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Melanocortin-4 Receptor Regulates Hippocampal Synaptic
Plasticity through a Protein Kinase A-Dependent Mechanism
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Learning and memory require orchestrated regulation of both structural and functional synaptic plasticity in the hippocampus. While a
neuropeptide alpha-melanocyte-stimulating hormone, �-MSH, has been implicated in memory acquisition and retention, the functional
role of its cognate receptor, melanocortin-4 receptor (MC4R), in hippocampal-dependent synaptic plasticity has not been explored. In
this study, we report that activation of MC4R enhances synaptic plasticity through the regulation of dendritic spine morphology and
abundance of AMPA receptors. We show that activation of postsynaptic MC4R increases the number of mature dendritic spines and
enhances surface expression of AMPA receptor subunit GluA1, resulting in synaptic accumulation of GluA1-containing AMPA receptors.
Moreover, MC4R stimulates surface GluA1 trafficking through phosphorylation of GluA1 at Ser845 in a G�s-cAMP/PKA-dependent
manner. Blockade of protein kinase A (PKA) signaling abolishes the MC4R-mediated enhancement of neurotransmission and hippocam-
pal long-term potentiation. Importantly, in vivo application of MC4R agonists increases LTP in the mouse hippocampal CA1 region.
These findings reveal that MC4R in the hippocampus plays a critical role in the regulation of structural and functional plasticity.

Introduction
Synaptic plasticity, a key cellular mechanism that alters the effi-
cacy of synaptic transmission between neurons in response to a
new experience, is believed to underlie learning and memory. In
particular, long-term potentiation (LTP) at hippocampal CA1
glutamatergic synapses is the most characterized form of synaptic
plasticity. A myriad of concerted biochemical and cellular pro-
cesses occur in response to increased neural activity during syn-
aptic plasticity, including rapid changes in both the morphology
and density of dendritic spines, abundance as well as subunit
composition of AMPA-subtype glutamate receptors, regulation
of local translation, and modulation of transcription through
retrograde signaling to the nucleus (Earnshaw and Bressloff,
2006; Lee and Silva, 2009). Furthermore, long-term information
can be stored in the brain not only through modulating synaptic
strength, but also by the formation of new synapses or the elim-
ination of existing synapses (Yuste and Bonhoeffer, 2001; Chk-
lovskii, 2004; Fu et al., 2007; Fu et al., 2011). Importantly,
abnormalities in synaptic plasticity are associated with impaired

cognitive functions observed in various neurodegenerative dis-
eases and psychiatric disorders (Cheung and Ip, 2011).

Synaptic plasticity can be regulated by various neuromodulators,
including neurotransmitters (e.g., dopamine, serotonin, and nor-
epinephrine) and neuropeptides (Yang, 2000; Murchison et al.,
2004; O’Dell et al., 2010). Some of the unconventional neuropep-
tides include the regulators of food intake and energy metabolism,
such as leptin and ghrelin (Gómez-Pinilla, 2008), and the central
melanocortin system, which is fundamental in regulating body
weight and energy homeostasis. The melanocortin neuropeptides,
including �-melanocyte-, �-melanocyte-, and �-melanocyte-
stimulating hormones (MSHs) and adrenocorticotropic hormones
(ACTHs), are all derived from posttranslational processing of the
precursor protein proopiomelanocortin (POMC). Interestingly,
�-MSH and MSH/ACTH analogs have long been implicated to fa-
cilitate learning and memory (Datta and King, 1982; McLay et al.,
2001). However, the underlying mechanism remains largely un-
known. Actions of melanocortins are mediated by the activation
of melanocortin receptors, two of which, melanocortin-3 and
melanocortin-4 receptor (MC4R), are predominantly expressed in
the brain (Garfield et al., 2009). The detection of both MC4R and
�-MSH in rodent hippocampus raises the intriguing possibility that
MC4R might mediate the action of �-MSH in hippocampus-
dependent learning and memory (Gantz et al., 1993; Liu et al., 2003).
This notion is further supported by a previous report that stimula-
tion of MC4R leads to the activation of G�s-cAMP-PKA, a signaling
cascade that is critical for specific forms of synaptic plasticity (Wal-
tereit and Weller, 2003).

Here, we report that activation of postsynaptic MC4R in
the hippocampus facilitates synaptic transmission and plastic-
ity through enhancement of AMPA receptor-mediated
neurotransmission and LTP at the Schaffer collateral-CA1
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(SC-CA1) pathway. Intriguingly, we found that MC4R is cru-
cial for maintenance of mature dendritic spines in hippocampal
pyramidal neurons, and stimulation of MC4R by its ligand(s)
leads to protein kinase A (PKA)-dependent insertion of synaptic
AMPA receptors. Our findings reveal a novel function of MC4R
in hippocampal synaptic plasticity, which may contribute to
hippocampus-dependent learning and memory.

