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It remains largely unknown whether and how hunger states control activity-dependent synaptic plasticity, such as long-term potentiation
(LTP) and long-term depression (LTD). We here report that both LTP and LTD of excitatory synaptic strength within the appetite control
circuits residing in hypothalamic arcuate nucleus (ARC) behave in a manner of hunger states dependence and cell type specificity. For
instance, we find that tetanic stimulation induces LTP at orexigenic agouti-related protein (AgRP) neurons in ad libitum fed mice,
whereas it induces LTD in food-deprived mice. In an opposite direction, the same induction protocol induces LTD at anorexigenic
pro-opiomelanocortin (POMC) neurons in fed mice but weak LTP in deprived mice. Mechanistically, we also find that food deprivation
increases the expressions of NR2C/NR2D/NR3-containing NMDA receptors (NMDARs) at AgRP neurons that contribute to the induc-
tions of LTD, whereas it decreases their expressions at POMC neurons. Collectively, our data reveal that hunger states control the
directions of activity-dependent synaptic plasticity by switching NMDA receptor subpopulations in a cell type-specific manner, providing
insights into NMDAR-mediated interactions between energy states and associative memory.
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Introduction
Synapses have a potential memory capacity through the alterations
of synaptic strength, such as activity-dependent synaptic plasticity
(Gordon and Bains, 2006). For instance, long-term potentiation
(LTP) and long-term depression (LTD) are two types of synaptic
plasticity, persistent opposite modifications of synaptic strength

(Martin et al., 2000). One of the mechanisms underlying the bidirec-
tional synaptic alterations is the specific afferent stimulation that
produces LTP or LTD by activating different NMDA receptor sub-
units (Hrabetova et al., 2000). NMDA receptors consist of glycine-
binding NR1, glutamate-binding NR2, and the most recently
discovered glycine-binding NR3 subunits (Dingledine et al., 1999).
Activation of distinct subpopulations of NMDA receptors deter-
mines the directions of the alterations of synaptic strength, such as
LTP and LTD. For instance, NR2A/NR2B-containing NMDA
receptors contribute to LTP induction, whereas NR2C/NR2D-
containing NMDARs contribute to LTD induction (Hrabetova et
al., 2000). Meanwhile, emerging evidence indicates that D-serine,
well known to enhance NMDAR-mediated currents by binding to
NR1 subunits (Wolosker et al., 1999; Stevens et al., 2003; Yang et al.,
2003; Mothet et al., 2005), exerted inhibitory effects on NR3-
containing receptors-mediated currents (Chatterton et al., 2002;
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Significance Statement

Based on the experiments performed in this study, we demonstrate that activity-dependent synaptic plasticity is also under the
control of energy states by regulating NMDAR subpopulations in a cell type-specific manner. We thus propose a reversible
memory configuration constructed from energy states-dependent cell type-specific bidirectional conversions of LTP and LTD.
Together with the distinct functional roles played by NMDAR signaling in the control of food intake and energy states, these
findings reveal a new reciprocal interaction between energy states and associative memory, one that might serve as a target for
therapeutic treatments of the energy-related memory disorders or vice versa.
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Awobuluyi et al., 2007). It was also reported that NR3-containng
NMDA receptors exerted negative regulations on the formation of
dendritic spines (Das et al., 1998) and synaptic functions (Ciabarra et
al., 1995; Sucher et al., 1995; Roberts et al., 2009). Moreover, the
NR3-containing receptors decreased the functions of NMDA recep-
tors by reducing Ca2� permeability (Das et al., 1998; Nishi et al.,
2001; Matsuda et al., 2003). Together, these results suggest that
NMDA receptors play distinct roles in regulating synaptic functions
and plasticity with different NMDA receptor subpopulations under
different conditions, such as energy surfeit and deficit, respectively.

Agouti-related protein (AgRP) and pro-opiomelanocortin
(POMC) neurons are two molecularly defined populations residing
in the hypothalamic arcuate nucleus (ARC), a key brain region that
control energy intake and expenditure. An extensive literature dem-
onstrates that AgRP and POMC neurons play distinct functions in
the control of food intake (Aponte et al., 2011; Atasoy et al., 2012;
Schneeberger et al., 2013), although these two populations are inter-
mingled in the ARC (Yang et al., 2011). For instance, food intake was
promoted by increasing the firing rate of AgRP neurons but reduced
by activating POMC neurons (Aponte et al., 2011). Interestingly,
recent studies reported that food deprivation enhanced excitatory
synapse transmissions at and firing rate of orexigenic AgRP neurons,
whereas it decreased them at anorexigenic POMC neurons (Yang et
al., 2011; Liu et al., 2012). These results demonstrate a reciprocal
interaction between energy states and synaptic functions of the ap-
petite control circuits.

However, an important but little explored area is whether and
how energy states control activity-dependent synaptic plasticity
that may serve as a cellular mechanism underlying learning and
memory (Bliss and Collingridge, 1993; Martin et al., 2000). To
study this, we performed whole-cell patch-clamp recordings at
AgRP and POMC neurons in the acute brain slices that contain
hypothalamic ARC and ventromedial hypothalamus (VMH) in
NPY-hrGFP and POMC-EGFP transgenic mice, respectively. Te-
tanic stimulation of the presynaptic afferents onto AgRP and
POMC, respectively, was applied to induce long-term synaptic
plasticity. We find that LTP is induced at AgRP neurons in ad
libitum fed mice, whereas the same induction protocol induces
LTD in food-deprived mice; by contrast, the tetanic stimulation
induces LTD at POMC neurons in ad libitum fed mice, whereas it
induces weak LTP in the deprived mice. Mechanistically, we also
find that food deprivation switches the expressions of NMDAR
subpopulations in a cell type-specific manner. Based on these
results, we propose a memory device for physiological state con-
structed from experience-dependent cell type-specific synaptic
plasticity, one that is flipped between synaptic potentiation and
depression of the appetite control circuits under the conditions of
energy surfeit and deficit, respectively.

Materials and Methods
Experimental protocols were conducted according to National Institutes
of Health guidelines for animal research and were approved by the Insti-
tutional Animal Care and Use Committee at State University of New
York Upstate Medical University. Food deprivation was for 24 h, starting
at 09:00 without food supply but with free access to water.

