale bar, 200 μm.MC3R fiber labeling is
incredibly dense in themolecular layer of the ventral subiculumwhen
compared to the stratum radiatum or pyramidal layer (d). Scale bar,
500 μm

Video S5). In the hippocampal formation, a dense cluster of labeled

fibers was largely localized to the stratum lacunosum moleculare in

CA1 of Ammon’s Horn (Figure 7g and 8d, Video S5). A lower density of

fibers was found in the stratum radiatum (Figures 7g and 8d, Video S5).

Labeled axons were scarce in CA3 of Ammon’s horn and the dentate

gyrus (Figures 7g and 8d, Video S5). The subiculum contained themost

intense fiber labeling, with the highest densities located in themolecu-

lar andpyramidal layers of the ventral subiculum (Figures 6e, 7g and8d,

Video S5).

3.3.6 Midbrain and medulla

Clearly labeled axons were distributed throughout most brainstem

structures, although distinct clusters of high-density labeling were

apparent in various regions (Figures 6e,f and7f–i, Video S5). In themid-

brain, the periaqueductal gray contained heavy terminal labeling, with

the highest density of labeling in the dorsal and posterior portions of

the periaqueductal gray (Figures 6e,f and 7f,g, Video S5). Rich axonal

projections were also found in the parabrachial nucleus, especially the

lateral subdivision (Figures 6e,f and 7h, Video S5). In themedulla, mod-

erate to heavy labeling was apparent in areas that modulate visceral

sensory and motor information, including the area postrema, nucleus

of the solitary tract, dorsal motor nucleus of the vagus nerve, and

hypoglossal nucleus (Figures 6e and 7i, Video S5). The medullary and

intermediate reticular nuclei also exhibited considerable fiber labeling

(Figures 6e,f and 7f–i, Video S5), whereas scarce and scattered labeling

was apparent in the spinal nucleus of the trigeminal nerve (Figures 6e

and 7i, Video S5).

4 DISCUSSION

While MC3R deletion is associated with obesity in humans and mice,

MC3RKOmice exhibit increased anorexia and weight loss in response

to multiple challenges, including fasting (Ghamari-Langroudi et al.,

2018), behavioral stressors (Sweeney et al., 2021), cachexigenic agents

(Marks & Cone, 2003; Marks et al., 2003), and GLP1R agonists

(Sweeney et al., 2021). Due to its expression in key populations of

neurons located in the arcuate and ventromedial nuclei of the hypotha-

lamus, most functional studies have focused on the role of MC3R in

the regulation of food intake. Here, we present a detailed mapping

of the distribution of neurons that express MC3R, and the results

suggest that expansion of their functional role may be in order, as

we discovered that these neurons are significant components of each

major subdivision of the central nervous system, including the cortex,

hippocampal formation, amygdala, basal ganglia, thalamus, hypotha-

lamus, and brainstem. Although the present findings correspond well

with previous reports that relied on in situ hybridization for local-

ization of MC3R expression (Gantz et al., 1993; Lein et al., 2007;

Roselli-Rehfuss et al., 1993), detection of MC3R neurons in MC3R-

Cre::tdTomatomice allows amore comprehensive examination of their

distribution and enabled discovery of new sites, which were confirmed

with RNAscope FISH. In addition, new information about possible pro-

jection pathways emanating from MC3R neurons was derived from

independent conditional visualization of labeled axons. It is also clear

that the distribution of neurons expressingMC3R is quite distinct from

that of neurons that expressMC4R (Mountjoy et al., 1994).

MC3R deletion results in elevated adiposity, but MC3R null mice

appear to be relatively protected from the development of the most

severe aspects of metabolic syndrome (Butler et al., 2000; Butler &

Cone, 2002; G. M. Sutton et al., 2008). However, these mice do appear

to be hypersensitive to social isolation, restraint stress, and anxi-

olytic factors (Sweeney et al., 2021), suggesting an important role for

MC3R inmodulating the transmission of exterosensory information to

hypothalamic neural systems more directly involved in the regulation

of food intake. The abundant expression ofMC3R in septohippocampal

and strial or amgydalofugal projections to the hypothalamus is con-

sistent with such a role. Similarly, MC3R null mice show enhanced

sensitivity to administration of liraglutide, suggesting a possible role

for MC3R in modulating the impact of ascending interosensory infor-

mation from the brainstem (Sweeney et al., 2021). Equally significant

is the fact that MC3R is expressed in nearly all AgRP neurons of the

ARH (Sweeney et al., 2021), and through both ascending and descend-

ing projections from these cells, it may modulate the activity of target

regions involved in mediating the sensory valence of hunger signals

(Betley et al., 2015, 2016; Y. Chen et al., 2016; Girardet et al., 2018).
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Thus, the breadth and diversity of functional neural systems that either

contain a high density of MC3R neurons or are innervated by them

suggests an expanded functional role forMC3R signaling in behavioral

regulation. In addition, MC3R neuronal labeling is sexually dimor-

phic in several brain regions, suggesting that MC3R signaling likely

impacts physiological responses to melanocortins differently in males

and females. Thus, the organization of neurons that express MC3R

demonstrates the capacity to impact a diverse array of functionally

distinct neural systems by modulating the integration of a variety of

sensory cues andmay do so differently in males and females.