Materials and Methods
Constructs, chemicals, antibodies, cultures, and animals. The expression
constructs used include the following: full-length human MC4R (from
Missouri S&T cDNA Resource Center, Rolla, MO); full-length rat MC4R
cDNA (from Dr. X.-Y. Lu, University of Texas Health Science Center,
San Antonio, TX); short hairpin RNA (shRNA)-resistant expression
constructs of human MC4R and its point mutants (D90N and I125K) in
pIRES-DesRed2 vector; and full-length rat MC4R cDNA in pCMW-2b-
SEP vector [from Dr. Kenny Chung, The Hong Kong University of
Science and Technology (HKUST), Hong Kong, China]; and pCI-SEP-
GluA1 was provided by Dr. Robert Malinow (Addgene, Cambridge, MA;
plasmid 24000). The pSUPER-based shRNA construct for rat MC4R,
with target sequence 5�-TCAGAAACCATCGTCATCA-3�, was con-
structed. For the lentiviral pFUGW-based shRNA construct for mouse
MC4R, the target sequence is 5�-GAACAAGAACCTGCACTCA-3�. The
lentiviral constructs were packaged into a virus at the Gene Transfer
Vector Core of the University of Iowa (Iowa City, IA). The antibodies
used include the following: anti-MC4R (N terminus; Alomone Labs);
anti-pSer845 GluA1 and anti-GluA1 antibodies (PhosphoSolutions);
anti-GluA1 (N terminus; Calbiochem); anti-pSer831 GluA1 (Millipore
Bioscience Research Reagents). D-Tyrosine melanotan II (D-Tyr MTII)
was purchased from Phoenix Pharmaceuticals, MTII from Tocris Biosci-
ence, and H89 from Sigma or Tocris Bioscience.

HEK293T cells were transfected with expression constructs using
Lipofectamine and Plus reagent (Invitrogen). Cultured hippocampal
neurons were prepared from embryonic day 18–19 rat embryos. Hippocam-
pal neurons at 18–22 DIV were subjected to agonist treatment, and neurons
at 16–19 DIV were transfected with different plasmids plus GFP vector or
SEP-GluA1 construct using calcium phosphate precipitation for 3 days (Ko-
pec et al., 2006; Fu et al., 2007). All animal procedures were conducted in
accordance with the Guidelines of the Animal Care Facility of HKUST and
were approved by the Animal Ethics Committee at HKUST.

Real time-PCR. Adult mice were sacrificed and brain slices of 500 �m
were prepared using a vibrating tissue slicer (Thermo Scientific HM 650
V). Tissues from the CA1 regions and non-CA1 regions of hippocampus,
hypothalamus, and cortex were collected. Total RNA was prepared using
RNeasy columns (Qiagen) according to the manufacturer’s instructions.
Single-stranded cDNA was synthesized using SuperScript II Reverse
Transcriptase (Invitrogen) and random hexamers. Real-time PCR was
performed with SYBR Green-based reagents (SYBR Green PCR kit; Qia-
gen) using a 7500 Fast Real-Time PCR System (Applied Biosystems).
Endogenous gene expression was normalized against GAPDH. Data were
obtained from three independent experiments.

Primers used for real-time PCR were as follows: mouse MC4R, 5�-
GCGTTTCGAATGGGTCGGAAACCA-3� and 5�-CCGCAATGGA
AAGCAGGCTGCAA-3�; mouse POMC, 5�-CTGGAGCAACCCGCC
CAAGGA-3� and 5�-GCGCGTTCTTGATGATGGCGTTCT-3�; mouse
AgRP, 5�-CTCGTTCTCCGCGTCGCTGTG-3� and 5�-ACCCAGCTT-
GCGGCAGTAGCA-3�; mouse Agouti, 5�-GGCTTCGATGAA-
GAAGGTGGCAAGG-3� and 5�-CACTGGCAGGAGGCGCACGG-3�;
mouse GAPDH 5�-TGCACCACCAACTGCTTAGC-3� and 5�-GCCATG-
GACTGTGGTCATGAG-3�.

Measurement of cAMP level. The intracellular cAMP level was deter-
mined by cAMP ELISA kits (GE Healthcare). In brief, neurons were prein-
cubated with IBMX (1-methyl-3-isobutylxanthine) and then treated with
D-Tyr MTII at indicated concentrations for 30 min. Data were presented as
mean � SEM (from three independent experiments in duplicate).

