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Abstract: The melanocortin-4 receptor (MC4R) is a G protein-coupled receptor (GPCR) that is
expressed in several brain locations encompassing the hypothalamus and the brainstem, where
the receptor controls several body functions, including metabolism. In a well-defined pathway to
decrease appetite, hypothalamic proopiomelanocortin (POMC) neurons localized in the arcuate
nucleus (Arc) project to MC4R neurons in the paraventricular nuclei (PVN) to release the natural
MC4R agonist α-melanocyte-stimulating hormone (α-MSH). Arc neurons also project excitatory
glutamatergic fibers to the MC4R neurons in the PVN for a fast synaptic transmission to regulate
a satiety pathway potentiated by α-MSH. By using super-resolution microscopy, we found that in
hypothalamic neurons in a primary culture, postsynaptic density protein 95 (PSD95) colocalizes with
GluN1, a subunit of the ionotropic N-methyl-D-aspartate receptor (NMDAR). Thus, hypothalamic
neurons form excitatory postsynaptic specializations. To study the MC4R distribution at these sites,
tagged HA-MC4R under the synapsin promoter was expressed in neurons by adeno-associated virus
(AAV) gene transduction. HA-MC4R immunofluorescence peaked at the center and in proximity to
the PSD95- and NMDAR-expressing sites. These data provide morphological evidence that MC4R
localizes together with glutamate receptors at postsynaptic and peri-postsynaptic sites.

Keywords: MC4R; postsynaptic sites; GPCR; hypothalamic neuron; primary culture; NMDAR;
PSD95; neuron; primary culture; NMDA receptor

1. Introduction

The melanocortin-4 receptor (MC4R) is a G protein-coupled receptor (GPCR) that is
expressed in several brain locations, including the hypothalamus and the brainstem, where
the receptor controls several body functions, including metabolism [1–4]. In a well-defined
pathway to control energy homeostasis, hypothalamic proopiomelanocortin (POMC) neu-
rons localized to the arcuate nucleus (Arc) project to MC4R neurons in the paraventricular
nuclei (PVN) to release the natural MC4R agonist α-melanocyte-stimulating hormone
(α-MSH) to inhibit food intake [5–9]. At the ultrastructural level, the Arc POMC neurons
extend axons that have boutons containing both neurotransmitter-containing small vesicles
(SV) and neuropeptide-containing large vesicles (LV) to contact the dendrites of PVN neu-
rons [5]. Arc neurons that express oxytocin receptors have been found to project excitatory
glutamatergic fibers to the MC4R neurons in PVN for fast synaptic transmission to regulate
the satiety pathway potentiated by α-MSH [10]. Glutamate neurotransmission is mediated
by ionotropic glutamate receptors that include the N-methyl-D-aspartate receptor (NM-
DAR) and the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR),
which often function in synergy to mediate direct synaptic excitability and plasticity [11]. It
has been found that the knockdown of MC4R in the PVN attenuates postsynaptic responses
mediated by AMPAR by altering the phosphorylation of the GluA1 subunit of the recep-
tor through the Gs/cyclic AMP (cAMP)/protein Kinase A (PKA) signaling pathway [12].
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Together, the data suggest that synaptic connections between Arc neurons and PVN neu-
rons to regulate satiety are mediated by glutamatergic signaling and are enhanced by
MC4R. In another melanocortin system, MC4R expressed in the hippocampus is involved
in cognition [1–4]. Within the hippocampal melanocortin system, POMC neurons in the
CA3 region project to the MC4R neurons localized to the CA1 region. Also, in this sys-
tem, MC4R signaling by Gs/cAMP/PKA signaling enhances postsynaptic glutamatergic
neurotransmission by promoting the traffic of AMPARs to postsynaptic sites [3]. In the
PVN of MC4R-GFP knock-in mice, MC4R tagged with GFP has been found to reside and
function in cilia [13,14]. However, the ciliary localization of GPCRs directly controlling
glutamatergic neurotransmission is unknown [15]. Differently, we have recently found that,
in the hypothalamus of knock-in MC4R-HA mice, MC4R-HA with the HA tag placed at
the C-terminus of the receptor is localized at the cell body and along neuronal processes of
PVN neurons where the receptor reaches postsynaptic sites [16]. However, visualization
of MC4R-HA required signal amplification, thus making it difficult to precisely assess the
distribution of the receptor at these sites. Interestingly, super-resolution (SR) microscopy
has been recently used as a tool to resolve the postsynaptic distribution of exogenous
Metabotropic Glutamate Receptor Type 5 (mGluR5) in hippocampal neurons placed in
primary culture at a nanoscale level [17]. Hypothalamic neurons derived from pre-adult
mice and placed in primary culture have also been found to develop recurrent synapses
and spines that express PSD95, the most abundant postsynaptic scaffold of excitatory
synapses [18,19]. Here, we found that in murine hypothalamic neurons in primary culture,
endogenous MC4R and exogenous HA-MC4R with the HA-tag placed at the N-terminus
of the receptor distribute along the entire length of neuronal processes at discrete sites. By
using SR microscopy, we found that HA-MC4R has dual distribution overlapping with and
in the proximity of PSD95 and N-methyl-D-aspartate receptor (NMDAR) subunits GluN1
and GluN2A [20]. These data provide morphological evidence that MC4R resides together
with the glutamate receptors at peri-synaptic and postsynaptic sites.

