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Abstract: Brain G-protein coupled receptors have been hypothesized to be potential targets for
maintaining or restoring cognitive function in normal aged individuals or in patients with neurode-
generative disease. A number of recent reports suggest that activation of melanocortin receptors
(MCRs) in the brain can significantly improve cognitive functions of normal rodents and of different
rodent models of the Alzheimer’s disease. However, the potential impact of normative aging on
the expression of MCRs and their potential roles for modulating cognitive function remains to be
elucidated. In the present study, we first investigated the expression of these receptors in six different
brain regions of young (6 months) and aged (23 months) rats following assessment of their cognitive
status. Correlation analysis was further performed to reveal potential contributions of MCR subtypes
to spatial learning and memory. Our results revealed statistically significant correlations between
the expression of several MCR subtypes in the frontal cortex/hypothalamus and the hippocampus
regions and the rats’ performance in spatial learning and memory only in the aged rats. These
findings support the hypothesis that aging has a direct impact on the expression and function of
MCRs, establishing MCRs as potential drug targets to alleviate aging-induced decline of cognitive
function.

Keywords: aging; melanocortin receptor; MC1R; MC3R; MC4R; MC5R; cognitive decline; hippocampus;
frontal cortex

1. Introduction

Dysfunction of a number of brain G-protein coupled receptor (GPCR) systems has
been demonstrated to be associated with age-related cognitive decline, which could be
followed by progressive cognitive impairments and eventually lead to neurodegenerative
diseases such as Alzheimer’s disease (AD) [1]. The M1 muscarinic acetylcholine receptor,
which exerts neuroprotective effects upon activation [2,3], was demonstrated to have
significantly reduced G-protein-coupling in aged, memory-impaired rats. This decline
was significantly correlated with the severity of their memory impairments [4]. Further
dysfunction in M2 and M4 receptors was found in individuals with the amnestic mild
cognitive impairment (aMCI), an observation that persists into AD [5–8]. Similarly, a
significant decrease in the expression of the GABAB receptor in the prefrontal cortex was
found in aged rats, and was found to be negatively associated with working memory
performance in the older animals [9,10]. The 5-HT6 receptor and the mGlu2/3 receptors
also showed age-dependent expression levels in the central nervous system [11,12]. Thus,
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GPCRs have become important drug targets to be explored for restoring cognitive function
in aged people as well as in MCI and Alzheimer’s disease patients [13–16].

The melanocortin receptor (MCR) system consists of five distinct receptors (MC1R-
MC5R) that regulate many physiological functions, including skin pigmentation, modula-
tion of immune responses, sexual function, glucose metabolism, energy homeostasis, feed-
ing behavior and exocrine secretion [17]. The MC3R and the MC4R are mainly expressed
in a number of brain regions [18–21]. The MC1R and the MC5R are highly expressed in
skin melanocytes and exocrine glands, respectively, while their expression is also found in
the brains of humans and mice, as shown by the Human Protein Atlas [22] and the Allen
Mouse/Human Brain Atlas [23,24]. MCRs in the brain have long been associated with cog-
nitive function, following observations that treatments with the endogenous MCR agonists
melanocyte-stimulating hormones (MSHs) can improve learning, memory and attention
in human and rodents [25–27]. Activation of the MC4R has been demonstrated to induce
cognitive recovery and alleviate synaptic plasticity in several AD mouse models [28–31].
The exact relationship between different MCR subtypes and memory loss as a result of
aging, however, has not been well studied. Moreover, even though all MCRs share the
same downstream signaling of Gs-cAMP-PKA, potential contributions of the MC1R, MC3R
and MC5R to cognitive function has not been examined separately.

To determine how aging affects MCR expression, we performed total and subtype
specific radioligand binding assays on six different brain regions of young (6 months)
and aged (23 months) rats. The spatial learning and memory of these rats was assessed
through the spatial version of the Morris water maze before the rats were sacrificed, and the
correlation between MCR expression levels in different brain regions and the rats’ cognitive
performance was analyzed to shed light on the MCR subtypes that may contribute to
enhanced cognitive function.