Western blot, cell-surface biotinylation, and immunocytochemical
analysis. HEK293T cells and cultured hippocampal neurons were lysed in
radioimmunoprecipitation assay buffer, and mouse brains were homog-

enized in lysis buffer as described (Fu et al., 2007). For surface biotinyla-
tion using hippocampal neurons, the procedure was performed as
described previously (Fu et al., 2011). For surface staining of GluA1,
hippocampal neurons at 22 DIV were incubated with antibodies against
the extracellular domain of GluA1 at 37°C for 10 min (Fu et al., 2011).
For virus infection, mouse brains were fixed with 4% paraformaldehyde
for 1 day. Sections of 50 �m were prepared using a vibrating tissue slicer
(VT 1000S, Leica). Images were acquired using confocal microscope
LSM-710 (Carl Zeiss).

Electrophysiology and stereotaxic surgery. Miniature excitatory postsyn-
aptic current (mEPSC) was measured in rat hippocampal neurons at
18 –22 DIV as described (Fu et al., 2011). For mEPSC recording, high-
density hippocampal cultures (1.5 � 10 5 cells/well in 12-well plates)
were used for MC4R knockdown, whereas low-density hippocampal cul-
tures (0.5 � 10 5 cells/well in 12-well plates) were used with agonist
treatment. For LTP recordings, mouse brains were immediately dissected
after sacrifice and soaked in ice-cold, 95%O2/5%CO2 oxygenated artifi-
cial cerebrospinal fluid. Brain slices at 300 �m were prepared using a
vibrating tissue slicer (Thermo Scientific HM650V), and field excitatory
postsynaptic potentials (fEPSPs) were recorded using a MED64 multi-
channel recording system (Alpha MED Scientific). For each slice, base-
line stimulus intensity was set at the level that elicited �40% of the
maximum fEPSP response. LTP was induced with a conditioning stim-
ulus consisting of three theta burst trains (ten 5 Hz series of four 100 Hz
pulses for each, 40 s apart). At least eight slices from 3– 4 mice for each
condition were used.

Vesicular stomatitis virus glycoprotein G-pseudotyped lentiviral par-
ticles with pFUGW-shMC4R were delivered into mouse hippocampal
CA1 region (anteroposterior, �2.00 mm; mediolateral, �1.50 mm; dor-
soventral, �1.5 mm; relative to bregma) for 3 weeks. Lentivirus injection
was conducted using an animal stereotactic apparatus (Stoelting) and the
Quintessential Stereotaxic Injector (catalog no. 53311, Stoelting) with an
injection volume of 2 �l at 0.2 �l/min connected to a customized boro-
silicate glass microcapillary tip of �100 �m.

Quantification and statistical analysis. Images were quantified in a
double-blinded manner as described (Fu et al., 2007). A stack of images (z
step, 0.4 – 0.5 �m) of 8 –12 layers was collected using a 60� objective. For
each condition, �15 neurons from three independent experiments were
analyzed using MetaMorph software (Universal Imaging). The spine
length and volume were quantified as described (Schratt et al., 2006). For
SEP-GluA1 quantification, the images were thresholded to exclude the
background noise. The number of GFP-positive spines were then
counted using MetaMorph software. For 3D reconstruction, filament
tracing was performed with Imaris 7.2 (Bitplane). Statistical analysis was
performed using Student’s t test and two-way or one-way ANOVA fol-
lowed by Newman–Keuls test or Kruskal–Wallis test (when the data were
not normally distributed). All experiments were performed at least three
times, except for those specifically indicated.