For the experiments performed in Figure 5 and Figure 9A, B, the experi-
menter was blinded to the identity of the deprivation state of the animal.

Animals. All NPY-hrGFP and POMC-EGFP transgenic mice were pur-
chased from The Jackson Laboratory. The transgenic mice were geno-
typed for Gfp. Only male mice (age 6 – 8 weeks) were used. Every five
mice were housed in one cage on a 12 h light (07:00)/dark (19:00) cycle
with ad libitum access to water and mouse chow (PicoLab Rodent Diet
20, 5053 tablet, TestDiet) unless otherwise noted. The mice were single-
caged at least 1 week before performing the experiments.

Pharmacology. All chemicals were purchased from Sigma, except as
follows. PPDA [(2S�, 3R�)-1-(phenanthren-2-carbonyl) piperazine-2,
3-dicarboxylic acid] and threo ifenprodil hemitartrate [(1S�,2S�)-threo-
2-(4-benzylpiperidino)-1-(4-hydroxyphenyl)-1-propanol hemitartrate]
were purchased from Tocris Bioscience. Chemicals were applied to brain
slices through the bath by addition to the circulating perfusion solution.

Slice preparation. All the experiments were performed in the early light
period with brain slices prepared at 09:00. Acute brain slices that include
hypothalamic ARC and VMH were prepared as described in our previous
work (Yang et al., 2011, 2015). Briefly, mice were deeply anesthetized
with isoflurane and decapitated. The mouse brains were dissected rapidly
and placed in ice-cold oxygenated (95% O2 and 5% CO2) solution con-
taining the following (in mM): 110 choline chloride, 2.5 KCl, 1.25 mM

NaH2PO4, 2 CaCl2, 7 MgSO4, 25 D-glucose, 3.1 Na-pyruvate, and 11.6
Na-L-ascorbate, pH 7.3. Coronal brain slices (260 �m thick) were cute
with a vibratome (Leica VT 1000S) and maintained in an incubation
chamber for 34°C for 30 min, and then brought to room temperature
until transferred to a recording chamber. During experiments, an indi-
vidual slice was transferred to a submersion-recording chamber and was
continuously perfused with the recording solution containing the follow-
ing (in mM): 119 NaCl, 25 NaHCO3, 11 D-glucose, 2.5 KCl, 1.25 MgCl2, 2
CaCl2, and 1.25 NaH2PO4, aerated with 95% O2/5% CO2 (1–2 ml/min at
26°C–28°C), except where noted. Typically, three brain slices containing
both VMH and the ARC were obtained for each animal. GFP-labeled
AgRP and POMC neurons were identified using a Nikon microscope by
fluorescence emission and then visually targeted with infrared gradient
contrast optics.

Electrophysiology. All experiments were performed in the presence of
GABAA receptor antagonist picrotoxin (50 �M). Neurons were patched
using electrodes with tip resistances at 2.0 –3.0 M�. Recording pipettes
were routinely filled with a solution containing the following (in mM):
125 K-gluconate, 15 KCl, 10 HEPES, 8 NaCl, 4 Mg-ATP, 0.3 Na-GTP, 10
Na2-phosphocreatine, 2 EGTA, pH 7.30, except where noted. Whole-cell
patch-clamp recordings were made at AgRP and POMC neurons in the
ARC. The holding potential for voltage-clamp recordings was �60 mV,
and responses were digitized at 10 kHz. Neurons with series resistances
�30 M� and access resistances �1 G� were used for recordings. As
described previously (Yang et al., 2011), EPSCs were evoked with an
isolated Pulse Stimulator (WPI) using a concentric bipolar electrode
(FHC, CBAEC75) placed at ventrolateral, middle, or ventromedial seg-
ment of the border between ARC and VMH. EPSCs with amplitudes in
the range of 50 –100 pA were elicited by 0.1 ms electrical stimuli (100 –
300 �A) every 20 s. Activity-dependent synaptic plasticity was induced
using one train of tetanic stimuli consisting of 100 pulses at 100 Hz or at
50 Hz while the neurons were held at �60 mV. Data were accepted for
analysis only when postsynaptic currents did not vary beyond 15% of the
averaged values during the control period, and the input resistance re-
mained constant throughout the whole experiment.

In the experiments when the ratios of NMDAR/AMPAR were calcu-
lated, EPSCs with both NMDAR and AMPAR components were re-
corded in Mg 2�-free extracellular medium while the neurons were held
at �60 mV. To calculate the NMDARs-mediated synaptic currents
(NMDAR-EPSCs), the evoked total EPSCs (average of 15–30 trials) at
baseline subtracted from the AMPAR-mediated EPSCs (AMPAR-EPSCs;
average of 15–30 trials) recorded during the stable state starting at 5 min
after blockade of NMDARs by APV (50 �M). As an independent mea-
surement, NMDAR and AMPAR components of EPSCs were also calcu-
lated temporally based on their distinct kinetics (Hestrin et al., 1990;
Watt et al., 2000; Yang et al., 2003). For instance, the amplitudes of
NMDAR-EPSCs were calculated in a time window between 10 and 20 ms
after the peak of AMPAR-mediated currents, which has a fast rising time
�1 ms. The EPSCs were recorded using MultiClamp 700B amplifier and
analyzed with pClamp 10.0 (Molecular Devices). In most cases, rec-
ordings were initiated 5 min after the whole-cell configurations were
established.

Immunofluorescence assays and imaging. The ad libitum fed and food-
deprived NPY-hrGFP and POMC-EGFP mice were perfused by using 4%
PFA in PBS, and the mouse brains were sectioned. Briefly, the mice were
deeply anesthetized with ketamine and then perfused transcardially with
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PBS, pH 7.4, followed by 4% PFA in PBS. Brains were removed and
placed in 4% PFA overnight. Hypothalamic coronal brain sections (40
�m), including medial basal hypothalamus, were sectioned by using Cry-
ostat (Leica) or vibratome (Leica VT 1000S) for immunostaining and
subsequent imaging.