4.1 MC3R in the hypothalamus

The MC3R has been proposed to play an important role in rheostatic

control of energy balance (Ghamari-Langroudi et al., 2018), and the

hypothalamus is an important site for the integration of sensory, cogni-

tive, and behavioral state information that likely impacts this adaptive

regulatory function (Risold et al., 1997; Swanson, 2000; Thompson

& Swanson, 2003). MC3R neurons and fibers are found in all major

hypothalamic regions, including each major nucleus in the medial zone

of the hypothalamus, which collectively comprise the behavior con-

trol column (Swanson, 2000). In addition, both labeled cells and fibers

are well represented in periventricular parts of the hypothalamus,

which include functionally defined zones containing releasing hor-

mone neurons (neuroendocrinemotor zone) or that control autonomic

nervous system activity (hypothalamic visceromotor pattern gener-

ator) (Thompson & Swanson, 2003). Similarly, labeled neurons and

fibers in the lateral zone of the hypothalamus (Simerly, 2015) pro-

vide a substrate for the regulation of consummatory behavior and

direct connections with the cerebral cortex. The only hypothalamic

nucleus where MC3R labeling is noticeably sparse or absent is the

suprachiasmatic nucleus, a nodal component of neural circuits control-

ling circadian rhythmicity (Lu et al., 2001; Mohawk et al., 2012; Watts

et al., 1987). This finding is consistent with the previous observation

that circadian rhythms in food intake and locomotor activity are largely

intact in MC3R null mice (Renquist et al., 2011). However, MC3R does

modulate entrainment to meal intake, but this occurs independently

of the suprachiasmatic nucleus (G. M. Sutton et al., 2008). Within the

behavioral control column,MC3R labelingwasmost pronounced in the

ventromedial hypothalamic nucleus, anterior hypothalamic nucleus,

and descending division of the paraventricular hypothalamic nucleus.

These areas are critical nodes for the control of reproductive, defen-

sive, and ingestivebehaviors and thus imply thatMC3Rmayparticipate

in modulating these behaviors (Canteras et al., 1994; Risold et al.,

1994; Simerly, 1998; Swanson, 2000). The dorsomedial hypothalamus

exhibits dense MC3R labeling and influences defensive and inges-

tive behaviors, as well as autonomic responses (Simonds et al., 2014;

Thompson & Swanson, 2003).

As noted previously, MC3R expression is abundant in the arcu-

ate nucleus and has been colocalized to a number of important cell

types (Lam et al., 2021; Sweeney et al., 2021). Notably, the neuroen-

docrinedivisionof theparaventricular hypothalamicnucleus (Markakis

& Swanson, 1997; Swanson, 2000) appears to receive particularly

strong inputs from MC3R neurons because fiber labeling is con-

siderably higher than neuronal labeling, indicating that this area is

primarily a target of MC3R neurons. Altogether, the anatomical evi-

dence presented here suggests thatMC3R is well positioned to impact

a variety of motivated behaviors that are essential to survival. In addi-

tion to intrahypothalamic connections between regions that contain

high densities of MC3R neurons, the hypothalamus receives mul-

timodal sensory information through descending projections from

the cerebral hemispheres, as well as ascending projections from the

brainstem (Swanson, 2000). MC3R cells and fibers are found in sev-

eral of these sensory pathways and may represent additional access

points for melanocortin-mediated modulation of motivated behavior.

The discussion below of motor neural networks that control moti-

vated behavior will follow the neuroanatomical organization of brain

circuitry described in detail by Swanson (2000).

4.2 Descending pathways to the hypothalamus

4.2.1 Cortical and septohippocampal inputs

The infralimbic and prelimbic cortical areas contained the highest den-

sities ofMC3Rneurons,which likely provide direct inputs to themedial

and lateral zones of the hypothalamus (Risold et al., 1997; Saper, 2000).