2. Materials and Methods
2.1. Chemicals

Formaldehyde (Cat # BP531-500), DMEM (Corning 10-013-CV, Hampton, NH, USA),
penicillin/streptomycin 50X (Corning # 30-001-CI), L-glutamine (Corning 25-005-Cl, 2%
V/V), and fetal bovine serum (FBS) (Atlas Biologicals # FP-0500-A, 10% V/V) were pur-
chased. The Corning® 100–1000 µL Universal Fit Racked Pipet Tips (Cat # 07-200-304),
AccuTec Blades™ Personna Single-edge Prep Razor Blades (Cat # 12-640-18), Corning
Falcon® 70 µm cell strainer (Cat # 08-771-19), 18 × 18 mm Fisherbrand™ premium cover
glasses (Cat # 12-548-AP), and Fisherbrand™ premium frosted microscope slides (Cat #
125442) were from Fisher Scientific. Neurobasal™-A Medium (Cat # 10888022), B-27™-Plus
Neuronal Culture System (B27 Plus Neuro) (Cat # A3653401), RPMI 1640 Medium (Cat #
11875085) Lipofectamine™ 3000 Transfection Reagent (Cat # L3000015), Alexa Fluor™ 647
Tyramide SuperBoost™ Kit (goat anti-rabbit IgG, #B40926), and Hank’s Balanced Salt Solu-
tion (HBSS, Cat # 14170112) were purchased from ThermoFisher Scientific. Papain (Cat #
LS0031191) and Earle’s Balanced Salt Solution (EBSS, Cat # LK003188) were purchased from
Worthington Biochemical Corporation. The glass-bottomed 35 mm cell-culture dish (Cat #
801002) was from Southern Labware. Recombinant mouse FGF2 protein (Cat # ab229521)
and recombinant human FGF1 protein (Cat # PHR1084 ab222361) were purchased from
Abcam. Albumin from chicken egg white (Cat # A5503), and 1α,25-dihydroxyvitamin D3
(vitamin D3, Cat # D1530), DNase I (Cat # 11284932001), and Triton X-100 (Cat # X100-
100ML) were from Millipore Sigma. Melanotan II (MTII, Cat # 2566) was from Tocris.
NEB® Stable Competent E. coli (High Efficiency) (Cat # C3040I) and NEBuilder® HiFi
DNA Assembly Master Mix (Cat E2621S) were from New England Biolabs. Primary anti-
bodies: rabbit anti-PSD95 (Abcam #ab18258, 1:100 dilution), mouse anti-PSD95 (K28/43,
NeuroMab 75-028, 1:200 dilution), mouse anti-PSD95 (Invitrogen MA1-046 1:25 dilution),
rabbit anti-GluN1 (Alomone labs #AGC-001, 2 µg/mL final concentration), rabbit anti-
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NR2A/GluN2A (N327/95, NeuroMab 75-288, 1:50 dilution), rabbit anti-HA (C29F4, Cell
Signaling Technology # 3724, 1:100 dilution), mouse anti-HA Tag (F-7) Alexa Fluor 647
(Santa Cruz Biotechnology, sc-7392 AF647, 1:100 dilution in live cells, 1:50 dilution in fixed
cells). Rabbit anti-MC4R (MC4RIIIa, 12.4 µg/mL final concentration) and antigenic peptide
were custom-made from Genscript. The secondary antibodies Alexa Fluor 488 goat anti-
rabbit (Cat # 111-545-144), Cy™5 AffiniPure donkey anti-rabbit IgG (Cat # 711-175-152),
Alexa Fluor 488 donkey anti-mouse (Cat # 715-545-151) were all used at a 1:100 dilution and
were from Jackson Immuno Research Inc. The Neuro2A cells (Cat # CCL-131) were from
ATCC. The Mc4r (NM_016977) Mouse Untagged Clone was from Origene (MC208946), and
AAV-synapsin-Cre (AAV serotype 2) was from SignaGen Laboratories (Catalog SL101462).

2.2. Overexpression and Detection of Mouse MC4R and HA-MC4R in Neuro2A Cells

Neuro2A (Neuro 2A) cells were plated onto 3 cm plates and incubated for approxi-
mately 24 h in the complete DMEM media containing glutamine, penicillin/streptomycin,
and FBS. On the next day, the cells were transiently transfected with 1 µg of either HA-
MC4R or 2 µg of Mouse MC4R plasmids using Lipofectamine 3000, according to the
manufacturer’s instructions, and incubated for 24 h. The transfected cells were then plated
onto 3 cm polylysine-coated glass plates, incubated for 24 h, and fixed in 4% formaldehyde
for 30 min, followed by three washes in PBS. The cells were permeabilized with perme-
abilizing immunofluorescence solution (PIF; 0.2% Triton, 100 µg/mL Ovalbumin, 0.01%
Sodium Azide, and 1× PBS) for 30 min before primary antibody incubation. The Neuro
2A cells transfected with HA-MC4R were immunostained with an antibody against the
HA tag (HA Rabbit), and the Neuro 2A cells transfected with untagged mouse MC4R
were either immunostained with a custom antibody against the 20 amino acid peptide
HIKRIAVLPGTGTIRQGTNC of mouse MC4R (MC4RIIIab) or were immunostained with
MC4RIIIab that was pre-adsorbed in antigenic peptide (80 µg/mL final concentration) for
1 h. After 1 h of incubation in the primary antibodies, the cells were washed three times
with PIF and incubated in secondary antibodies as follows: anti-rabbit 488 and anti-mouse
488. After 1h of incubation in the secondary antibodies, the cells were washed three times
each with PIF and then with PBS and imaged on an Olympus Fluoview FV1000 microscope
(Olympus Corporation, Tokyo, Japan).

2.3. Detection of Endogenous MC4R by Tyramide Amplification

The neurons were prepared the same as in “Preparation of primary hypothalamic
neurons”. Endogenous MC4R was detected by incubating the primary neurons with and
without MC4RIIIab. Tyramide amplification of MC4RIIIab was conducted according to the
manufacturer’s instructions.

2.4. AAV2-Syn-HA-MC4R Plasmid Construction

The Synapsin-cyto-iATPSnFR1.0 plasmid was purchased from Addgene (Watertown,
MA, USA Cat #102556) [21] and purified with the Promega Wizard® Plus SV Minipreps
DNA Purification System (Cat A1460). The plasmid was digested with BamHI and HindIII
enzymes, and the 4.2 kb DNA band containing the synapsin promoter and AAV2 ITR
regions was purified with the QIAquick Gel Extraction Kit (Cat # 28704). To insert hemag-
glutinin (HA)-tagged MC4R into the synapsin vector, we PCR-amplified the MC4R tagged
with HA at the amino terminus (HA-MC4R) from the HA-MC4R-pEGFP-N2 plasmid,
which is described previously [22]. PCR was conducted with forward and reverse primers
(shown below) on the purified HA-MC4R fragment to generate a HA-MC4R insert with at
least 20 bp overlapping regions homologous to the Synapsin vector. The PCR product was
then run on a gel to confirm the amplification of the 1 kb DNA band containing HA-MC4R.
The linearized Synapsin vector and HA-MC4R insert were then ligated with the NEBuilder
HiFi DNA Assembly Master Mix (E2621) to obtain AAV2-Syn-HA-MC4R. Following assem-
bly, competent E. coli cells were transformed with AAV2-Syn-HA-MC4R plasmid, and the
DNA was purified as above. The correct insertion of HA-MC4R was verified by enzymatic
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digestion with HindIII and BamHI and ran on an ethidium bromide agarose gel to confirm
the size of the HA-MC4R insert and Synapsin vector.