For NR3A and NR3B subunit immunofluorescence assays, the brain
sections that contain the ARC were stained using rabbit anti-NR3A or
NR3B antibodies. Briefly, the brain sections were washed three times in
PBS for 10 min each time and subsequently switched to the blocking
solution in PBS containing 1% BSA for 1 h. The brain sections were then
incubated overnight at 4°C with the primary antibody rabbit anti-NR3A-
conjugated fluorophore Alexa-555 (1:300 and overnight, Bioss) or rabbit
anti-NR3B-conjugated fluorophore Alexa-647 (1:300 and overnight,
Bioss), respectively, which were diluted in PBS supplemented with 1%
BSA. The brain sections were then rinsed three times in PBS and
mounted on glass slides using mounting medium (Southern Biotechnol-
ogy), and coverslipped for imaging. Of note, in all the aforementioned
solutions, Triton X-100 was not added in order not to break the cell
membrane because we focused on staining the membrane surface NR3A
and NR3B subunits at AgRP and POMC neurons, respectively.

Image analysis was performed blind with the person analyzing the
images having no knowledge of the identity of the samples during the
analysis. Confocal images (4 �m thickness, 8 –10 images) were taken
using 40� objective at a resolution of 512 � 512 or 1024 � 1024 pixels
per frame, and an average of two was used. The GFP-positive neurons
were counted in a single section at the center of the stack to collect most
of the GFP-positive neurons in each brain section. For each mouse, GFP-
positive neurons were counted from two or three brain sections at the
center of the ARC. To measure fluorescence signal intensity of the surface
NR3A and NR3B at AgRP and POMC neurons in fed and food-deprived
mice, respectively, an automated image analysis software based on Im-
ageJ was used to quantify changes in the signal intensity of surface NR3A
and NR3B at AgRP and POMC neurons. Briefly, the images were first
thresholded to eliminate background fluorescence, and the integrated
fluorescence intensity on each GFP-labeled neuron was automatically
measured. According to the soma size of AgRP and POMC neurons, we
set the size of the analyzer particles as 50 �m 2 in our experimental con-
ditions so that the majority of the GFP-labeled neurons were counted
with precluding the small segment of GFP-labeled dendrite or the cut
neuronal soma. Using the described criteria, the GFP-labeled neurons

Figure 1. Comparing synaptic plasticity induced by tetanic stimulation at AgRP and POMC neurons in fed and food-deprived mice. A1–A3, Phase-contrast images showing the positions of
stimulating electrodes (SE) and recording pipette (RP) placed in the acute brain slices that include VMH and hypothalamic ARC. A1, Ventromedial (VM). A2, Middle (M). A3, Ventrolateral (VL). 3rd V,
Third ventricle. B, Tetanic stimulation induced LTP at AgRP neurons in ad libitum fed mice (n � 10 slices/5 mice). C, Tetanic stimulation induced LTD at AgRP neurons in food-deprived mice (n �
15 slices/7 mice). D, LTD was induced by tetanic stimulation at POMC neurons in ad libitum fed mice (n � 6 slices/3 mice). E, Weak LTP was induced at POMC neurons in food-deprived mice (n �
8 slices/4 mice). F, Dependence of LTP induction at AgRP neurons in fed mice. LTP induction at AgRP neurons in fed mice was blocked in the presence of NMDAR antagonist APV (50 �M) (n�7 slices/3
mice). Data represent averages from all the experiments. The amplitude of EPSCs was normalized by the mean amplitude observed during the control period (I) (t ��10 to 0 min). The percentage
changes of the amplitude of averaged EPSCs recorded at 20 –30 min after induction are as below: for AgRP neurons (B, Fed: 1.49 	 0.07; C, Dep: 0.71 	 0.04; F, Fed/APV: 0.84 	 0.06; p � 0.001,
compared with Fed group), and for POMC neurons (D, Fed: 0.80 	 0.07; E, Dep: 1.07 	 0.06; p � 0.01). Arrows indicate the time of tetanic stimulation. Traces represent samples of averaged EPSCs
from one experiment during the control period (I) and at 20 –30 min after tetanic stimulation (II) (30 trials for each). Scale bars: photo images, 500 �m. Calibration: recording traces, 100 pA, 10 ms.
Dep, Food deprivation.
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were automatically selected and analyzed for the signal intensity of NR3A
and NR3B. We normalized the surface intensity of NR3A and NR3B at
the soma of AgRP and POMC neurons in deprived mice, respectively, to
that obtained in fed mice for each group. Images were acquired and
analyzed using LSM (Zeiss Confocal 710) and ImageJ software.

Single-cell gene expression profiling and analysis. As described in Elec-
trophysiology, acute brain slices that contain ARC were prepared from
fed and food-deprived mice. We followed the procedures as detailed in
the documents of Single Cell-to-Ct Kit (Invitrogen) and the previous
report (Jennings et al., 2013) with minor revisions. Briefly, the patch
electrodes (2.0 –3.0 M�) were autoclaved to remove any possible con-
taminants and then backfilled with an internal solution containing the
following (in mM): 125 K-glutamate, 2 EGTA, 10 HEPES, 1.5 MgSO4 in
RNase- and DNase-free water. A total of 5 �l of RNase inhibitor was
added per 1 ml of the internal solution. Whole-cell patch-clamp config-
urations were made at the neurons using the same criteria as described in
Electrophysiology. The cytoplasm of the recorded neuron was slightly

aspirated by applying negative pressure for 
5–10 s, and the whole-cell
configuration was monitored during aspiration to prevent extracellular
contamination. Immediately after finishing aspiration and waiting 
10 s
in order not to aspire extracellular solution by releasing the remaining
negative pressure in the recording pipette, the pipette tip was pulled from
the recorded neuron and broken into an RNase-free PCR tube. Approx-
imately 3 �l of internal solution containing cytoplasmic material was
then injected into the RNase-free PCR tune using positive pressure. The
silver wire located inside the recording pipette was wiped with alcohol
wipes in between each neuron to minimize cross sample contamination.
After each 5 consecutive aspirations, a pipette was lowered into the tissue
without aspiration and processed as above, which was designated as the
tissue-stick control.