Results
MC4R is concentrated at postsynaptic regions
in hippocampus
We first examined the expression of MC4R and its ligands in
rodent hippocampus. MC4R mRNA was prominent in the adult
mouse hippocampus at a level similar to that in the hypothala-
mus. This was accompanied by a detectable level of mRNAs of
MC4R ligands, including POMC, precursor protein of MC4R
agonist �-MSH, and antagonists of MC4R (Agouti and Agouti-
related peptide, AgRP; Fig. 1a). Interestingly, endogenous MC4Rs
were detected as surface clusters along dendritic shafts, with some
clusters concentrated in dendritic spines of hippocampal neurons
(�21 DIV; Fig. 1b). To confirm the synaptic localization of
MC4R, cultured hippocampal neurons were transfected with a
MC4R construct containing the pH-sensitive GFP superecliptic
pHluorin (SEP) tag at the extracellular N terminus (SEP-MC4R),
which allows the visualization of MC4Rs upon incorporation
into the cell membrane (where pH is �7). Consistent with the
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Figure 1. MC4Ractivationisrequiredforthemaintenanceofmaturespinesandfunctionalsynapses.a,ExpressionofMC4Randitsligandsinadultmousehippocampus.mRNAsofdifferentbrainpartswerepreparedand
subjected to real time-PCR. The data were presented as relative ratio of mRNA against that of cerebral cortex (agouti was used as a negative control). b, Top row, Staining of surface MC4R in hippocampal neurons at 22 DIV.
F-actinwaslabeledwithrhodamine-phalloidin.Scalebar,5�m.Bottomrow,culturedhippocampalneurons(17DIV)weretransfectedwithSEP-MC4RandmKOrangeconstructs,andwereexaminedat21DIV.Scalebar,10
�m.c,D-TyrMTIIincreasedintracellularcAMPlevel.HippocampalneuronsweretreatedwithD-TyrMTIIfor30min(*p�0.05versusnotreatment,one-wayANOVAwithStudent-Newman–Keulstest).d,ReductionofMC4R
proteininHEK293TcellsuponshMC4Rknockdown(by�83.0�4.2%;***p�0.001,n�3experiments,Student’sttest).ThecellswerecotransfectedwithEGFP-taggedratMC4Rexpressionconstruct,togetherwitheither
shMC4R(	)orpSUPERvector(�).e,CulturedhippocampalneuronswerecotransfectedwithshMC4RoritsscrambledshRNA(Scr-MC4R)withGFPplasmid.f– h,HippocampalneuronswerecotransfectedwithshMC4Rand
constructsexpressingshRNA-resistanthumanMC4R(WT)oritspointmutants(D90NorI125K).f,Representativeimages.g,h,Quantificationofspinedensity(g)andthepercentageofmaturespines(spineswithamushroom
head)(h).Datawereexpressedasmean�SEM;**p�0.01and ***p�0.001versusshMC4R; #p�0.05 and###�0.001 versusshMC4R	WT(one-wayANOVAwithStudent-Newman–Keulstest). i–k, Overexpres-
sionofhMC4R-WTanditspointmutants(D90NorI250K)inculturedhippocampalneurons. i,Representativeimages. j,k,Quantificationofspinedensity(j)andpercentageofmaturespines(k).*p�0.05and***p�0.001
versuscontrol(Con); ##p�0.01and ###p�0.001versusWT(one-wayANOVAwithStudent-Newman–Keulstest).Scalebars,10�m.
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Figure 2. ActivationofendogenousMC4Renhancesmaturationoffunctionalsynapsesandneurotransmission.a–c,SilencingofMC4RabolishedtheincreaseofmaturespinesandGluA1-containingspinesby D-TyrMTII
(1�M).HippocampalneuronswerecotransfectedwithGFPplasmidtogetherwithshMC4RandmKOrangeconstructsat17–18DIVasindicated.Theneuronsat21–22DIVweretreatedwithD-TyrMTIIfor2h.a,Representative
images.Scalebars: toprow,10�m;bottomrows,5�m. b, c,Quantificationofmaturespines(b)andSEP-GluA1-containingspines(c).Datawereexpressedasmean�SEM;***p�0.001, D-TyrMTIIversuscontrol(Con),
two-wayANOVA.d–g,MC4RknockdownabolishedtheD-TyrMTII-stimulatedincreaseinneurotransmission.HippocampalneuronswerecotransfectedwithGFPconstructtogetherwithorwithoutshMC4Randthentreated
withD-TyrMTII.d,RepresentativemEPSCtraces.e–g,Cumulativedistributionofintereventintervals(inverselyproportionaltofrequency(e),andquantificationoffrequency(f ),andamplitude(g)ofmEPSCs.GFP-expressing
neuronsinthecontrol,theshMC4R-transfectedconditions,andtheirneighboringuntransfectedneurons(nonGFP)wererecorded.Datawerepresentedasmean�SEM;***p�0.001, D-TyrMTIIversusControltreatment,
two-wayANOVA; ###p�0.001versusGFPcells inshMC4R(with D-TyrMTII treatment),one-wayANOVAwithStudent-Newman–Keulstest(f );one-wayANOVAwithKruskal–Wallis test(g).
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endogenous immunostaining data, SEP-MC4R showed a similar
spatial distribution pattern and could be detected on both den-
dritic shaft and dendritic spines (Fig. 1b). Together, these find-
ings demonstrate that MC4R is localized to the postsynaptic sites
of hippocampal neurons. Treatment of cultured hippocampal
neurons with a selective MC4R agonist, D-Tyr MTII (a potent and
stable cyclic analog of �-MSH), increased intracellular cAMP
level in a dose-dependent manner (Fig. 1c) consistent with the
notion that MC4R is a G�s-coupled G protein-coupled receptor
(GPCR) (Oosterom et al., 2001).