Forward primer: 5′- AAT TCA AGC TGC TAG CAA GGA TCC TAG CCA CCA TGT ATC
CTT ATG ATG TG -3′

Reverse primer: 5′- CCC AGA GGT TGA TTA TCG ATA AGC TTC TTA ATA TCT GCT
AGA CAA GTC ACA AAG GCC -3′

2.5. Preparation of Primary Hypothalamic Neurons

All solutions, sterilized by passage through 0.22-µm filters, were equilibrated with
95% O2 and 5% CO2. All glassware, plasticware, and instruments were sterile. Neurons
from male and female hypothalami were pooled together. Brains derived from 4-week-old
C57BL/6J mice were obtained from Jackson Laboratories (Cat # JAX:000664). Brains from
CAMPER mice were also from Jackson Laboratories (Cat # JAX:032205) [23]. The brains
were extracted and individually placed into a 24-well plate with 0.5 mL of ice-cold solution
of Neurobasal A Medium containing 100U/mL of penicillin/streptomycin (Neurob-A P/S
medium). For each brain, a section of an approximate 2 mm thickness was cut using a
Stoelting stainless-steel brain matrix, with one single-edge blade placed anterior to the
optic chiasm and the other blade placed anterior to the pons. From the coronal slice, a
tissue rectangle of 2 mm width and 3 mm height centered around the entire third ventricle,
including the mediobasal hypothalamus and the PVN, was dissected. The section was
further cut into cubes of approximately 0.2 mm sides by using single-edge blades. The
minced tissue was placed in an individual tissue-culture well containing 0.5 mL of EBSS
with 20 U/mL of papain, and 1 mM EDTA and 1 mM DTT. The mixture was incubated
in a tissue-culture cabinet equilibrated with 95% air and 5% CO2 for 15 min at 37 ◦C
under agitation (OrbiShaker™ MP Orbital Microplate Shaker, 500 rpm), then DNAase was
added from the 1% w/v stock solution in EBSS to reach a final concentration of 0.005%
w/v, and the mixture was further incubated in the tissue-culture cabinet for other 15 min
at 37 ◦C under continuous agitation. After digestion, FBS was added to reach a final
concentration of 10% (V/V) to the mixture, which was passed once through a 1 mL pipet
tip and pipetted into a cell strainer with 70 µm pores and then placed onto a 6-well plate.
The filtered cells were pipetted onto glass-bottomed culture dishes pre-treated for 2 h with
0.5 mg/mL of poly-lysine (1–2 plates per hypothalamus). The plates were transferred
to the cell-culture cabinet without agitation to allow for the cells to adhere to the glass
bottom for 30 min. Then, 1 mL of RPM1-A was added to and removed twice from each
plate to remove the unsedimented material. This was achieved by using a 1 mL pipette tip
placed above the center of the coverslip while carefully leaving enough medium to cover
the cells attached to the coverslip and, instead, removing all medium at the wall of the
plate. The cells were incubated in 1 mL of B27 Plus Neuro medium containing 10 ng/mL
of FGF1, 10 ng/mL of FGF2, 0.5 µg/mL of vitamin D3, 20 nM MTII, 100 IU penicillin, and
100 µg/mL of streptomycin (complete B27 Plus Neuro P/S). The cells were kept in the
culture for 17–21 days by replacing 0.5 mL of the medium with 0.5 mL of fresh medium
twice per week.

2.6. AAV2 Transduction

The conditions for the AAV2-dependent transduction of transgenes in primary hy-
pothalamic neurons were initially established by using neurons from the CAMPER mouse
line [23], where expression of brightly fluorescent cytosolic TEpacVV is dependent on
the Cre recombinase. After about 9–10 days of in vitro (DIV) culture, the neurons were
transduced with 3.5 µL of a 2 × 1013 vg/mL virus expressing Cre recombinase under the
synapsin promoter (AAV2-synapsin-Cre). To transduce the cells, the media were quickly
removed from the outside of the plate and replaced with 200 µL of neurobasal A containing
3.5 µL of a 2 × 1013 vg/mL virus. The neurons were incubated in the 200 µL of virus-
containing media overnight, and the following morning, the medium was removed, and
1 mL of complete B27 Plus Neuro P/S was added to each plate. The neurons were fixed
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8–10 days after transduction. AAV2-Syn-HA-MC4R particles expressing Syn-HA-MC4R
were generated, purified, concentrated, and titered by the Viral Vector Core of the Emory
Center for Neurodegenerative Disease Core Facilities.

2.7. Primary Neuron Immunostaining and Confocal Microscopy

The cells were permeabilized with PIF for 30 min. After permeabilization, the cells
were incubated in primary antibodies for 1 h. After the primary antibody incubation, the
cells were washed three times with PIF and incubated in secondary antibodies for 1 h. All
primary and secondary antibodies were diluted in PIF. Following all antibody incubation,
the cells were washed three times with PIF, twice with 1× PBS, and kept in 1× PBS at 4 ◦C
until imaging. Immunostained neurons were then imaged on either the Olympus FV1000
microscope or the Zeiss LSM 880 confocal microscope (Carl Zeiss Microscopy, White Plains,
NY, USA). Images taken on the Zeiss microscope using standard confocal microscopy were
taken with a Plan-Apochromat 63×/1.4 Oil DIC M27 objective and a Z-stack interval of
1 µm.

2.8. Line Segment Analysis of Points of Endogenous MC4R and HA-MC4R Fluorescence

The confocal images taken with a 60× objective on the Olympus microscope were
opened in ImageJ (2.14.0/1.54f; Java1.8.0_332) as OIF files and line segments were drawn
along the individual points of endogenous MC4R fluorescence or HA-MC4R fluorescence
using the straight-line tool. Using the Plot Profile function in ImageJ, fluorescence across
the line was then measured as a function of gray values plotted over distance (in inches),
and the values were exported to Excel (Version 2404 Build 16.0.17531.20190) for further
analysis. The distance in inches was converted to pixels using the pixel width found in
Image Properties in ImageJ. The distance in pixels was then converted to µm using the
Olympus image dimensions. The maximum gray values across the lines of each central
bright spot were then aligned. The gray values and their corresponding distances across
the line were plotted in GraphPad Prism version 6.07 for Windows, GraphPad Software
(La Jolla, CA, USA, www.graphpad.com) and displayed as the means +/− SD.

2.9. Airyscan Super-Resolution Microscopy

Airyscan imaging of the neurons was conducted using the Zeiss LSM 880 microscope
with Airyscan detectors (Zen 2.3 SP1 FP3). The channel tracks were set to image fluorescence
with 633 nm, 561, and/or 488 nm wavelength lasers and filters as follows: BP 570–620 + LP
645 for the 633 channel, BP 420–480 + BP 495–620 for the 561 channel, and BP 420–480 + BP
495–550 for the 488 channel. The optical thickness ranged from 0.3–0.5 µm, depending on
the wavelength. For each sample, the Airyscan detectors were automatically aligned by
selecting Airyscan in the Maintain tab of Zen Black 2.3/2.6 with the “Adjust in continuous
scans” selected. The laser power, detector gains for each laser, and stage position were
adjusted until the image acquisition status within the Airyscan tab was indicated as “Good
(Waiting)”. Using an alpha Plan-Apochromat 100×/1.46 Oil DIC M27 Elyra objective with
a 1.6 Optovar, 16-bit Airyscan images were taken in the SR mode with a Z-stack interval of
0.5 µm, a resolution of 1740 × 1740 pixels, and frame scan time of around 4 s. Following
image acquisition, all images were processed by automatic 3D Airyscan processing. In Zen
Blue 3.8 lite, a single frame in which the neurites appeared most in focus was selected from
the Z-stack, and the Airyscan-processed image was sharpened using the Enhance Contour
method in the Processing tab with the parameters set to process in the Z-dimension with a
strength of 1 and automatic normalization.