Extracted cell samples were profiled using the Single Cell-to-Ct Kit
(Invitrogen). Briefly, cell contents were prepared individually in lysis
solution with DNase I. The volume of the mixture Cell Lysis:DNase I
solution (9:1) was adjusted to compensate for the added volume of each

Figure 2. Dependence of LTP and LTD inductions at AgRP and POMC neurons in fed and deprived mice on NMDAR subpopulations. Identical to the data shown in the Figure 1, the inductions of
LTP (A) and LTD (B) were repeated at AgRP neurons in fed and deprived mice, respectively, with presynaptic afferent stimulation of 100 pulses at 50 Hz in 5 mM glucose. C, LTP induction in fed mice
was diminished in the presence of NR2A-selective blocker Zn 2�. D, LTD induction in food-deprived mice was abolished in the presence of NR2C/NR2D-selective blocker PPDA. E, F, In the same
conditions as mentioned above, the inductions of LTD (E) and weak LTP (F ) were repeated at POMC neurons in fed and deprived mice, respectively. G, Treatments of the brain slices with PPDA
diminished the induction of LTD at POMC neurons in fed mice. H, Summary of results from all experiments in A–G. The relative EPSC amplitude was measured by the mean amplitude of EPSCs at
20 –30 min after induction, normalized in each neuron by the mean EPSC amplitude observed during the control period (�10 to 0 min) (AgRP/Fed: 1.59 	 0.18, n � 14 slices/6 mice; AgRP/Fed/Zn:
1.03 	 0.02, n � 7 slices/3 mice; AgRP/Dep: 0.66 	 0.06, n � 8 slices/4 mice; AgRP/Dep/PPDA, 1.04 	 0.08, n � 7 slices/3 mice; POMC/Fed: 0.72 	 0.08, n � 9 slices/4 mice; POMC/Dep: 1.13 	
0.12, n � 8 slices/3 mice; POMC/Fed/PPDA: 1.09 	 0.05, n � 6 slices/3 mice). Dep, Food deprivation. *p � 0.05, **p � 0.01, ***p � 0.001 (Student’s unpaired t test).
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extracted cell sample. For example, 8 �l of the mixture was further mixed
together with 2 �l of each extracted cell sample for 5 min at room tem-
perature, and 1 �l of the stop solution was subsequently added. We kept
the total volume of each lysed sample solution as 11 �l as required in the
Kit for the reverse transcription. We next performed transcription of
RNA to cDNA, followed by a multiplexed preamplification of the target
genes using TaqMan Gene Expression Assays (Invitrogen). The target
genes were NR3A and Rn18s (control). The housekeeping gene Rn18s
was not preamplified to avoid reduced amplification of the other genes in
the sample due to its high abundance in all cells. qPCR was next per-
formed to obtain the cycle threshold (Ct) values of the target gene by
using a Bio-Rad CF X384 instrument using recommended amplification
parameters for TaqMan-based probes. Three times replications from
each sample were performed as well as those from tissue-stick control on
the same 384-well plate.

The Ct, the number of cycles required for the fluorescent signal to cross
the threshold (background level as deigned in the Kit), was calculated for
each sample. The Ct values are opposite proportional to the amount of
the target gene in the sample (the lower the Ct value, the more amount of
the target gene in the sample). The cells were not included for analysis
if their qPCR Ct values were not consistent across the three technical

replications or the Ct values were �15 or �35. Tissue-stick controls did
not display any gene expression. For each sample, we normalized the Ct

value of the target gene to that of the house-gene Rn18s to minimize the
difference caused by the volume of each collected sample. Relative nor-
malized Ct values to the samples from fed mice were used to determine
the influence of food deprivation on the expression of the target gene
NR3A.

Statistical analysis. Data are represented as mean 	 SEM, and error
bars indicate SEM. Statistical analyses were performed by use of Prism 6.0
software (GraphPad). p values were calculated by unpaired two-tailed
Student’s t test.

Results
Bidirectional regulations of synaptic plasticity at AgRP and
POMC neurons by food deprivation
To examine the ability of food deprivation to control activity-
dependent synaptic plasticity, such as LTP and LTD, whole-cell
patch-clamp recordings were made at AgRP and POMC neurons,
respectively, in the acute brain slices that include both VMH and
ARC. AgRP and POMC neurons were identified using the tagged

Figure 3. Analysis of NMDAR-mediated EPSCs and NMDAR subpopulations at AgRP neurons in fed and deprived mice. A1, Top, A sample of averaged EPSCs (
15 trials at the steady state for each
condition) recorded at AgRP neurons in fed mice before (control) and during the subsequent treatments with Zn 2� (200 nM), Ifen (10 �M), PPDA (1.0 �M), and APV (50 �M). A1, Bottom, A
representative sample of time-dependent changes of the amplitude of total EPSCs recorded before and during the treatments as indicated by the lines in different colors. A2, Top, A sample of
NMDAR-EPSCs obtained with subtracting the AMPAR-EPSCs (in APV) from the EPSCs during the control period (
15 trials at the steady state for each condition) as shown in A1. A2, Bottom, A
representative sample of time-dependent changes of the amplitude of NMDAR-EPSCs recorded before and during the treatments as indicated by the colored lines. A1, A2, Top traces and the bottom
plotting were from the same neuron. B, Summary of NMDAR-EPSCs to AMPAR-EPSCs ratio (termed as NMDAR/AMPAR ratio) from the experiments in A (Ctr: 0.32 	 0.07; Zn: 0.17 	 0.03; Zn/Ifen:
0.13 	 0.02; Zn/Ifen/PPDA: 0.10 	 0.02; n � 6 –14 slices/3– 6 mice). C1, A sample of averaged EPSCs (
15 trials at the steady state for each condition) recorded at AgRP neurons in deprived mice
before (control) and during the subsequent treatments with Zn (200 nM), Ifen (10 �M), PPDA (1.0 �M), and APV (50 �M). C2, A sample of NMDAR-EPSCs obtained with subtracting the AMPAR-EPSCs
(in APV) from the EPSCs during the control period (
15 trials at the steady state for each condition) as shown in C1. C1, C2, The traces were from the same neuron. D, Summary of NMDAR-EPSCs to
AMPAR-EPSCs ratio (termed as NMDAR/AMPAR ratio) from the experiments in C (Ctr: 0.33 	 0.03; Zn: 0.21 	 0.02; Zn/Ifen: 0.15 	 0.02; Zn/Ifen/PPDA: 0.08 	 0.01; n � 10 –14 slices/4 – 6 mice).
*p � 0.05, significant differences between the groups (t test). **p � 0.01, significant differences between the groups (t test). ***p � 0.001, significant differences between the groups (t test).
Calibration: A1, A2, C1, C2, 10 pA, 20 ms. n.s., Not significant. Data are mean 	 SEM.
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GFP under fluorescent microscopy equipped with the electro-
physiology recording rig. For instance, AgRP neurons were iden-
tified for recordings in the acute brain slices as coexpression of
NPY in the neurons of NPY-hrGFP transgenic mice (Hahn et al.,
1998). The stimulating electrode was randomly placed at ventro-
medial, middle, or ventrolateral part of the border between VMH
and ARC (Fig. 1A1–A3).