MC4R activation is critical for maintaining
functional synapses
In the mammalian brain, dendritic spines are the postsynaptic
sites where excitatory synapses reside (Segal, 2005). Changes in
the morphology and number of dendritic spines are closely asso-
ciated with the regulation of synaptic strength (Yuste and Bon-
hoeffer, 2001). In cultured hippocampal neurons (� 21 DIV), the
majority of dendritic spines adopt a mushroom-shaped structure
that are enriched with postsynaptic proteins such as PSD-95 and
excitatory glutamate receptors (Ethell and Pasquale, 2005). We

Figure 3. MC4R regulates surface levels of GluA1 through PKA-dependent phosphorylation. a– d, Hippocampal neurons were incubated with D-Tyr MTII (100 nM) and H89 (10 �M) for 2 h and then
stained for surface GluA1. a, Representative images. Scale bar, 10 �m. b–d, Quantification of density (b), size (c), and intensity (d) of surface GluA1 clusters. Data were expressed as mean � SEM,
**p � 0.01, D-Tyr MTII versus control (two-way ANOVA); n � 10 neurons from each experiment, two experiments). e, Surface and total proteins of hippocampal neurons after D-Tyr MTII treatment
were collected and subjected to Western blot analysis for GluA1. f, Fold change (three experiments; *p � 0.05 versus 0 min, one-way ANOVA with Student-Newman–Keuls test. g, h, Hippocampal
neurons were cotreated with D-Tyr MTII and H89 for 1 h. g, Western blot analysis. h, Quantitative analysis; *p � 0.05 D-Tyr MTII (	) versus no treatment (�), two-way ANOVA; ##p � 0.01, versus
D-Tyr MTII, one-way ANOVA with Student-Newman–Keuls test. i, D-Tyr MTII increased level of pSer845 GluA1 in cultured hippocampal slices (7 DIV).
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found that knockdown of MC4R using a MC4R shRNA construct
(shMC4R) resulted in a reduction of dendritic spine density (by
�30%; Scr-MC4R, 5.45 � 0.17/10 �m; shMC4R, 3.63 � 0.21/10
�m; p � 0.001, Student’s t test) accompanied by a significant
decrease (by �50%) in the percentage of mature spines (spines
with a mushroom head; Scr-MC4R, 62.8 � 1.5%; shMC4R,
30.2 � 2.4%; p � 0.001, Student’s t test; Fig. 1d,e).

Reexpression of shRNA-resistant human MC4R in MC4R-
knockdown neurons rescued the loss of mature spines. In con-
trast, coexpression of the MC4R point mutant D90N, which fails
to bind G�s, or I125K, which cannot interact with endogenous
agonist, could not restore the dendritic spine phenotype in

MC4R-knockdown neurons (Fig. 1f–h).
Thus, both the stimulation of MC4R by its
agonist as well as activation of the down-
stream G protein-mediated signaling is
essential for MC4R-mediated mainte-
nance of mature spines. Interestingly, al-
though ectopic expression of human
MC4R wild type (WT) or I125K mutant
did not regulate spine morphology nor
their number, overexpression of D90N
mutant reduced spine density (by �30%)
and elicited a substantial decrease in the
percentage of mature spines (by �31%;
Fig. 1i–k). The D90N mutant might there-
fore act in a dominant-negative manner
by preventing the activation of endoge-
nous MC4R and its effect on dendritic
spines.

Activation of MC4R
enhances neurotransmission
Next, we asked whether activation of en-
dogenous MC4R enhances the number of
GluA1-containing spines. We found that
treatment of neurons with the MC4R ag-
onist D-Tyr MTII not only enhanced the
number of mature spines (by �16%), but
also increased the proportion of spines
that contained AMPA receptor subunit
GluA1 (Fig. 2a–c). Intriguingly, knock-
down of MC4R abolished the D-Tyr
MTII-stimulated increase in mature
spines, although a reduction of mature
spines and GluA1-containing spines was
also observed in the MC4R-depleted neu-
rons (Fig. 2a–c).