2.10. Measuring the Diameter of PSD95 Points

The Airyscan images were opened in ImageJ (2.14.0/1.54f; Java1.8.0_332) as TIF files
and line segments were drawn along the individual points of PSD95 fluorescence using
the straight-line tool. For each cell, a single line was used to measure the fluorescence
across individual PSD95 points, with 30 points per cell. Using the Plot Profile function
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in ImageJ, fluorescence across the line was then measured as a function of gray values
plotted over distance (in inches), and the values were then exported to Excel for further
analysis. The distance in inches was converted to pixels using the pixel width found
in Image Properties in ImageJ. The distance in pixels was then converted to µm using
the Zeiss image dimensions (1740 × 1740 pixels, 46.59 µm × 46.59 µm), averaging about
37 pixels/µm. The maximum gray values across the 30 lines of each central bright spot
were then aligned. The average 25% of the maximum gray values were then determined
and used to define the fluorescence values within the central bright spot of PSD95. The
distance (in µm) along the fluorescence values greater than 25% of the maximum gray
values was measured to determine the diameters and radii of the PSD95 points for each cell.
The diameters of the PSD95 points for each cell analyzed were then averaged and divided
by 2 to determine the average radius of the PSD95 points of fluorescence in our samples.
The average radius size of PSD95 was then later used to determine the maximum distance
between two points in which they would still be considered as colocalizing.

2.11. Line Segment Analyses

Airyscan images were opened in ImageJ as TIF files, and line segments were drawn
using the straight-line tool. Three lines were drawn in different orientations, with the center
of each line crossing a bright spot of fluorescence. Using the Plot Profile function in ImageJ,
the fluorescence signals in channels 1 and 2 across the line were then measured as a function
of gray values plotted over distance (in inches), and the values were then exported to Excel
for further analysis. The distance in inches was converted to pixels using the pixel width
found in Image Properties in ImageJ. The distance in pixels was then converted to µm
using the Zeiss image dimensions. The maximum gray values across the three intersecting
lines of the central bright spot were then aligned, and the gray values of fluorescence for
each line in the other channel were then re-positioned along the line distance to match the
corresponding values in the other channel. The gray values across their corresponding
distances across each of the three lines were plotted in GraphPad Prism version 6.07 for
Windows and displayed as the means +/− SEM. The peaks of fluorescence were defined as
the maximum gray value of at least 2× greater than the baseline gray values. The distance
between the fluorescence peaks in channel 1 and channel 2 was separated into two groups:
those that were less than 216 nm (colocalizing) and those that were greater than the average
radius of the PSD95 points (adjacent).

2.12. Statistical Analysis

All statistical analyses were performed using GraphPad Prism 6 software. The results
for the hypothalamic neurons were derived using at least 2–6 Petri plates in 2–3 indepen-
dent experiments for each postsynaptic marker. The column graphs show the data as
means +/− SD; column analysis was carried out by using a 95 percent confidence interval.
The XY graphs show the data as means +/− SEM.

3. Results
3.1. Hypothalamic Neurons in Primary Culture Express GluN1 Localized at Postsynaptic Sites

At the excitatory synapses, the PSDs are dense, localized areas at the top of the spines,
where the most abundant protein is PSD95 [24]. When hypothalamic neurons derived
from pre-adult mice are placed in primary cultures for 2–3 weeks, they extend microtubule-
associated protein 2 (MAP2 positive) dendrites with spines that express PSD95 [18]. Single
hippocampal neurons can form synapses, including excitatory synapses, exclusively with
themselves (autapses), thereby providing an experimental system that allows both mor-
phological and functional experiments [25–27]. Post-natal hypothalamic neurons also form
functional autapses as they respond to evoked action potentials by the generation of autap-
tic currents that can be inhibited by the GABA(A) receptor antagonist [18]. MTII was added
to the primary culture of hypothalamic neurons in addition to FGF1 and FGF2 because we
found that the MC4R agonist promotes the formation of long processes in neurons that
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can differentiate into cholinergic and Sim1/MC4R neurons [19]. Glutamatergic neurons
in primary cultures have been used to study the role of PSD95 in the stabilization and
desensitization of NMDAR [28,29]. Confocal microscopy of the primary hypothalamic
culture finds that virtually every cell in the field expresses the NMDAR subunit GluN1
and PSD95 (orthogonal projection of Figure 1A). However, some cells did not form any
processes and, nevertheless, expressed the neuronal markers GluN1 and PSD95. Other
cells (yellow asterisk, Figure 1A) expressed GluN1 and PSD95, which appeared as puncta
at the cell body (Figure 1A,B) and extended branched processes (Figure 1C). The Zeiss
Airyscan microscope transforms a diffraction-limited confocal microscope with a resolution
of ~250 nm into a super-resolution microscope with a resolution of ~120 nm by using
a 32-channel detector [30]. Using super-resolution microscopy, PSD95 appeared at the
neuronal processes of hypothalamic neurons as puncta with an average diameter of 404 nm
(Figure 1D, n = 180 puncta analyzed, n = 6 neurons, SD = 133 nm, and lower and upper
95% CI of mean = 384 and 423 nm, respectively), which is consistent with the previously
described <1 µm size of PSDs [31]. PSD95 functions in the recruitment and stabilization
of iGluRs [24,32]. By electron microscopic immunogold analysis and super-resolution mi-
croscopy, NMDAR localizes to the center of postsynaptic sites together with PSD95 [33,34],
which is consistent with immunoprecipitation studies finding that GluN1 interacts with
PSD95 [35–37]. We reasoned that if NMDAR localized to the postsynaptic sites in primary
hypothalamic neurons, then peaks of GluN1 immunofluorescence would exist at a close
distance, approximately within the average radius (the distance was set at 216 nm) of PSD95
immunoreactivity. The segment analysis shows that peaks of GluN1 immunofluorescence
could be found in proximity with those of PSD95 (n = 46 spots analyzed, n = 6 neurons,
mean distance of GluN1 and PSD95 peaks = 94.96 nm, SD = 60.9 nm, and lower and upper
95% CI of mean = 78.88 and 113 nm, respectively) (Figure 1E–G). Thus, hypothalamic neu-
rons form excitatory postsynaptic specializations that include PSD95 and GluN1. Peaks of
GluN1 and PSD95 immunostaining also appeared at a higher distance than 216 nm (n = 17
spots analyzed, the mean distance of GluN1 and PSD95 peaks = 316.2 nm, SD = 58.1 nm,
and lower and upper 95% CI of mean = 286.3 and 346 nm, respectively), indicating the
peri-postsynaptic localization of NMDAR. The peri-postsynaptic localization of GluN1 is
consistent with postsynaptic NMDAR being endocytosed and trafficked to degradative
compartments [38].