2. Results
2.1. Radioligand Binding Assays to Determine Brain Region-Specific MCR Expression in Young
(6 Mon) and Aged (23 Mon) Rats

To test how aging affects the expression of MCRs in different brain regions, two groups
of male F344 rats of different ages (6 months or 23 months) were tested on the Morris
water maze to determine spatial learning performance, and were sacrificed one week after
behavior testing. The rats’ brains were dissected into six different brain regions of the
frontal cortex/hypothalamus, the parietal cortex, the occipital lobe, the hippocampus, the
midbrain and the cerebellum (Figure 1a). The brain samples were homogenized, and
membrane proteins were extracted. To determine the total amount of MCRs in different
brain regions of the young and aged rats, radioligand binding assays with [125I]-NDP-α-
MSH were performed (Figure 1b). Membrane protein extracts from different brain regions
were incubated with [125I]-NDP-α-MSH. Unbound radioligands were washed away and
the amount of bound [125I] was measured as total binding, which includes binding of
[125I]-NDP-α-MSH to MCRs (specific binding) and binding of [125I]-NDP-α-MSH to other
membrane protein extracts (non-specific binding). The amount of non-specific binding was
further measured by adding excess amount of melanotan-II (MT-II), which is known to
compete for the ligand binding sites of MCRs and completely knock off specific [125I]-NDP-
α-MSH binding at high concentration [32]. Radiation counts from non-specific binding
were subtracted from the total binding counts, yielding radiation counts that come from
specific binding (Figure 1b).
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Figure 1. The methods and data processing of [125I]-NDP-MSH radioligand binding assay to de-
termine the total and subtype specific melanocortin receptor binding in different rat brain regions.
(a) A sagittal view of a rat brain showing the six different regions of frontal cortex + hypothalamus,
parietal cortex, occipital cortex, hippocampus, midbrain and cerebellum that were studied in this
study. (b) Schematic of the [125I]-NDP-MSH radioligand binding assays to determine the total and
subtype specific melanocortin receptor binding in different brain regions of rats. (c) Melanocortin
receptor subtype selective ligands (Compound 28, MC1R selective ligand [33]; PG990, MC3R selec-
tive ligand [34]; MBP10, MC4R selective ligand [35]; PG20N, MC5R selective ligand [36] used to
determine subtype specific melanocortin receptor binding).

The total MCR specific binding results suggest that MCRs are expressed in many dif-
ferent brain regions of the rat, with relatively high levels of expression in the hippocampus,
the midbrain and the cerebellum (Figure 2).
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Figure 2. Total melanocortin receptor specific binding of [125I]-NDP-MSH to different brain regions
of 6 mo (n = 6) and 23 mo (n = 6) rats. Statistical significance was calculated by a Student’st-test.
* indicates p < 0.05. ** indicates p < 0.01.

Comparing between young (6 mo) and aged (23 mo) rats, the aged rats have signif-
icantly lower levels of MCR expression in the occipital lobe, the hippocampus and the
midbrain.

To identify the MCR subtypes that have differential expression levels in young (6 mo)
and aged (23 mo) rats, radioligand binding assays were performed with four MCR selective
ligands to selectively bind to and competitively inhibit the binding of [125I]-NDP-α-MSH
to the MC1R, the MC3R, the MC4R or the MC5R (Figure 1b,c). Radiation counts from
competitive binding with subtype selective ligands were subtracted from the total binding
counts, yielding radiation counts that come from subtype specific binding (Figure 1b).

The results suggest that all MCR subtypes are expressed in all the regions of the
brain studied here (Figure 3). The MC1R has significantly lower expression in all the
brain regions except for the parietal cortex. Aged rats showed significantly reduced MC3R
expression in the frontal cortex/hypothalamus, the hippocampus and the midbrain regions
compared to the young rats. MC4R expression is also reduced in aged rats compared to
young rats in the frontal cortex/hypothalamus and the midbrain. Surprisingly, the MC5R
has 3-4-fold higher expression in the hippocampus and the midbrain region of young rats
comparing to the aged rats. These results demonstrate that aging has a direct impact on the
expression of MCRs in different brain regions, which may further influence the cognitive
functions that are regulated by the MCRs.