We observed that one train of tetanic stimulation (100 pulses
at 100 Hz) of the presynaptic fibers induced robust LTP of excit-
atory synapse transmissions at AgRP neurons in ad libitum fed
mice while the neurons were held at �60 mV in voltage-clamp
mode during induction (Fig. 1B), whereas the same protocol
induced LTD in the mice with 24 h food deprivation (Fig. 1C). As
shown in Figure 1B, the amplitude of EPSCs recorded at AgRP
neurons in fed mice was significantly increased after induction.
By contrast, when the same protocol was applied to the AgRP
neurons in deprived mice, the amplitude of EPSCs was signifi-
cantly decreased after the induction (Fig. 1C). We did not observe
apparent difference in the inductions of LTP and LTD with plac-
ing the stimulating electrodes at different positions, so we plotted

the data together for each group. Interestingly, in an opposite
direction, the same induction protocol induced LTD at POMC
neurons in fed mice (Fig. 1D), whereas it induced weak LTP in
deprived mice (Fig. 1E).

Dependence of the inductions of LTP and LTD on NMDA
receptor subpopulations
Next, we examined whether LTP and LTD inductions at AgRP
and POMC neurons depended on NMDA receptors. We find that
LTP induction at AgRP neurons in fed mice was dependent on
NMDA receptor activation because bath application of NMDAR
antagonist APV (50 �M) completely abolished LTP induction
(Fig. 1F). Meanwhile, to exclude the possibility that the glucose
levels and the induction protocol might influence the hunger
states-dependent activity-induced synaptic plasticity, we per-
formed the similar experiments in the glucose level at 5 mM close
to physiological conditions using another induction protocol
consisting of 100 pulses at 50 Hz. Under these conditions, we
observed that LTP and LTD were still induced at AgRP neurons
in fed and deprived mice, respectively (Fig. 2A,B,H), identical to

Figure 4. Food deprivation decreased the surface expressions of NR2C/NR2D-containing NMDARs at POMC neurons. A, B, Top, Representative averaged AMPAR-EPSCs and NMDAR-EPSCs (
15
trials at the steady state for each condition) recorded at POMC neurons in the fed mice before (control) and during the treatments with Ifen (10 �M), PPDA (1.0 �M), APV (50 �M), and washout.
Bottom, Representative plotting of time-dependent changes of the amplitude of AMPAR-EPSCs and NMDAR-EPSCs recorded before and during the treatments as indicated by the colored lines. C,
Summary of NMDAR/AMPAR ratio from the experiments performed at POMC neurons in fed mice (Ctr: 0.39 	 0.04; Ifen: 0.36 	 0.04; Ifen/PPDA: 0.13 	 0.03; n � 12 slices/5 mice). D, Summary
of NMDAR/AMPAR ratio from the experiments performed at POMC neurons in food-deprived mice (Ctr: 0.26	0.04; Ifen: 0.22	0.03; Ifen/PPDA: 0.19	0.03; n �10 slices/4 mice). ***p �0.001,
significant differences between the groups. n.s., not significant.
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data presented in Figure 1. Similarly, we observed that LTD and
weak LTP were induced at POMC neurons in fed and deprived
mice, respectively (Fig. 2E–G).

Moreover, we observed that the induction of LTP at AgRP
neurons in fed mice was blocked in the presence of NR2A-
selective blocker Zn (Fig. 2C,H), whereas the induction of LTD in
deprived mice was abolished in the presence of NR2C/D-subunit
selective blocker PPDA (Fig. 2D,H). Also, treatment of the brain
slices with PPDA blocked LTD induction at POMC neurons in
fed mice (Fig. 2G,H). Collectively, our results demonstrate that
activity-induced synaptic plasticity of the excitatory synapse
transmissions in the ARC is under the control of hunger states in
a cell type-specific manner probably through NMDA receptor
subunits switching.

Bidirectional switch of NMDA receptor subpopulations by
hunger states
We next sought to probe the molecular mechanism underlying
hunger states-dependent cell type-specific control of LTP and
LTD inductions at AgRP and POMC neurons, respectively. We
predict that the surface expressions of NMDAR subpopulations
are also under the control of hunger states because it is well dem-
onstrated that one mechanism for bidirectional conversion be-
tween LTP and LTD is activation of distinct NMDAR
subpopulations (Hrabetova et al., 2000; Paoletti et al., 2013). For
instance, NR2A-containing NMDARs contribute to LTP induc-
tion, whereas NR2C/D-containing NMDARs contribute to LTD
induction (Hrabetova et al., 2000; Paoletti et al., 2013). To test
this prediction, we performed pharmacological experiments to

identify the NMDAR subunits at AgRP and POMC neurons and
examine how hunger states control the NMDAR populations.

Whole-cell voltage-clamp recordings were made at AgRP and
POMC neurons while held at �60 mV in the absence of Mg 2� so
that both AMPAR-EPSCs and NMDAR-EPSCs were evoked us-
ing the stimulating electrode placed at the dorsal edge of the ARC.
Interestingly, we observed long-lasting NMDAR components of
the evoked EPSCs at a few of AgRP neurons in fed mice while at
more than half of the recorded neurons in the deprived mice,
predicting that food deprivation probably induced synaptic in-
corporations of NR2C/NR2D subpopulations at AgRP neurons.
To verify this prediction, we calculated the ratios of NMDAR-
EPSCs and AMPAR-EPSCs as previously reported (Hestrin et al.,
1990; Watt et al., 2000; Yang et al., 2003). As expected, we ob-
served that addition of Zn (200 nM; a NR2A-selective antagonist)
(Paoletti et al., 1997, 2013) to the circulating aCSF significantly
reduced the amplitude of NMDAR-EPSCs in both fed and food-
deprived mice (Fig. 3A–D), indicating that the NR2A subunits
were expressed at AgRP neurons in both fed and deprived mice.
Interestingly, subsequent addition of ifenprodil (10 �M; a selec-
tive NR2B antagonist) (Williams, 1993) and PPDA (0.5 �M; a
NR2C/NR2D-selective blocker) (Hrabetova et al., 2000) induced
further significant reductions in NMDAR-EPSCs at AgRP neu-
rons in deprived mice (Fig. 3C,D) but not in fed mice (Fig. 3A,B).
Together, these results indicate that food deprivation increased
synaptic incorporations of NR2C/NR2D subunits at AgRP neu-
rons to counter-regulate NR2A-mediated LTP induction, one of
the reasons that food deprivation diminished LTP inductions at
AgRP neurons.