3.2. Murine Endogenous MC4R and Human Epitope-Tagged HA-MC4R Have a Similar
Distribution in Primary Hypothalamic Neurons

In the murine paraventricular region (PVN) of the hypothalamus, Sim1/MC4R neu-
rons express MC4R [16,39,40]. Our previous work finds that in coronal slices of knock-in
mice expressing MC4R-HA, the receptor could be clearly detected in the PVN by using
immunostaining with anti-HA antibodies in combination with tyramide signal amplifi-
cation (TSA) [16]. However, detection of endogenous MC4R is difficult, likely because
the protein is covalently modified by glycosylation at multiple asparagine residues at
the N-terminus and serine–threonine sites at the carboxyl terminus [41,42]—and most
available antibodies target these domains. To visualize the untagged MC4R, we newly
generated an antibody against the third intracellular loop of murine MC4R (MC4RIIIab).
Neuro2A cells were transfected with the murine untagged MC4R, and immunostaining
was carried out by using MC4RIIIab. Murine exogenous MC4R appeared at the perinuclear
region and at the margin of Neuro2A cells, like human exogenous HA-MC4R bearing a
HA-tag at the amino terminus (Figure 2A–C). Conversely, cells treated in parallel with
MC4RIIIab that were pre-incubated with the same peptide used to raise the antibody did
not exhibit any signal (Figure 2A). Thus, MC4RIIIab can specifically detect overexpressed
untagged murine MC4R. However, when MC4RIIIab was used for the detection of en-
dogenous MC4R in primary hypothalamic neurons, the signal was almost undetectable.
This is consistent with MC4R being expressed in low abundance, similar to that of mGluR
expressed in neurons [17,43]. Differently, when the MC4RIIIab immunostaining of primary
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neurons was carried out in combination with TSA, MC4R was clearly detectable in the cell
body and along the entire length of primary, secondary, and tertiary neuronal processes
(Figure 2D). At the processes, MC4R appeared as discrete puncta, suggesting postsynaptic
distribution (yellow arrowhead). In the TSA reaction, side-chains of proteins adjacent to
the MC4RIIIab/MC4R complex are covalently linked to the fluorescent tyramide, thereby
providing high-density immunolabeling in the proximity of, rather than coincident with,
MC4R. We then asked whether exogenous human HA-MC4R over-expressed in primary
neurons replicated the punctate distribution of the endogenous receptor along the entire
arborization of the processes. To express human HA-MC4R under the synapsin promoter,
HA-MC4R cDNA was subcloned into an Adeno-Associated Virus Type2 (AAV2) vector
under the synapsin promoter (Figure 2E,F) and packaged into AAV2-Syn-HA-MC4R viral
particles. The synapsin promoter was chosen to express HA-MC4R because of the high
specificity of transgene expression to neurons [44,45]. When the hypothalamic neurons were
transduced with AAV2-Syn-HA-MC4R particles and the live cells were immune-stained by
using the anti-HA antibody in the absence of signal amplification, the receptor appeared
as discrete puncta again (red arrow and yellow arrowhead, Figure 2G) along the entire
arborization of the neuronal processes. The line segment analysis found that the puncta of
endogenous MC4R (n = 49 spots analyzed) and HA-MC4R (n = 42 spots analyzed), imaged
by confocal fluorescence, have similar diameters (Figure 2H). Conversely, in CAMPER
neurons transduced with AAV2-synapsin-Cre, the cytosolic TEpacVV appeared as a diffuse
fluorescence in the cell body and processes (Figure 2I). Thus, HA-MC4R replicates the
punctate distribution of endogenous MC4R at distinct spots along the entire length of the
neuronal processes of primary hypothalamic neurons.

3.3. HA-MC4R Delivered to Hypothalamic Neurons by AAV2 Distributes across the Entire
Cytoplasm of the Cell Body and along Neurites, Where It Colocalizes with PSD95

In the coronal slices of knock-in MC4R-HA mice, murine MC4R-HA bearing the
HA-tag at the C-terminus of the receptor colocalized with PSD95 along the neuronal
processes suggests postsynaptic distribution [46]. When the primary hypothalamic neurons
transduced with AAV2-Syn-HA-MC4R particles were visualized by confocal microscopy,
HA-MC4R was also colocalized with PSD95 (Figure 3 white arrows). Conversely, the
neurons that were not transduced with AAV2 did not have any specific HA immunostaining.
Thus, the HA-MC4R overexpressed in primary hypothalamic neurons in primary culture
replicates the postsynaptic distribution of MC4R-HA in the PVN neurons [46].