2.2. Correlations between Rats’ Performance in Spatial Learning and Memory and the Expression
of MCRs in Their Brain

To assess whether the expression levels of different MCR subtypes are associated with
differences in the cognitive functions, we performed regression analysis between the levels
of different MCR subtypes and the spatial learning performance of rats as indicated by
their Correlated Integrated Path Length (CIPL) measure on the Morris water maze. We
focused only on the frontal cortex/hypothalamus and the hippocampus regions for the
correlation analysis due to their importance in cognitive functions and in this task [37].
Interestingly, MC1R and MC3R expression in the hippocampus along with the MC1R and
the MC5R expression in the frontal cortex/hypothalamus are all significantly correlated
with the CIPL within aged rats (Figure 4). In contrast, no statistically significant correlations
were found between the MCR expression levels in the frontal cortex/hypothalamus and
the hippocampus regions in young rats and their behavior performance (Figure 5). The
expression of the MC5R in the frontal cortex, in particular, showed strong correlation with
the CIPL of aged rats, with a p-value of 0.03. The expression of MC4R in both brain regions
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did not show correlations with the behavior performance. These results suggest that MCR
signaling and function may differ between young and aged rats, and that higher expression
levels and stronger signaling of MCRs in the frontal cortex and the hippocampus may lead
to improvement in cognitive functions in aged rats but not in young rats.
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Figure 4. Linear correlations between the expression levels of different melanocortin receptor subtypes in the hippocampus
and the frontal cortex/hypothalamus regions in the brains of aged (23 mo) rats and their performance in spatial learning
and memory as measured by the Correlated Integrated Path Length (CIPL) in the Morris swim task.
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Figure 5. Linear correlations between the expression levels of different melanocortin receptor subtypes in the hippocampus
and the frontal cortex/hypothalamus regions in the brains of young (6 mo) rats and their performance in spatial learning
and memory as measured by the Correlated Integrated Path Length (CIPL) in the Morris swim task.

3. Discussion

Aging-related cognitive decline is an important biological process that remains to
be fully understood. If left untreated, mild cognitive impairments can progress into
Alzheimer’s disease or other types of dementia. Many brain GPCRs have been shown to
play important roles in aging-related cognitive decline, and thus serve as drug targets for
potential treatments. Following reports that activation of the MCRs leads to improvement
in cognitive function in normal and AD disease model rodents, this research aims to
understand the role of MCRs in cognitive functions during the normal aging process. We
made the interesting observation that in aged rats, the expression levels of several MCR
subtypes in the frontal cortex and the hippocampus have statistically significant correlations
with performance in spatial learning and memory, whereas no correlations were observed
in young rats. Similar observations were made on the muscarinic acetylcholine receptor
and the GABAB receptor that correlations between the expression levels of these GPCRs
and performance in cognitive functions can be observed in aged rodents but not young
ones [4,9]. One explanation is that the GPCRs in young brains work redundantly so that not
a single GPCR effectively predicts cognitive performance. During aging the expression of
brain GPCRs deviates from the normal range, and may in part be responsible for the decline
in cognitive function observed. Together, these observations suggest that the signaling and
biology of GPCRs are different in young and aged brains, further stressing the importance
to study the biology of aged brains.

Traditionally, the MC3R and the MC4R are known to regulate food intake and energy
homeostasis in the hypothalamus, whereas the MC1R and the MC5R are mainly considered
to exert their functions outside the brain [17]. Using radioligand binding studies, we
identified the expression of different MCR subtypes in all the brain regions examined.
Our results are consistent with the mRNA expression data from the Human Protein Atlas
and the Allen Brain Atlas that all MCR subtypes are expressed in the brain, with higher
levels of expressions especially in the cerebellum, the hippocampus and the basal ganglia
(included in the midbrain region in this study) [22–24]. Demonstrating the presence of
these receptors in the brain, our work lays the foundation for understanding their specific
functions in the future.