Given the critical role of surface traf-
ficking and synaptic expression of AMPA
in synaptic transmission, we investigated
how endogenous MC4R regulates neu-
rotransmission. D-Tyr MTII treatment
enhanced the frequency (with a reduction
in interevent interval) accompanied by a
slight increase in amplitude of AMPA
receptor-mediated mEPSCs (Fig. 2d–g).
Knockdown of MC4R in neurons (ex-
pressing with GFP) specifically abolished
the D-Tyr MTII-mediated increase in
mEPSC frequency and amplitude,
whereas a similar reduction was not ob-
served in the neighboring (non-GFP ex-

pressing) neurons or in the control GFP neurons (Fig. 2d–g).
These findings indicate that activation of endogenous MC4R sig-
naling enhances AMPA receptor-mediated synaptic transmis-
sion. Notably, reduced basal neurotransmission was observed in
both MC4R-knockdown and its neighboring neurons, suggesting
that neuronal connectivity is affected by the MC4R knockdown-
mediated postsynaptic changes (Fig. 2d–g).

MC4R regulates surface level of GluA1 through PKA-
dependent phosphorylation
Surface trafficking of GluA1-containing AMPA receptor is regu-
lated by PKA-dependent phosphorylation of GluA1 (Esteban et

Figure 4. MC4R activation increases basal neurotransmission and LTP induction through PKA activation. a–d, Inhibition of PKA
abolished the D-Tyr MTII–stimulated increase in basal neurotransmission. Hippocampal neurons were incubated with D-Tyr MTII
(100 nM) and H89 (10 �M) for 2 h. a, Representative mEPSC traces. b–d, Cumulative distribution of interevent intervals (b),
quantification of frequency (c), and amplitude (d) of mEPSCs. Data were presented as mean � SEM, *p � 0.05, D-Tyr MTII versus
control (Con), two-way ANOVA (c); ***p � 0.001 versus control, one-way ANOVA with Kruskal–Wallis test (d). e–h, D-Tyr MTII
enhanced LTP through activation of PKA. e, f, Basal synaptic transmission and short-term forms of synaptic plasticity were not
altered by D-Tyr MTII treatment. e, Input– output curve generated from the slope fEPSP versus fiber volley amplitude. F, Paired
pulse facilitation. Second stimuli were delivered at intervals as indicated. Percent facilitation of fEPSP slope of second response as
percentage of first response. g, h, Acute hippocampal slices were treated with D-Tyr MTII (1 �M) and H89 (20 �M) for 2 h. g,
Summary plot of normalized fEPSP slope measurement (mean � SEM). h, Quantification of fEPSP slope increase at 1 h after LTP
induction (mean � SEM; **p � 0.01 D-Tyr MTII (	) versus no treatment (�), two-way ANOVA).
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al., 2003). Together with the ability of
MC4R to activate G�s-cAMP-PKA signal-
ing (Man et al., 2007), this prompted us to
ask whether PKA mediates the effect of
MC4R on the regulation of synaptic
GluA1. D-Tyr MTII increased the density
(by �30%), size (by �30%), and fluores-
cence intensity (by �40%) of surface
GluA1 immunostaining in hippocampal
neurons (Fig. 3a–d). We found that treat-
ment of hippocampal neurons with PKA
inhibitor H89 abolished the increase in
surface GluA1 clusters induced by D-Tyr
MTII (Fig. 3a–d), indicating that MC4R
increases surface expression of GluA1
through the activation of G�s-cAMP-
PKA signaling. Using surface biotinyla-
tion assay, we confirmed that surface
expression of GluA1 was enhanced upon
MC4R activation and may therefore promote
synaptic localization of GluA1-containing re-
ceptors (Fig. 3e,f). Phosphorylation of GluA1
at Ser845 promotes the surface delivery and
synaptic targeting of GluA1-containing
AMPA receptors (Derkach et al., 2007; Man et
al., 2007). Supporting the notion that the
G�s-cAMP-PKA signaling pathway medi-
ates the observed MC4R-dependent
changes in GluA1 localization, D-Tyr
MTII significantly increased the phos-
phorylation of GluA1 at Ser845 in cultured hippocampal neurons
(by �50%), which was blocked by H89 co-treatment (Fig. 3g,h).
In contrast, the CaMKII-dependent phosphorylation of GluA1 at
Ser831 remained unchanged (Fig. 3g,h). Similarly, treatment of
cultured hippocampal slices with D-Tyr MTII enhanced the
phosphorylation of GluA1 at Ser845 but not Ser831 (Fig. 3i).

MC4R activation enhances LTP through PKA activation
Next, we examined whether PKA signaling mediates the MC4R-
stimulated synaptic transmission and plasticity. While treatment
with D-Tyr MTII led to obvious increases in both the frequency
and amplitude of mEPSC, the induction was blocked by the co-
treatment with H89 (Fig. 4a–d), suggesting that activation of
MC4R increases AMPA receptor-mediated synaptic transmis-
sion in a PKA-dependent manner.