3.4. MC4R-HA Localizes at Postsynaptic and Peri-Postsynaptic Sites

GPCRs that participate in glutamatergic signals rather than localize at postsynaptic
sites are found in the vicinity of such sites [31]. With this respect, metabotropic glutamate
receptors (mGluRs) are largely excluded from the PSDs and instead concentrate at annular
peri-synaptic rings of 100–200 nm thickness around a center where NMDAR and AMPAR
are often co-expressed [31,47–51]. To determine whether MC4R localizes at the postsynaptic
and/or peri-postsynaptic sites, HA-MC4R immunofluorescence in the neuronal processes
was imaged by Airyscan super-resolution microscopy (Figure 4A). By using the segment
analysis ImageJ software tool, the HA-MC4R and PSD95 fluorescence intensities peaked
within 216 nm (Figure 4B, white arrow, and Figure 4D, n = 52 spots analyzed, n = 5 neurons,
mean distance of HA-MC4R and PSD95 peaks = 83.47 nm, SD = 57.52 nm, and lower and
upper 95% CI of mean = 67.46 and 99.48 nm, respectively), indicating MC4R residency at
the center of the postsynaptic sites. Instead, at other spots, peaks of HA-MC4R and PSD95
were more separated (>216 nm distance) but still existed within 500 nm (Figure 4C, green
and magenta arrows, and Figure 4D, n = 21 spots analyzed, the mean distance of HA-MC4R
and PSD95 peaks = 312.8 nm, SD = 82.5 nm, and lower and upper 95% CI of mean = 275.3
and 350.4 nm, respectively). Thus, these data indicate that MC4R is expressed both at the
postsynaptic and peri-postsynaptic sites.
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Figure 1. Hypothalamic neurons in primary culture express GluN1 localized at postsynaptic sites.
(A) An orthogonal projection of six confocal images of a primary neuron expressing endogenous
GluN1 and PSD95 visualized with the rabbit anti-GluN1 (AGC-001) and anti-PSD95 K28/43 antibody,
respectively. The white rectangles indicate the inset regions shown at higher magnification in (C),
and the yellow asterisk indicates the neuron of interest. (B) Left and right panels: Single confocal
images from different positions of a Z-stack of 6 µm thickness showing the punctate distribution of
PSD95 (left) and the negative staining of the nucleus (right) in the cell soma of the neuron shown in
(A). (C) Enlarged images of the inset regions in (A). Yellow arrowheads indicate branching points.
(D) A representative SR image of a point of PSD95 fluorescence with a representative yellow dashed
line was used to determine the average diameter of PSD95 points. The graph on the right illustrates
the average +/− SEM fluorescence (gray value) of PSD95 along the line, determined by measuring
180 spots of PSD95 fluorescence from 6 neurons. (E,F) SR images of a neurite expressing GluN1 and
PSD95. The white arrow indicates a spot of PSD95 and GluN1 colocalization, and the green/magenta
arrows indicate spots where PSD95 and GluN1 are adjacent. The regions indicated by the arrows
are shown enlarged in (F). Yellow lines indicate those drawn for line segment analyses, with corre-
sponding graphs displayed as means +/− SEM. (G) The distance (nm) between GluN1 and PSD95
fluorescence peaks was determined by the line segment analyses from 6 neurons from 2 independent
experiments (n = 46 colocalizing points, n = 17 adjacent points), displayed as means +/− SD. The
green dotted line is placed at the 216 nm cutoff that discriminates spots at which GluN1 and PSD95
colocalize (distance of fluorescence peaks < 216 nm) and those where GluN1 and PSD95 are adjacent
(distance between fluorescence peaks > 216 nm and <450 nm), as indicated by the models.
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Figure 2. Murine endogenous MC4R and human epitope-tagged HA-MC4R have a similar distribu-
tion in primary hypothalamic neurons. (A) Confocal images of Neuro2A cells that were transiently
transfected with mouse MC4R and were incubated with MC4RIIIab that was either pre-adsorbed
with antigenic peptide (left) or not pre-adsorbed (right). Scale bar: 100 µm. (B) Top panel: Illustration
of untagged mouse MC4R and the MC4RIIIab antibody binding to the third intracellular loop of the
receptor. Bottom panel: Confocal image of a Neuro2A cell transiently transfected with mouse MC4R
and immune-stained with MC4RIIIab. (C) Top panel: Illustration of human MC4R containing the HA
tag at the N-terminus and the HA antibody binding to the tag. Bottom panel: Confocal image of a
Neuro2A cell transiently transfected with HA-MC4R and immune-stained with the HA antibody.
(D) Confocal images of primary neurons incubated with (right) or without (left) MC4RIIIab and
visualized by tyramide amplification. Top panel: 647 nm fluorescence only; bottom panel: 647 nm
fluorescence merged with the brightfield. The region indicated by the red arrow is enlarged to indicate
individual spots of endogenous murine MC4R fluorescence (yellow arrowhead). (E) Diagram of
the AAV2-Syn-HA-MC4R plasmid. (F) Gel electrophoresis of the AAV2-Syn-HA-MC4R plasmid,
digested with HindIII and BamHI, showing the vector backbone migrating at the 4 kb band of DNA
ladder, and the HA-MC4R insert, migrating at the 1 kb band of DNA ladder. (G) Live cell confocal
imaging of a neuron transduced with AAV2-Syn-HA-MC4R and incubated with mouse anti-HA Tag
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(F-7) conjugated to Alexa Fluor 647 for 30 min before imaging. The region indicated by the red arrow
is enlarged to indicate individual spots of exogenous HA-MC4R fluorescence (yellow arrowhead).
(H) Line segment analyses of n = 49 spots of endogenous MC4R immunofluorescence and n = 42 spots
for HA-MC4R immunofluorescence, displayed as means +/− SEM. (I) CAMPER neurons transduced
with AAV2-synapsin-Cre expressing cytosolic TEpacVV, appearing as diffuse fluorescence in the cell
body and (green arrow) in the primary process is shown enlarged in the right panel. A secondary
process is indicated by a red arrow.
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Figure 3. HA-MC4R expressed at neuronal processes colocalizes with PSD95. Confocal images
of neurons treated without AAV2 (left panel) and neurons transduced with AAV2 Syn-HA-MC4R
(middle and right panels). Neurons were immunostained with rabbit anti-HA C29F4 antibodies
against the HA tag and mouse anti-PSD95 MA1-046 against PSD95. The yellow asterisks indicate the
cell body, the white rectangle indicates the region shown enlarged in the right panels, and the white
arrows indicate points of colocalization.
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3.5. MC4R-HA Localizes Together with and in the Proximity of GluN1 and GluN2A

NMDAR localizes to the center of the postsynaptic sites together with PSD95 [33,34].
In the melanocortin pathway, a population of Arc neurons project excitatory glutamater-
gic fibers to the MC4R neurons in the PVN for fast synaptic transmission to regulate a
satiety pathway potentiated by α-MSH [10]. Thus, we asked whether MC4R and NM-
DAR can reside together at the postsynaptic sites. NMDAR are hetero-tetramers that
include two obligatory glycine-binding GluN1 subunits together with two other glutamate-
binding subunits, such as GluN2A [20]. When neurons transduced with AAV2-Syn-HA-
MC4R were co-stained with anti-HA and anti-GluN1 (Figure 5A), peaks of HA-MC4R
and GluN1 immunofluorescence appeared within 216 nm (Figure 5B, white arrow, and
Figure 5D, n = 34 spots analyzed, n = 3 neurons, the mean distance of HA-MC4R and
GluN1 peaks = 118.2 nm, SD = 62.47 nm, and lower and upper 95% CI of mean = 96.42 and
140 nm, respectively). At other spots, peaks of HA-MC4R and GluN1 immunofluorescence
were separated by more than 216 nm but still existed within 480 nm (Figure 5C, green and
magenta arrows, and Figure 5D, n = 21 spots analyzed, the mean distance of HA-MC4R
and GluN1 peaks = 299.7 nm, SD = 57.72 nm, and lower and upper 95% CI of mean = 273.4
and 326 nm, respectively). When neurons transduced with AAV2-Syn-HA-MC4R were
co-stained with anti-HA and anti-GluN2A (Figure 6A), peaks of HA-MC4R and GluN2A
immunofluorescence again appeared both within 216 nm (Figure 6B,C, white arrow, n = 39
spots analyzed, n = 5 neurons, the mean distance of HA-MC4R and GluN2A peaks = 73 nm,
SD = 58.81 nm, and lower and upper 95% CI of mean = 53.94 and 92.07 nm, respectively)
and were separated by more than 216 nm but were still within 510 nm (Figure 6B,C, green
and magenta arrows, n = 19 spots analyzed, the mean distance of HA-MC4R and GluN2
peaks = 310.5 nm, SD = 68.4 nm, and lower and upper 95% CI of mean = 277.5 and 343.5 nm,
respectively). These data indicate that MC4R and NMDAR subunits can exist at the same
spot, suggesting that functional cooperation between the two receptors may be promoted
by MC4R delivery at the postsynaptic sites.
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Figure 4. HA-MC4R localizes at the postsynaptic and peri-postsynaptic sites. (A) Confocal images
(20 µm scale bar) and SR images (5 µm scale bar) of a HA-MC4R-expressing neuron, immunostained
with rabbit anti-HA C29F4 antibodies and mouse anti-PSD95 MA1-046. The white rectangle indicates
the enlarged region. The white arrow indicates a point of colocalization, and the green/magenta
arrows indicate a spot where PSD95 and HA-MC4R are adjacent. (B) Enlarged images of the neurite
are shown above, where HA-MC4R and PSD95 colocalize (white arrow). (C) Enlarged images of
the neurite above where HA-MC4R and PSD95 are adjacent (magenta and green arrows). (B,C) The
yellow dashed lines indicate those drawn for the segment analyses, with the corresponding graphs
displayed as means +/− SEM on the right. (D) The distance (nm) between HA-MC4R and PSD95
fluorescence peaks was determined by line segment analyses from 5 neurons from 3 independent
experiments (n = 52 colocalizing points, n = 21 adjacent points) displayed as the means +/− SD.
The green dotted line in the graph is as in Figure 1. Models indicate the range of distances between
colocalizing and adjacent peaks of HA-MC4R and PSD95 fluorescence, respectively.