The protein levels in the brain can be directly measured by radioligand binding
experiments, or by antibody-antigen measurements such as Western blot or enzyme-linked



Molecules 2021, 26, 6266 7 of 11

immunosorbent assay (ELISA). The radioligand binding assays are widely used to quantify
GPCRs in the brain when highly selective ligands are available [6,7]. Recent advances in
the developments of subtype selective ligands to all MCR subtypes (reviewed in [17,38])
enabled us to perform radioligand binding assays to quantify the expression levels of
MCRs for the first time. The radioligand binding assays also allow us to directly compare
the expression levels among MCR subtypes, which could be very difficult if using an
antibody-based technique due to different antibodies having different affinities to the target
protein and to their secondary antibodies. Alternatively, the protein expression levels can
be estimated by the mRNA levels using techniques such as in situ hybridization and RNA-
seq. However, the mRNA levels are not sufficient to predict protein levels since they do not
capture any post-transcriptional processes such as protein translation, post-translational
modifications or protein degradation [39].

Within the hippocampus region, the MC4R has been the focus of study, especially
in the context of AD. The MC4R was shown to regulate hippocampal synaptic plasticity
in healthy mice as well as in an AD mouse model, through the cAMP-PKA signaling
pathway [28,40]. Further studies demonstrated that MC4R activation protects against the
disease progression in different AD mouse models [29–31,41]. In this study, we demon-
strated that the MC4R might play a less important role in the context of normative aging.
The MC4R expression level is not significantly different between young and aged rats, and
no correlation was observed between the MC4R expression level and the performance of
rats in spatial learning and memory. Instead, the MC1R and the MC3R, which have higher
expression levels in the hippocampus than the MC4R and showed statistically significant
correlations with the performance of aged rats in spatial learning and memory, may be
better drug targets for the aging-related cognitive decline. Correlations between MC1R
expression levels and cognitive decline during aging might be due to MC1R’s expression
in glial cells and its ability to attenuate neuroinflammation through the Gs-cAMP-PKA
pathway [42,43], as chronic inflammation has been proposed to be an important mechanism
underlying cognitive decline and dementia [44]. Through antibody staining provided by
the Human Protein Atlas, the MC3R was shown to be expressed exclusively in neuronal
cells but not in glial cells within the hippocampus [22]. The MC3R may share similar
physiological functions with the MC4R through the Gs-cAMP-PKA pathway if further
evidence could support that the MC3R and the MC4R are expressed in the same neuron
population.

4. Materials and Methods
4.1. Animals and Morris Water Maze Testing

Twelve young (6 mo) and thirteen aged (23 mo) male Fischer 344 rats were used in
this study. Rats were housed individually with unrestricted access to food and water.
Behavioral testing was done during the dark phase of the rat’s 12 h light and dark cycle
following several days of handling.

The Morris water maze was used to examine spatial learning and memory following
previously described procedures [45]. Briefly, rats were given health checks and handled in
the week before training. Rats were initially placed onto the hidden platform of the water
tank for 30 s, before being placed into the pool at pseudo-randomly assigned start locations
at the edge of the pool. A total of six spatial trials were given per day for 4 days (24 trials
total). Following the spatial trials, 6 trials were given on each of 2 days (12 trials total) in
which the submerged platform was above the water’s surface (“cued trials”) to ensure that
the animals did not have visual or motor defects that could influence performance. Since
the start locations and swim velocity vary between animals, a corrected integrated path
length (CIPL) was calculated to ensure comparability of the rats’ performance across release
locations [46]. The corrected integrated path length (CIPL) values of the last 12 spatial trials
were used for each age group.
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4.2. Brain Extraction Procedures

Prior to decapitation with a guillotine, rats were anesthetized with isoflurane. Brains
were quickly extracted, rinsed in ice-cold saline and dissected on a metal plate as follows. A
midline cut separated the right and left hemisphere, each hemisected brain was separated
into frontal cortex + hypothalamus, parietal cortex, occipital lobe, hippocampus, midbrain
and cerebellum. The dissected subregions were placed in separate 2 mL microfuge tubes
containing 1 mL of ice-cold 50 mM HEPES buffer plus Mammalian Protease Inhibitor
Cocktail (Sigma) and quickly frozen in liquid nitrogen.