Figure 5. Immunofluorescence assays of NR3A- and NR3B-containing NMDARs at AgRP and POMC neurons in fed and deprived mice. A1, Representative confocal image of AgRP neurons
expressing hrGFP (green) in brain slice of NPY-hrGFP mice. A2, A schematic illustration of the automatically selected AgRP neurons expressing fluorescent protein hrGFP (circles). B1, Immunostaining
of NR3A with anti-NR3A-conjugated with fluorophore Alexa-555 (red). B2, An illustration showing the automatically selected AgRP neurons expressing both hrGFP and NR3A (white). C, Image
showing the merged AgRP neurons (yellow) expressing both hrGFP and NR3A as presented in A1 and B1 from the same brain section. D, Summary of the results from all experiments, including
immunostaining of NR3A and NR3B at AgRP and POMC neurons in fed and deprived mice, respectively. Data were normalized to the averaged signal intensity from fed mice for each group
(Fed/AgRP/NR3A: 1.0 	 0.03, n � 295 neurons/11 slices/3 mice; Dep/AgRP/NR3A: 1.36 	 0.05, n � 381 neurons/9 slices/3 mice; Fed/AgRP/NR3B: 1.0 	 0.03, n � 491 neurons/12 slices/4 mice;
Dep/AgRP/NR3B: 1.48 	 0.06, n � 719 neurons/11 slices/4 mice; Fed/POMC/NR3A: 1.0 	 0.06, n � 198 neurons/13 slices/5 mice; Dep/POMC/NR3A: 1.03 	 0.05, n � 186 neurons/19 slices/7
mice; Fed/POMC/NR3B: 1 	 0.04, n � 356 neurons/17 slices/7 mice; Dep/POMC/NR3B: 0.78 	 0.06, n � 114 neurons/12 slices/5 mice). The neurons are those expressing both GFP and NR3A or
NR3B for each group. **p � 0.01, significant difference from the fed mice for each group (t test). ***p � 0.001, significant difference from the fed mice for each group (t test).
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We next analyzed the NMDAR subpopulations at POMC
neurons using the similar approach. No apparent effects of ifen-
prodil on NMDAR component of EPSCs were observed in both
fed and deprived mice (Fig. 4A–D). Strikingly, subsequent addi-
tion of PPDA significantly decreased the NMDAR-EPSCs in fed
mice (Fig. 4A–C) but not in deprived mice (Fig. 4D). Meanwhile,
we observed that food deprivation decreased the ratios of
NMDAR to AMPAR at POMC neurons, compared the control
ratios of NMDAR to AMPAR between fed and deprived mice
(Fig. 4C,D). Together, these results indicate that food deprivation
decreased NR2C/NR2D-containing NMDARs at POMC neu-
rons, one reason that food deprivation converted LTD in fed mice
to weak LTP food-deprived mice (Figs. 1D,E, 2E–H).

Food deprivation increases NR3 subunits expressions at
AgRP neurons, whereas it decreases the expressions at POMC
neurons
We next examined whether food deprivation also affected the
expressions of NR3-containing receptors because NR3 subunit
exerted negative regulatory effects on the growth of dendritic
spines (Das et al., 1998) and synaptic functions (Ciabarra et al.,
1995; Sucher et al., 1995; Roberts et al., 2009), suggesting the
possibility that the changes in NR3 subunit expressions also con-
tributed to the bidirectional control of hunger states on cell type-
specific synaptic plasticity. Because of currently lacking NR3
subunit-selective blockers, we performed immunofluorescence
assays to determine the changes in the surface expressions of

NR3A and NR3B subunits at the soma of AgRP and POMC neu-
rons in fed and deprived mice, respectively.

We observed that food deprivation significantly increased the
fluorescence intensity of surface NR3A and NR3B subunits at
AgRP neurons, compared with fed mice (Fig. 5A–D). By contrast,
food deprivation decreased the expressions of NR3B subunits at
POMC neurons (Fig. 5D). Consistently, food deprivation in-
creased the percentage of the AgRP neurons expressing NR3 sub-
units to the total AgRP neurons (Fig. 6A,B), whereas it decreased
the percentage of POMC neurons expressing NR3 subunits to the
total POMC neurons (Fig. 6C,D). Together, these results indicate
that the expressions of NR3 subunits at AgRP and POMC neu-
rons are also under the control of hunger states, which at least in
part contributes to the hunger states-induced bidirectional regu-
lations on synaptic plasticity.