Cells 2024, 13, 1235 14 of 20

Cells 2024, 13, x FOR PEER REVIEW  14  of  22 
 

 

two obligatory glycine-binding GluN1 subunits together with two other glutamate-bind-

ing subunits, such as GluN2A [20]. When neurons transduced with AAV2-Syn-HA-MC4R 

were co-stained with anti-HA and anti-GluN1 (Figure 5A), peaks of HA-MC4R and GluN1 

immunofluorescence appeared within 216 nm (Figure 5B, white arrow, and Figure 5D, n 

= 34 spots analyzed, n = 3 neurons, the mean distance of HA-MC4R and GluN1 peaks = 

118.2 nm, SD = 62.47 nm, and lower and upper 95% CI of mean = 96.42 and 140 nm, re-

spectively). At other spots, peaks of HA-MC4R and GluN1 immunofluorescence were sep-

arated by more than 216 nm but still existed within 480 nm (Figure 5C, green and magenta 

arrows, and Figure 5D, n = 21 spots analyzed, the mean distance of HA-MC4R and GluN1 

peaks = 299.7 nm, SD = 57.72 nm, and lower and upper 95% CI of mean = 273.4 and 326 

nm, respectively). When neurons transduced with AAV2-Syn-HA-MC4R were co-stained 

with anti-HA and anti-GluN2A (Figure 6A), peaks of HA-MC4R and GluN2A immuno-

fluorescence again appeared both within 216 nm (Figure 6B,C, white arrow, n = 39 spots 

analyzed, n = 5 neurons, the mean distance of HA-MC4R and GluN2A peaks = 73 nm, SD 

= 58.81 nm, and lower and upper 95% CI of mean = 53.94 and 92.07 nm, respectively) and 

were separated by more than 216 nm but were still within 510 nm (Figure 6B,C, green and 

magenta arrows, n = 19 spots analyzed, the mean distance of HA-MC4R and GluN2 peaks 

= 310.5 nm, SD = 68.4 nm, and lower and upper 95% CI of mean = 277.5 and 343.5 nm, 

respectively). These data indicate that MC4R and NMDAR subunits can exist at the same 

spot, suggesting that functional cooperation between the two receptors may be promoted 

by MC4R delivery at the postsynaptic sites. 

 

Cells 2024, 13, x FOR PEER REVIEW  15  of  22 
 

 

 

Figure 5. HA-MC4R localizes together with and in the proximity of GluN1. (A) Confocal images (30 

µm scale bar) and SR images (5 µm scale bar) of an HA-MC4R-expressing neuron, immunostained 

with antibodies with mouse anti-HA Tag (F-7) and rabbit anti-GluN1 (AGC-001) to visualize endog-

enous GluN1. The white rectangle indicates the enlarged region. The white arrow indicates a point 

of colocalization, and the cyan/magenta arrows indicate a site where GluN1 and HA-MC4R are ad-

jacent. (B) Enlarged images of the neurite above where HA-MC4R and GluN1 colocalize (white ar-

row). (C) Enlarged images of the neurite above where HA-MC4R and GluN1 are adjacent (magenta 

and cyan arrows). (B,C) The yellow dashed  lines  indicate those drawn for the segment analyses, 

with  the corresponding graphs displayed as means +/− SEM on  the right.  (D) The distance  (nm) 

between HA-MC4R and GluN1 fluorescence peaks was determined by line segment analyses from 

3 neurons from 2 independent experiments (n = 34 colocalizing points, 21 adjacent points). The green 

dotted line in the graph is as in Figure 1. Models indicate the range of distances between colocalizing 

and adjacent peaks of HA-MC4R and GluN1 fluorescence, respectively. 

Figure 5. HA-MC4R localizes together with and in the proximity of GluN1. (A) Confocal images
(30 µm scale bar) and SR images (5 µm scale bar) of an HA-MC4R-expressing neuron, immunos-
tained with antibodies with mouse anti-HA Tag (F-7) and rabbit anti-GluN1 (AGC-001) to visualize
endogenous GluN1. The white rectangle indicates the enlarged region. The white arrow indicates a
point of colocalization, and the cyan/magenta arrows indicate a site where GluN1 and HA-MC4R
are adjacent. (B) Enlarged images of the neurite above where HA-MC4R and GluN1 colocalize (white
arrow). (C) Enlarged images of the neurite above where HA-MC4R and GluN1 are adjacent (magenta
and cyan arrows). (B,C) The yellow dashed lines indicate those drawn for the segment analyses, with
the corresponding graphs displayed as means +/− SEM on the right. (D) The distance (nm) between
HA-MC4R and GluN1 fluorescence peaks was determined by line segment analyses from 3 neurons
from 2 independent experiments (n = 34 colocalizing points, 21 adjacent points). The green dotted
line in the graph is as in Figure 1. Models indicate the range of distances between colocalizing and
adjacent peaks of HA-MC4R and GluN1 fluorescence, respectively.
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Figure 6. HA-MC4R localizes together with and in the proximity of GluN2A. (A) Confocal images
(20 µm scale bar) and SR images (5 µm scale bar) of an HA-MC4R-expressing neuron, immunostained
with mouse anti-HA Tag (F-7) and anti-NR2A (N327/95) to visualize endogenous GluN2A. The white
rectangle indicates the relative region of the enlarged images in the panel below. The white arrow
indicates a point of colocalization, and the cyan/magenta arrows indicate a site where GluN2A and
HA-MC4R are adjacent. (B) Enlarged images of the neurite above where HA-MC4R and GluN2A
colocalize (white arrow) and where they are adjacent (cyan/magenta arrow). The yellow dashed
lines indicate those drawn for the segment analyses, with the corresponding graphs displayed as
means +/− SEM on the right. (C) The distance (nm) between HA-MC4R and GluN2A fluorescence
peaks was determined by line segment analyses from 5 neurons from 2 independent experiments
(n = 39 colocalizing points, n = 19 adjacent points). The green dotted line in the graph is as in Figure 1.
Models indicate the range of distances between colocalizing and adjacent peaks of HA-MC4R and
GluN2A fluorescence, respectively.
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4. Discussion

Nanoscale analysis of MC4R localization finds the receptor at postsynaptic and peri-
postsynaptic sites that express NMDAR and PSD95 along processes of hypothalamic
neurons. Though many studies have shown the localization of type-C GPCRs, such as
mGluRs, to glutamatergic postsynaptic sites [31,52], only a few have demonstrated the
localization of type-A GPCRs at such sites [53,54], and none of them are by SR microscopy.