4.3. Membrane Preparation and Protein Quantification

Brain tissue from six major regions was homogenized for 60 s with a sawtooth ho-
mogenizer in 3 mL of membrane buffer (50 mM HEPES pH 7.5). A total of 0.1% of a
mammalian protease cocktail inhibitor (Sigma) was added to the buffer immediately before
beginning the extraction. Samples were then centrifuged at 4 ◦C for 10 min (1500 rpm)
with a Beckman Ultracentrifuge. The supernatant was isolated and centrifuged again at
4 ◦C for 2 h (32,750 rpm) in a Beckman ultracentrifuge. After centrifugation, the pellet was
re-suspended in 1.2 mL of membrane buffer and aliquots of 300 µL were stored at −80 ◦C.
Additionally, 50uL were set aside for protein concentration determination. The protein
concentration of the membrane was determined using a BCA assay (Pierce). The purple
reaction product was monitored at 560 nm using an enzyme-linked immunosorbent assay
plate reader (µQuant, Bio-Tek Instruments, Inc.).

4.4. Membrane Binding Assays

The brain samples were thawed on ice and diluted with HEPES buffer (50 mM, with
0.1% peptidase inhibitor) to a final protein concentration of 50 µg/mL. [125I]-NDP-α-MSH
(PerkinElmer) was diluted with HEPES buffer supplemented with BSA (50 mM, with 0.1%
peptidase inhibitor and 6% BSA) to a final concentration of 0.8 nM. The MC1R selective
agonist compound 28 [33], MC3R selective agonist PG-990 [34], MC4R selective antago-
nist MBP10 [35] and MC5R selective antagonist PG20N [36] were synthesized through
solid-phase peptide synthesis with over 95% purity. These selective peptides were inde-
pendently diluted to 1 µM with HEPES buffer supplemented with BSA. The non-selective
melanocortin receptor agonist MT-II, which was synthesized with over 95% purity, was
diluted to 4 µM with HEPES buffer supplemented with BSA. A total of 25 µL of the [125I]-
NDP-α-MSH solution was premixed with 25 µL of solution with melanocortin receptor
selective ligand, MT-II or HEPES buffer in 96-well plates. A total of 50 µL of the brain sam-
ple was added to each well. Each combination of brain sample and selective/nonselective
melanocortin receptor ligand was repeated two times in triplicates. The 96-well plates were
incubated at 4 ◦C for 1 h and centrifuged at 4000 rpm at 4 ◦C for 10 min. Supernatants were
removed. The pellets were washed with 125 µL of ice-cold HEPES buffer and centrifuged
again at 4000 rpm at 4 ◦C for 10 min. Supernatants were removed, and 100 µL of scintil-
lation fluid was added to each well. The [125I] radiation on 96-well plates were counted
by Microbeta 2 (PerkinElmer). To calculate the selective [125I]-NDP-α-MSH binding to all
melanocortin receptors, the non-selective count (with MT-II added) was subtracted from
the total count (no MT-II or selective ligands). To calculate the selective [125I]-NDP-α-MSH
binding to a certain melanocortin receptor subtype, the count with selective ligand to the
melanocortin receptor subtype added was subtracted from the total count.

4.5. Statistical Analysis

For membrane binding assays, a Student’st-test was performed to calculate the sta-
tistical differences. For comparison of behavior and biochemical assays, simple linear
regression was used to assess differences between treatment groups over training trials
with alpha levels set at 0.05. The data analysis and display were performed with GraphPad
Prism 6.
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