Bidirectional modulations of D-serine on synapse
transmissions at AgRP and POMC neurons
Next, we further examined the expressions of NR3A and NR3B
subunits on AgRP and POMC neurons with performing cell type-
specific electrophysiological and pharmacological studies. It is
well demonstrated that D-serine, binding to the glycine site on
NR1 subunit, facilitates NR1-containing NMDAR-mediated
currents (Wolosker et al., 1999; Stevens et al., 2003; Yang et al.,
2003; Mothet et al., 2005). Meanwhile, emerging evidence indi-
cated that D-serine reduced NMDA/glycine-evoked currents by
the receptors coexpressing NR1/NR2A/NR3A or NR3B (Cia-

Figure 6. Percentages of the AgRP and POMC neurons expressing both GFP and NR3A or NR3B in fed and deprived mice. A, Percentage of AgRP neurons expressing NR3A (Fed: 52.49 from 295 of
562 AgRP-hrGFP neurons; Dep: 84.48 from 381 of 451 AgRP-hrGFP neurons). B, Percentage of AgRP neurons expressing NR3B (Fed: 70.85 from 491 of 693 AgRP-hrGFP neurons; Dep: 83.12 from 719
of 865 AgRP-hrGFP neurons). C, Percentage of POMC neurons expressing NR3A (Fed: 50.51 from 198 of 392 POMC-EGFP neurons; Dep: 37.73 from 186 of 493 POMC-EGFP neurons). D, Percentage of
POMC neurons expressing NR3B (Fed: 78.41 from 356 of 454 POMC-EGFP neurons; Dep: 47.70 from 114 of 239 POMC-EGFP neurons).
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barra et al., 1995; Sucher et al., 1995; Nishi et al., 2001; Chatterton
et al., 2002). We thus proposed that D-serine could inhibit
the excitatory synapse transmissions at AgRP and POMC neu-
rons expressing NR3 subunits. To test this, we evoked EPSCs at
AgRP and POMC neurons, respectively, in fed and deprived
mice, and found that addition of D-serine (100 �M) in the circu-
lating aCSF facilitated excitatory synapse transmissions at AgRP
neuron in fed mice but not deprived mice (Fig. 7A,B). By con-
trast, the amplitude of EPSCs recorded at POMC neurons was
decreased with the treatment of D-serine in fed mice (Fig. 7C) but
increased in deprived mice (Fig. 7D).

As an independent experiment, we recorded NMDAR-EPSCs
in the presence of both zero Mg 2� and DNQX (2 �M; a selective
AMPA receptor antagonist) but not CNQX because CNQX
blocks glycine binding site on NMDA receptors. As indicated in
Figure 8, we observed that addition of D-serine (100 �M) in-
creased the amplitude of NMDAR-EPSCs at AgRP neurons but
decreased NMDAR-EPSCs recorded at POMC neurons in fed
mice, whereas D-serine decreased NMDAR-EPSCs at AgRP neu-
rons while increased NMDAR-EPSCs at POMC neurons in de-
prived mice. Moreover, we find that the NMDAR antagonist,
APV (50 �M), almost completely abolished the NMDAR-
mediated EPSCs recorded at AgRP neurons in fed mice (Fig. 8C),
whereas it exerted less effects on NMDAR-EPSCs in deprived
mice (Fig. 8D), consistent with the insensitivity of NR3 subunits
to APV (Chatterton et al., 2002). Together, these results further
demonstrate that hunger states also control the expressions of
NR3 subunits in a cell type-specific manner.

Discussion
In this study, we provide, for the first time, evidence that
hunger states control the directions of activity-dependent syn-
aptic plasticity, such as LTP, the most extensively studied form
of synaptic plasticity that may serve as a cellular mechanism
underlying learning and memory (Bliss and Collingridge,
1993; Martin et al., 2000). We report here that, in response to
tetanic stimulation of presynaptic afferents and alterations of
energy states, the excitatory synaptic strength at AgRP and
POMC neurons is distinctly rewired toward opposite direc-
tions of potentiation or depression, respectively. Our data
suggest that these synaptic dynamics endow the feeding
circuits in the ARC with reversible memory properties via
previously unknown hunger state-dependent cell type-
specific switching of NMDAR subpopulations.

The investigation of both hunger states- and activity-depe-
ndent synaptic plasticity would provide new insight into the un-
derstandings of the relationship between associative memory and
feeding behaviors. To study the ability for hunger states to mod-
ulate activity-dependent synaptic plasticity of the appetite con-
trol circuits in a physiological condition, we took advantage of the
ARC, a key brain region that controls energy intake and expen-
diture (Williams and Elmquist, 2012).

We find that tetanic stimulation of the presynaptic excitatory
afferents induces LTP at orexigenic AgRP neurons in ad libitum
fed mice, whereas it induces LTD at the functional distinct an-
orexigenic POMC neurons (Figs. 1, 2). Interestingly, the LTP

Figure 7. Bidirectional regulations of D-serine on excitatory synapse transmissions at AgRP and POMC neurons in fed and deprived mice. A, Addition of D-serine (100 �M) to the circulating aCSF
increased the amplitude of EPSCs recorded at AgRP neurons in fed mice (n � 11 slices/4 mice), whereas it did not exert apparent effects in food-deprived mice (B; n � 7 slices/3 mice). C, D-serine
significantly decreased the amplitude of EPSCs recorded at POMC neurons in fed mice (n �5 slices/3 mice). D, D-serine increased the amplitude of EPSCs at POMC neurons in food-deprived mice (n �
7 slices/3 mice).
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induced at AgRP neurons is converted to LTD with food depri-
vation, whereas the LTD at POMC neurons in fed mice is
converted to weak LTP (Figs. 1, 2). Meanwhile, the hunger states-
induced cell type-specific conversions of synaptic plasticity are
independent on the glucose levels (Figs. 1, 2). Strikingly, in the
experiments of LTP induction, we did not observe significant
post-tetanic potentiation (PTP). It is known that significant PTP
was usually observed using field recordings and strong tetanic
stimulation (Calabresi et al., 1992; Hrabetova and Sacktor, 1997;
Hrabetova et al., 2000), whereas no or small PTP was observed
using whole-cell recordings and weak tetanus (Bao et al., 1997) or
spike timing-dependent protocols (Nishiyama et al., 2000). The
significant PTP observed in field recordings probably results
from population responses instead of single-cell using whole-cell
patch-clamp recording, which we used in this study to meet the
requirements of studying cell type-specific plasticity in the ARC.
Together, these results at least partially explain why no significant
PTP was observed in this study, although we cannot exclude
other possibilities. However, small PTP was observed in the ex-
periments of control LTP induction (Fig. 1B) and was reduced in

the experiments performed in the presence of NMDAR antago-
nist APV (Fig. 1F), consistent with the previous reports (Cala-
bresi et al., 1992; Hrabetova and Sacktor, 1997; Hrabetova et al.,
2000). These results suggest that NMDARs at least partially con-
tribute to PTP, although the underlying mechanisms remain un-
known. Moreover, emerging evidence indicates that postsynaptic
Ca 2� also contributes to PTP (Bao et al., 1997; Reissner et al.,
2010). Collectively, the results suggest that PTP is probably
determined by stimuli intensity, of both presynaptic and post-
synaptic aspects, and can be diminished by NMDA receptor an-
tagonists to some extent. Further studies are needed to investigate
the mechanism(s) underlying PTP.