Whether these prefrontalMC3Rprojections to the hypothalamus con-

vey polymodal sensory information related to experience or cognitive

aspects of feeding behavior remains to be investigated. Labeled neu-

rons were also noted in other cortical regions, including the anterior

cingulate area, insula, gustatory area, primary somatosensory area, and

ventral retrosplenial area, suggesting that MC3R signaling may impact

multiple aspects of polymodal sensory processing. The high density of

MC3R neurons in the subiculum contributes labeled axons that course

through the medial corticohypothalamic tract to innervate structures

located primarily in the medial zone of the hypothalamus (Canteras

& Swanson, 1992; Kishi et al., 2000; Swanson & Cowan, 1975). The

subiculum sends dense projections to the lateral septal nucleus, which

also contains numerous MC3R neurons and provides topographically

organized projections to several hypothalamic nuclei involved in neu-

roendocrine and autonomic regulation, including the medial preoptic,

anterior, ventromedial, dorsal premammillary, ventral premammillary,

and medial mammillary nuclei (Risold & Swanson, 1997; Swanson &

Cowan, 1979). Thus, on purely anatomical grounds, it is possible that

MC3Rsignaling impacts theactivityof severalwell-characterizedpath-

ways conveying multimodal sensory information from the cerebral

cortex to discrete functional domains of the hypothalamus.

4.2.2 Inputs from amygdala and bed nuclei of the
stria terminalis

The majority of labeledMC3R neurons in the amygdala were localized

to three nuclei, each with distinct patterns of projections (Canteras

et al., 1995; Petrovich et al., 1996; Petrovich & Swanson, 1997;

Swanson & Petrovich, 1998). The highest density of MC3R neurons

was located in the posterodorsal part of the medial nucleus of the
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amygdala, which is heavily innervated by the accessory olfactory bulb

and projects strongly to the principal nucleus of the BST. This infor-

mation is conveyed to the hypothalamus from the principal nucleus

through strong, sexually dimorphic projections to periventricular and

medial components of the hypothalamus that have a significant impact

on reproduction (Gu et al., 2003). This latter observation may be rel-

evant to an apparent role for MC3R in puberty (Lam et al., 2021).

The principal nucleus of the BST contains the most MC3R neurons

of any part of the BST, but whether these cells provide return pro-

jections to the posterodorsal part of the medial amygdalar nucleus,

which contains a high density of labeled axons, requires verification.

The basomedial nucleus and lateral zone of the posterior part of the

cortical nucleus receive inputs from the main olfactory system, and

each contains MC3R neurons that project to dorsal and ventral com-

ponents of the anterior division of the BST, which contain very high

densities of labeled axons but fewMC3R cell bodies. ManyMC3R neu-

rons are located in the central amygdaloid nucleus (lateral part), which

projects to the anterolateral area of the BST and plays an important

role inmultiple aspects of consummatory behavior and autonomic reg-

ulation (Cai et al., 2014; Dong et al., 2001; Hulsman et al., 2021; Izadi &

Radahmadi, 2021; Kafami&Nasimi, 2016; Petrovich&Swanson, 1997;

Saha, 2005). Notably, amygdalar cell groups that do not project directly

to theBST (lateral andanterior basolateral nuclei) appear to lackMC3R

neurons.

4.2.3 Ascending pathways to the hypothalamus

Although the nucleus of the solitary tract (NTS) is a critical pathway

that transmits viscerosensory information to hypothalamic regions

containing high densities of MC3R neurons, only a fewMC3R cells are

present within the NTS itself. However, the parabrachial nucleus (PB)

is the major relay for ascending visceral information from the NTS,

and MC3R cells are abundant in this important nucleus. The PB relays

viscerosensory and nociceptive information through direct projections

to the dorsomedial, anteroventral preoptic, lateral preoptic, median

preoptic, ventromedial, lateral, paraventricular, and arcuate nuclei

of the hypothalamus (Fulwiler & Saper, 1984; Saper & Loewy, 1980).

Furthermore, the PB can also indirectly influence the activity of

hypothalamic nuclei through its projections to the bed nuclei of the

stria terminalis and central nucleus of the amygdala (J. Y. Chen et al.,

2018; Jaramillo et al., 2020, 2021; Moga et al., 1989; Saper & Loewy,

1980; Ye & Veinante, 2019). MC3R neurons in the PB are primarily

localized to its lateral subnucleus, which may therefore participate

in the processing and transfer of viscerosensory and nociceptive

information to hypothalamic nuclei known to respond to these stimuli

(Andermann & Lowell, 2017; Campos et al., 2018; J. Y. Chen et al.,

2018;Malick et al., 2001).