LTP is a major form of synaptic plasticity in the hippocampus
that involves regulation of AMPA receptor trafficking. We there-
fore investigated the role of MC4R on LTP at the SC-CA1 syn-
apses. D-Tyr MTII did not affect basal synaptic transmission (Fig.
4e) or presynaptic release as revealed by paired-pulse facilitation
(Fig. 4 f). Using a stimulus similar to the physiological hippocam-
pal activity, theta-burst stimulation (TBS), the magnitude of SC-
CA1 LTP exhibited a drastic increase upon D-Tyr MTII treatment
(by �100%). This induction was abolished in the presence of
H89 (Fig. 4g,h). Thus, MC4R activation promotes the induction
of hippocampal LTP, underscoring the importance of the MC4R
signaling pathway in synaptic plasticity.

Activation of MC4R regulates spine morphogenesis and LTP
in vivo
We then asked whether MC4R is important for regulating synap-
tic plasticity in vivo. Expression of MC4R in CA1 of mouse hip-
pocampus was silenced by lentiviral-based MC4R shRNA.

Consistent with the effect of MC4R knockdown in cultured hip-
pocampal neurons, we found that MC4R-knockdown neurons in
the CA1 region of the hippocampus showed reduced dendritic
spine volume accompanied by increased proportion of immature
spines (Fig. 5a–c). Since the size of spine heads is strongly corre-
lated with synaptic strength, the reduction of dendritic spine vol-
ume may lead to weakening of existing synapses. We next
examined whether in vivo delivery of MC4R agonists (D-Tyr
MTII or MTII) through intraperitoneal injection affects LTP in-
duction in hippocampal slice preparations. We found that pe-
ripheral administration of D-Tyr MTII and MTII substantially
increased the magnitude of SC-CA1 LTP after TBS (both by
�100%; Fig. 5d,e). These results indicate that activation of MC4R
in vivo is sufficient to enhance LTP induction in the mouse hip-
pocampal CA1 region, suggesting that activation of MC4R may
improve hippocampus-dependent learning and memory.

Discussion
MC4R is well known to regulate food intake and energy balance
within the hypothalamus, but whether this receptor functions in
other brain regions has just begun to be unraveled. Detection of
prominent MC4R expression in the hippocampus prompted us
to speculate that this melanocortin receptor subtype modulates
higher cognitive brain functions, such as learning and memory.
In this study, we report that MC4R in postsynaptic neurons of the
hippocampus is important for both structural and functional
synaptic plasticity. Whereas the basal level of MC4R is critical for
the maintenance of dendritic spine structure and GluA1 content
in the spines, activation of the receptor promotes dendritic spine
maturation and enhances surface insertion of GluA1-containing
AMPA receptors, revealing the essential role of MC4R in regulat-
ing the plasticity of excitatory synapses. Importantly, MC4R is
critical for maintaining spine integrity in the CA1 region of hip-

Figure 5. MC4R activation is important for maintaining dendritic spine morphology and enhancement of LTP in vivo. a– c,
MC4R knockdown reduced volume of dendritic spines in mouse CA1 hippocampus. a, Representative images. b, Cumulative
distribution of dendritic spine volume. Con, Control. c, Length of spines and spine necks. Data were expressed as mean � SEM;
**p � 0.01, ***p � 0.001 (n � 4 –5; Student’s t test). d, e, Intraperitoneal injection of MC4R agonist D-Tyr MTII or MTII enhanced
LTP in mouse CA1 region. d, Plots of normalized fEPSP slope measurement (mean�SEM). e, Quantification of fEPSP slope increase
at 1 h after LTP induction (mean � SEM; *p � 0.05 versus control; one-way ANOVA with Student-Newman–Keuls test).
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pocampus, and in vivo delivery of MC4R agonist is sufficient to
facilitate LTP in CA1 region. Given that the increase of synaptic
strength and LTP are positively associated with learning and
memory, our findings have uncovered a new role of MC4R in the
hippocampus, revealing a novel molecular link between learning
functions and energy metabolism.