To probe the molecular mechanism underlying hunger states-
dependent conversions of synaptic plasticity, we examined
NMDAR subpopulations at AgRP and POMC neurons in our
experimental conditions because the NMDAR subpopulations
control the directions of NMDAR-dependent synaptic plasticity
(Hrabetova et al., 2000). We find that the inductions of LTP and
LTD at AgRP neurons are NMDAR-dependent because the LTP
induction in fed mice is blocked by NMDAR antagonist APV and

Figure 8. Distinct regulations of D-serine on NMDAR-mediated EPSCs at AgRP and POMC neurons in fed and deprived mice. A, D-serine (100 �M) increased the amplitude of NMDAR-EPSCs
recorded at AgRP neurons in fed mice (n � 7 slices/3 mice) but no significant effects in food-deprived mice (B; n � 6 slices/3 mice). C, APV (50 �M) prominently reduced NMDAR-EPSCs at AgRP
neurons in fed mice (n � 3 slices/2 mice) but only slightly reduced NMDAR-EPSCs at AgRP neurons in deprived mice (D; n � 8 slices/4 mice). E, D-serine inhibited NMDAR-EPSCs recorded at POMC
neurons in fed mice (n � 6 slices/3 mice) but increased NMDAR-EPSCs in deprived mice (F; n � 6 slices/3 mice). Data represent averages from all the experiments for each group. The amplitude
of NMDAR-EPSCs was normalized by the mean amplitude observed during the control period before addition of the D-serine or APV. Bars represent the duration of D-serine or APV application. Traces
represent samples of averaged EPSCs from one experiment during the control period (15 trials/0 –5 min), test period (15 trials/10 –15 min), and washout period (15 trials/20 –25 min).
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NR2A-selective blocker Zn (Figs. 2C,H), whereas the LTD induc-
tion in deprived mice is blocked by NR2C/NR2D subunit-selective
blocker PPDA (Fig. 2D,H). Together, our results suggest that
hunger states control the directions of activity-dependent synap-
tic plasticity probably by switching surface NMDAR subunits.

We combine cell type-specific electrophysiological, pharma-
cological, and single-cell gene profiling techniques to determine
the NMDAR subunits at AgRP and POMC neurons in fed and
deprived animals, respectively. Based on these experiments, we
propose a model that food deprivation increases the surface ex-
pressions of NMDAR subunits at the orexigenic AgRP neurons
that contribute to LTD induction, such as NR2C/NR2D/NR3,
whereas it decreases them at the anorexigenic POMC neurons.
Because of lacking NR3-selective blockers, we took advantage of
the distinct regulations of D-serine on NR1/NR2- and NR3-
containing receptors to identify NR3 subunits (Ciabarra et al.,
1995; Sucher et al., 1995; Wolosker et al., 1999; Nishi et al., 2001;
Chatterton et al., 2002; Stevens et al., 2003; Yang et al., 2003;

Mothet et al., 2005). Consistently, we find that D-serine increases
the amplitudes of EPSCs recorded at AgRP neurons but de-
creased at POMC neurons in fed mice, whereas it exerts opposite
effects in the deprived mice (Figs. 7, 8). To validate the hunger
states-induced NMDAR subpopulation switch, we performed
single-cell gene analysis. For instance, we find that food depriva-
tion significantly increased the expressions of the genes encoding
NR3A subunits, as is evidenced by that food deprivation de-
creases the Ct of the target gene of NR3A to cross the fluorescence
threshold (baseline) (Fig. 9A,B), opposite proportional to the
amount of the target gene in the sample.

Collectively, our data demonstrate that energy states bidirec-
tionally control synaptic plasticity of feeding circuits by regulat-
ing NMDAR subpopulations in a cell type-specific manner. We
thus propose a reversible memory configuration constructed
from energy states-dependent cell type-specific bidirectional
conversions of activity-induced synaptic plasticity (Fig. 9C).
Meanwhile, there is increasing evidence demonstrating distinct

Figure 9. Food deprivation significantly increased NR3A gene expressions at AgRP neurons. A, A schematic illustration for single-cell gene expression profiling and assays. Briefly, whole-cell
configurations were first made, and cytosol for each cell was aspirated and profiled individually for quantitative assays of the target gene. B, Summary of the results from the experiments as
illustrated from in A. Food deprivation significantly reduced the Ct values for the NR3A gene. For each cell, we normalized the Ct value of the NR3A gene to that of the house-gene Rn18s. Relative
normalized Ct values to the averaged Ct value from fed mice were used to determine the influence of food deprivation on the expression of the NR3A genes (Fed: 1 	 0.02, n � 30 neurons/3 mice;
Dep: 0.86 	 0.04, n � 25 neurons/3 mice). C, A proposed model that hunger states control the directions of activity-dependent synaptic plasticity at AgRP and POMC neurons by switching the
NMDAR subpopulations. For instance, AgRP neurons in fed mice prominently express NR2A-containing NMDARs, which contribute to LTP induction, whereas food deprivation promotes synaptic
incorporation of NR2B-D/NR3 subunits, which contribute to LTD induction. By contrast, food deprivation might facilitate LTP induction at POMC neurons by reducing NR2C/NR2D/NR3 subunits while
increasing NR2A subunit. *p � 0.05 (t test).

Qi and Yang • Hunger States and Synaptic Plasticity J. Neurosci., September 23, 2015 • 35(38):13171–13182 • 13181



functional roles played by NMDAR signaling in the control of
food intake and energy states (Burns and Ritter, 1997; Hung et al.,
2006; Stanley et al., 2011; Liu et al., 2012). Together, these find-
ings reveal a new reciprocal interaction between energy states and
associative memory, one that might serve as a target for therapeu-
tic treatments of the energy-related memory disorders or vice
versa. Further studies on the molecular mechanism underlying
energy states-induced switch of NMDAR subunits are needed,
and the use of cell type-specific NMDAR subunits manipulation
techniques may be useful toward controlling eating disorders
resulting from impaired associative memory or vice versa.
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