4.3 Hypothalamic output

The hypothalamus integrates sensory, cognitive, and behavioral

state information and regulates multiple behaviors and physiological

responses through its descending projections to brainstem and spinal

motor systems. The hypothalamus also provides ascending projec-

tions directly from the lateral hypothalamus to the cerebral cortex or

indirectly via projections to rostromedial components of the dorsal

thalamus, such as the paraventricular thalamic nucleus (Risold et al.,

1997). Accordingly, we observed heavyMC3R axonal labeling in brain-

stem regions important for motor control, including the nucleus of

the solitary tract, dorsal motor nucleus of the vagus nerve, and area

postrema.Dense labeling ofMC3R fibers and cell bodies is also present

in the paraventricular nucleus and nucleus of reuniens, which are

important sites for conveying information regarding behavioral state

from the hypothalamus to the cortex.

4.4 Sexually dimorphic MC3R neuronal
expression

Until recently, MC3R expression had been examined primarily in male

rodents. Increased Mc3r mRNA abundance is observed in the ARH

of male mice compared to female mice, and the opposite is seen in

the AVPV (Sweeney et al., 2021). Our data in MC3R-Cre::tdTom mice

reported here confirm these observations. Apparent sex differences

in the density of MC3R labeling in the BSTpr and ventral premam-

millary region indicate that these populations of MC3R neurons may

also be sexually dimorphic. The greater number of neurons in the

BSTpr of females is surprising because there are over twice as many

neurons in the BSTpr of males, and previously reported sex differ-

ences favored males (Simerly, 2002). MC3R labeling patterns exhibit

considerable overlap with the distribution of androgen and estrogen

receptors (Simerly et al., 1990), indicating that neurons in certain

regions may coexpress MC3R and sex steroid receptors. In the arcu-

ate nucleus of the hypothalamus, approximately 50% ofMc3r neurons

coexpress estrogen receptor 1 (unpublished results). Whether the dif-

ferences observed in MC3R expression are due to differences in the

expression of the Mc3r gene or a different complement of neurons

between the sexes remains to be determined. Thus, anatomical evi-

dence suggests that MC3R signaling may lead to different behavioral

and functional outcomes in males and females and that sex steroid

receptorsmaymediate this sexual differentiation (Simerly et al., 1997).

Deletion of MC3R increases dopamine content in the ventral tegmen-

tal area (VTA) and decreases sucrose intake and preference only in

females (Lippert et al., 2014). Additionally, activating MC3R neurons

in the VTA decreases feeding in females but not males (Dunigan et al.,

2021). Females lacking MC3R also exhibit reductions in locomotor

activity and decreased corticosterone, whereas males display hyper-

insulinemia (A. S. Chen et al., 2000). Recent evidence also indicates

thatmale and femaleMC3RKOmice respond differently to the effects

of behavioral stressors on food intake (Sweeney et al., 2021). Only

maleMC3RKOmicedisplayenhancedanorexia following restraint, but

females exhibit a more pronounced anorexic response to the novelty-

suppressed feeding test (Sweeneyet al., 2021). Future studies designed

to link observed anatomical and functional differences inmelanocortin

signaling betweenmales and females are warranted.
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5 CONCLUSIONS

Collectively, a detailed evaluation of the distribution of neurons that

express MC3R reveals a brain-wide organization with the potential to

modify the activity of convergent sensory systems known to regulate

the expression of a wide variety of motivated behaviors and associ-

ated physiological responses. This organization is especially apparent

in the 3D reconstructions of whole-brain data sets collectedwith light-

sheet imaging. We found these datasets to enhance the discovery of

labeling patterns that are difficult to discern in conventional 2D repre-

sentations (e.g., projections of confocal images or single sections on a

wide field microscope), and the speed and fluidity of such interactive

interrogations promoted the discovery of new anatomical relation-

ships. Striking features of these data sets are the large numbers of

MC3R neurons located in telencephalic regions, especially the cere-

bral cortex, hippocampal formation and amygdala, and their anatomical

relationship to hypothalamic regions containing dense clusters of

MC3R neurons. By targeting fluorescence to axons and terminals with

the synaptophysin-tdTomato labeling strategy, we were able to visu-

alize major afferent tracts connecting these regions in their entirety,

and this informationmayprove useful for planning future experimental

interventions or manipulations, such as those associated with lesions

or imaging experiments. Equally important is the enhanced throughput

provided by utilization of a semiautomatedmethod for capturing quan-

titative estimates of neuronal density in discrete regions throughout

the brain. Although no computer-assisted brain registration pipeline is

error proof, the relative estimates presented here closely match our

qualitative and quantitative sampling. Future studies designed to iden-

tify the functional properties of MC3R neural systems visualized here

should continue to enhance our understanding of how melanocortin

signaling impacts not only energy balance but also an expanding range

of other essential survival behaviors.
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