Localization of MC4R at the puncta along neuron processes relies on the following
evidence: (1) immunofluorescence confocal microscopy using the new MC4RIIIab antibody
finds that endogenous murine MC4R localizes to the puncta along the entire arborization of
the neuronal processes of primary hypothalamic neurons; (2) immunofluorescence confocal
microscopy, by using two different commercially available antibodies against the HA-tag
of overexpressed HA-MC4R, also localizes to the puncta with the same size along the
entire length of the neuronal processes; and (3) differently, a cytosolic protein, TEpacVV,
expressed by Cre recombinase under the synapsin promoter, has a diffuse distribution.
The specificity of immunostaining by the MC4RIIIab to detect mouse MC4R is controlled
by the antibody being able to detect exogenous MC4R in the Neuro2A cells only when
the antibody is not pre-adsorbed to the antigen. The specificity of immunostaining by the
anti-HA antibodies is controlled by the signal being dependent on the transduction of HA-
MC4R in primary neurons. By using SR microscopy, we find that the puncta of HA-MC4R
immunostaining colocalize with and are in the vicinity of PSD95 and NMDAR subunits
GluN1 and GluN2, indicating residency of the GPCR at postsynaptic and peri-synaptic
sites. The reproducibility of distribution of MC4R in the proximity of postsynaptic markers
is confirmed by finding that peaks of MC4R are found within the average distances of
70–120 nm from those of PSD95, GluN1, and GluN2 across a total of 125 spots derived
from 19 different neurons. The postsynaptic distribution of MC4R is consistent with earlier
results, where MC4R-HA with the HA tag at the C-terminus of the receptor, expressed
under the endogenous promoter, was found to localize along the neuronal processes of PVN
neurons at postsynaptic sites of brain slices [16]. Thus, HA-MC4R expressed in primary
hypothalamic neurons has the same punctate distribution along the neuronal processes as
the endogenous MC4R.

PVN MC4R neurons are necessary and sufficient to regulate feeding by extending
fibers that reach the parabrachial nucleus [39,55]. Food presentation can, by itself, rapidly
modulate the activity of POMC and AgRP neurons to control appetitive behavior [56]. Arc
neurons that express oxytocin receptors have been found to project excitatory glutamatergic
fibers to the PVN for fast synaptic transmission to regulate satiety by a pathway potentiated
by α-MSH [10]. Thus, synaptic connections between the Arc neurons and PVN neurons,
mediated at least in part by glutamate and enhanced by MC4R signaling, may function
as a rapid circuit to regulate satiety. Functional studies have found that the knockdown
of MC4R in the PVN can attenuate the postsynaptic response of AMPAR by promoting
phosphorylation of the GluA1 subunit through the GαS/PKA-dependent signaling cascade
and lead to rapid body weight gain [12]. Similarly, an earlier report found that, within the
hippocampal melanocortin system, MC4R regulates hippocampal synaptic plasticity by a
PKA-based signal to promote the surface expression of GluA1-containing AMPARs [57].
These studies converge to indicate the role of MC4R in modulating glutamatergic neuro-
transmission. Consistent with that, our earlier studies found that in the PVN of knock-in
mice, tagged MC4R-HA expressed under the physiological promoter colocalizes with
PSD95, a marker of excitatory postsynaptic sites [16]. However, precise postsynaptic local-
ization of MC4R distribution in the brain remains difficult because MC4R immunoreactivity
in the MC4R-HA knock-in mice could be visualized only by using an enzymatic step to
amplify the signal [16]. To visualize MC4R localization in primary hypothalamic neurons,
we have used two approaches as follows: (1) Detection of the endogenous receptor by using
a novel antibody raised against murine MC4R. This approach again required signal amplifi-
cation, thereby making nanoscale localization of the receptor by SR microscopy difficult to
carry out. (2) AAV2-mediated expression of human-tagged HA-MC4R under the synapsin
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promoter. The synapsin promoter allows a strong expression of transgenes in neurons by
an adenovirus [44,45], a condition that facilitates protein localization by SR microscopy [58].
However, protein overexpression may induce protein mis-localization. Importantly, we
found that both endogenous MC4R and over-expressed HA-MC4R are localized at discrete
spots with similar sizes along the entire length of the neuronal processes. Thus, synapsin
promoter-driven over-expression of tagged MC4R does not appear to change the distribu-
tion of the receptor along the neuronal processes. Furthermore, AAV2-dependent delivery
of HA-MC4R allows for the precise identification of receptor membrane distribution at the
nanoscale level because the non-amplified immunostaining signal coincides with MC4R
rather than existing on side-chains of proteins in the proximity of the receptor. The finding
by SR microscopy that MC4R can localize at the same postsynaptic sites that express GluN1,
GluN2A and PSD-95 is consistent with data from other investigators that MC4R agonism
functions to potentiate synaptic excitatory neurotransmission [10,12,57].

mGluR1 and mGluR5 are type-C GPCRs that accumulate at an annular ring of
~200 nm thickness that constitutes the peri-postsynaptic zone to modulate calcium re-
sponses [47,50,51,59]. Integral to PSD glutamatergic signaling is the reciprocal interplay
between GluN1 and mGluR5 [17,60,61]. By using SR microscopy, we newly found that
MC4R, which is a type-A GPCR, has a dual synaptic distribution by being able to accu-
mulate both at the center of the PSD, together with NMDAR subunit GluN1, and at the
peri-postsynaptic site. POMC and AgRP neurons have axons that have synaptic boutons
where neurotransmitter-containing SVs segregate and where peptide-containing LVs are
also present. POMC and AgRP neurons also have non-synaptic boutons where only LVs
are stored [5]. It has been proposed that, even in the case of non-synaptic release, neu-
ropeptides could still act at postsynaptic sites [62]. It is, therefore, possible that α-MSH and
AgRP released by Arc neurons at non-synaptic contacts modulate fast synaptic responses to
neurotransmitters by binding to the MC4R localized to postsynaptic and peri-postsynaptic
sites. Multiple GPCRs, such as the β1-adrenergic receptor (β1AR), serotonin 2A receptor
(5-HT2AR), and dopamine 1 receptor (D1R), signal in response to the neurotransmitters
epinephrine, histamine, and serotonin, respectively, and associate with PSD95 [63]. PSD95
interactions with GPCR have also been reported to modulate the binding of GPCRs to
β-arrestins, endocytosis, and signaling [63].

We have found that the recycling of MC4R in the presence and absence of agonists
is essential for maintaining receptor function in neuronal Neuro2A cells [22,64] and that
lipid stress by exposure to elevated saturated fat or cholesterol depletion disrupts normal
recycling properties of the receptor [19,65,66]. Future research is necessary to determine
whether, under disease conditions, the inability of MC4R to reach PSD95/NMDAR sites
impairs the ability of the receptor to modulate glutamatergic signaling. In addition, while
this work finds localization of MC4R to postsynaptic sites, the question as to how MC4R
reaches this location remains to be discovered. The system presented here includes primary
hypothalamic neurons expressing endogenous MC4R and HA-MC4R, which replicates the
MC4R localization observed in PVN and is a new tool for studying the effects of trafficking
factors, disease, and drugs on the postsynaptic localization and function of MC4R.
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