Emerging studies have revealed the pivotal roles of various
neuromodulators, such as dopamine, serotonin, and norepi-
nephrine, in regulating learning and memory through interac-
tion with their respective subfamilies of GPCRs. Prominent
expression of melanocortin peptides and their cognate GPCR
MC4R in hippocampal circuit has been reported for nearly two
decades (Gantz et al., 1993; Siljee-Wong, 2011), yet the roles of
the melanocortin system in hippocampus remained unexplored.
Our findings provide the first evidence that activation of MC4R
at hippocampal excitatory synapses is critical for the regulation of
cellular mechanisms underlying learning and memory. The
melanocortin system in hypothalamus is under precise control of
various signaling pathways, such as leptin signaling (Shimizu et
al., 2007). In particular, leptin increases mRNA level of the �-MSH
precursor POMC, which in turn enhances production of �-MSH
(Balthasar et al., 2004). Given that leptin signaling facilitates activity-
dependent synaptic plasticity and hippocampus-dependent learning
and memory (Harvey et al., 2006), it will be of interest to examine
whether leptin regulates hippocampal plasticity through modu-
lating MC4R signaling, or whether melanocortin and leptin sys-
tems elicit independent and additive effects on learning and
memory.

Morphological changes of dendrite spines, together with
functional modification of synapses, underlie synaptic plasticity
as well as learning and memory (Kozorovitskiy et al., 2005).
Strengthening of excitatory synapses is attributed to synaptic ac-
cumulation of AMPA receptors and enlargement of dendritic
spines. The major postsynaptic signaling mechanisms that un-
derlie synaptic potentiation and spine enlargement include in-
creased surface trafficking and synaptic insertion of AMPA
receptor and actin remodeling of spines. Stimulation of MC4R
triggers the activation of PKA signaling through coupling of G�s

and adenylyl cyclase (Siljee-Wong, 2011). It is noteworthy that
PKA is critical for hippocampus-dependent synaptic plasticity
through direct phosphorylation of synaptic proteins or neu-
rotransmitter receptors, such as the AMPA receptor subunit
GluA1 (Abel and Nguyen, 2008). In particular, the PKA-
dependent phosphorylation of GluA1 at Ser 845 is required for
synaptic insertion of the receptor, thereby promoting memory
formation and consolidation (Monfils et al., 2009). Here, we
show that G�s-cAMP-PKA signaling mediates the action of
MC4R on the regulation of neurotransmission and LTP, thus
providing the first experimental evidence to support the role of
MC4R-PKA signaling in learning and memory. Nonetheless, the
detailed mechanisms underlying the coordinated structural and
functional changes of the synapses following MC4R activation
await further investigation. For example, the PKA-dependent
phosphorylation and synaptic incorporation of GluA1 may di-
rectly trigger the enlargement of dendritic spines (Kopec et al.,
2007). Alternatively, PKA signaling regulates dendritic spine
morphology through phosphorylation of various candidate actin
regulators, such as Rac1 GEF Tiam2, WAVE1, and RhoA (Ethell
and Pasquale, 2005). Furthermore, MC4R may also contribute to
synaptic plasticity and memory formation through regulating
cAMP response element-binding (CREB)-dependent gene tran-
scription (Bito and Takemoto-Kimura, 2003). In this context, it
is noteworthy that reduction of MC4R signaling results in down-

regulation of bdnf mRNA in the ventromedial hypothalamus,
and blockade of activation of BDNF and its cognate receptor
TrkB abolishes the action of MC4R in food uptake (Xu et al.,
2003). In the hippocampus, dendritic spine remodeling requires
BDNF/TrkB signaling (Lai et al., 2012), which can be modulated
by cAMP gating (Ji et al., 2005). Given that cAMP-PKA-
dependent regulation of the BDNF/TrkB signaling is involved in
various stages of memory formation, such as memory acquisition
and consolidation (Yamada and Nabeshima, 2003; Monfils et al.,
2007), it will be of interest to examine whether MC4R modulates
hippocampal synaptic plasticity, learning, and memory through
its effect on the BDNF/TrkB pathway.

The importance of MC4R in hippocampal synaptic plasticity
revealed in the present study suggests that alteration of the mela-
nocortin system can result in cognitive dysfunctions. It has been
reported that levels of �-MSH are reduced in the cerebrospinal
fluids of patients with dementia of the Alzheimer type and, upon
aging, �-MSH-positive nerve fibers terminate in the brain areas
involved in Alzheimer’s disease (AD) (Rainero et al., 1988). In
addition, �-MSH can protect rat hippocampus from interleukin-
1�-induced memory impairment, possibly through MC4R
(Gonzalez et al., 2009). Thus, it will be of interest to further
characterize the physiological functions of the melanocortin sys-
tem in hippocampus, in particular by dissecting the role of MC4R
in learning and memory, as well as in the progression of cognitive
deficits in AD. It is tempting to speculate that pharmacological
agents that can increase �-MSH level or enhance activation of
MC4R can potentially be developed into therapeutic strategies
for cognitive deficits associated with aging or AD.
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