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The Relevance of AgRP Neuron-Derived GABA Inputs to
POMC Neurons Differs for Spontaneous and Evoked Release

X Andrew R. Rau and X Shane T. Hentges
Department of Biomedical Sciences, Colorado State University, Fort Collins, Colorado 80523

Hypothalamic agouti-related peptide (AgRP) neurons potently stimulate food intake, whereas proopiomelanocortin (POMC) neurons
inhibit feeding. Whether AgRP neurons exert their orexigenic actions, at least in part, by inhibiting anorexigenic POMC neurons remains
unclear. Here, the connectivity between GABA-releasing AgRP neurons and POMC neurons was examined in brain slices from male and
female mice. GABA-mediated spontaneous IPSCs (sIPSCs) in POMC neurons were unaffected by disturbing GABA release from AgRP
neurons either by cell type-specific deletion of the vesicular GABA transporter or by expression of botulinum toxin in AgRP neurons to
prevent vesicle-associated membrane protein 2-dependent vesicle fusion. Additionally, there was no difference in the ability of �-opioid
receptor (MOR) agonists to inhibit sIPSCs in POMC neurons when MORs were deleted from AgRP neurons, and activation of the
inhibitory designer receptor hM4Di on AgRP neurons did not affect sIPSCs recorded from POMC neurons. These approaches collectively
indicate that AgRP neurons do not significantly contribute to the strong spontaneous GABA input to POMC neurons. Despite these
observations, optogenetic stimulation of AgRP neurons reliably produced evoked IPSCs in POMC neurons, leading to the inhibition of
POMC neuron firing. Thus, AgRP neurons can potently affect POMC neuron function without contributing a significant source of
spontaneous GABA input to POMC neurons. Together, these results indicate that the relevance of GABAergic inputs from AgRP to POMC
neurons is state dependent and highlight the need to consider different types of transmitter release in circuit mapping and physiologic
regulation.
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Introduction
Agouti-related peptide (AgRP) and proopiomelanocortin (POMC)
neurons are two well characterized neuron types located in the

arcuate nucleus (ARC) of the hypothalamus that play important
roles in the modulation of energy homeostasis (Cone, 2005; Mer-
cer et al., 2013). POMC neurons can inhibit food intake and are
critical for the maintenance of normal body weight. Deletion of
POMC neurons (Xu et al., 2005), their peptide product �-MSH
(Yaswen et al., 1999; Smart et al., 2006), or receptors of �-MSH
(Butler et al., 2000; Balthasar et al., 2005) all result in obesity.
AgRP neurons act in opposition to POMC neurons with their
activation stimulating food intake through the release of inhibi-
tory transmitters and neuromodulators (Cone, 2005; Tong et al.,
2008; Krashes et al., 2013). AgRP neurons are activated by energy
deficit (Takahashi and Cone, 2005; Liu et al., 2012; Betley et al.,
2013), and recent in vivo photometric studies demonstrated an
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Significance Statement

Agouti-related peptide (AgRP) neurons play an important role in driving food intake, while proopiomelanocortin (POMC)
neurons inhibit feeding. Despite the importance of these two well characterized neuron types in maintaining metabolic
homeostasis, communication between these cells remains poorly understood. To provide clarity to this circuit, we made
electrophysiological recordings from mouse brain slices and found that AgRP neurons do not contribute spontaneously
released GABA onto POMC neurons, although when activated with channelrhodopsin AgRP neurons inhibit POMC neurons
through GABA-mediated transmission. These findings indicate that the relevance of AgRP to POMC neuron GABA connec-
tivity depends on the state of AgRP neuron activity and suggest that different types of transmitter release should be
considered when circuit mapping.
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increase in AgRP activity during food restriction, an effect that
was relieved following the presentation of food (Betley et al.,
2015; Chen et al., 2015). Further, optogenetic (Aponte et al.,
2011) or chemogenetic (Nakajima et al., 2016) stimulation of
AgRP neurons triggers feeding behavior. These findings, together
with earlier anatomic studies (Horvath et al., 1997; Cowley et al.,
2001; Pinto et al., 2004) have led many to propose that AgRP
neurons stimulate feeding, at least partially, by direct inhibition
of the anorexigenic POMC neurons (Cone, 2005; Tong et al.,
2008; Zeltser et al., 2012; Nuzzaci et al., 2015).

In addition to anatomic evidence, the idea that GABA-
releasing AgRP terminals directly inhibit POMC neurons is sup-
ported by a study showing a dramatic reduction in spontaneous
IPSCs (sIPSCs) in POMC neurons following toxin-induced ab-
lation of AgRP neurons in adult mice (Wu et al., 2008). However,
basal sIPSC frequency in POMC neurons was not affected by
deletion of the vesicular GABA transporter (VGAT) to disrupt
GABA release from AgRP neurons (Tong et al., 2008) question-
ing the presence of the suggested GABAergic connection from
AgRP neurons to POMC neurons. More recent studies have used
an optogenetic approach to demonstrate that photostimula-
tion of AgRP neurons results in evoked IPSCs in POMC neu-
rons (Atasoy et al., 2012; Dicken et al., 2015), indicating that
AgRP neurons can release GABA onto POMC neurons when
stimulated.

Given the importance of AgRP and POMC neuron activity in
the regulation of food intake and energy balance and their often
reciprocal roles, we set out to determine whether types of trans-
mitter release examined could account for the disparate connec-
tivity results found to date. Collectively, the present results
provide additional evidence that light-evoked depolarization of
AgRP neurons triggers GABA release onto POMC cells and that
coordinated activity of AGRP neurons is sufficient to reduce
POMC firing. However, using a variety of transgenic, pharmaco-
logic, and electrophysiological tools we provide evidence that
AgRP neurons are not a primary contributor of spontaneously
released GABA onto POMC neurons, even in the fasted state. The
ability to detect evoked AgRP, but not spontaneous AgRP, in
POMC neuron inputs may be accounted for by differential mo-
lecular mechanisms for evoked versus spontaneous fusion of
neurotransmitter-filled vesicles (Ramirez and Kavalali, 2011;
Schneggenburger and Rosenmund, 2015), separate presynap-
tic vesicle populations (Fredj and Burrone, 2009), differential
targeting of postsynaptic receptors (Otis and Mody, 1992), or
divergent target locations on the postsynaptic cell (Atasoy et
al., 2008; Zenisek, 2008). Collectively, our results suggest that
physiological dissection of neuronal circuits and function
should consider both evoked and spontaneous release of neu-
rotransmitter release.

Materials and Methods
Animals. All experiments were performed in accordance with the Col-

orado State University Animal Care and Use Committee and the Guide
for the Care and Use of Laboratory Animals set forth by the National
Institutes of Health. The following mice were procured from The Jackson
Laboratory: POMC enhanced green fluorescent protein (eGFP) [C57BL/
6J-Tg(Pomc-EGFP)1Low/J; stock #009593]; AgRPcre [AgRPtm1(cre)Lowl/J,
stock #012899]; Cre-dependent channelrhodopsin (ChR2) mice [B6.
Cg-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J; stock #024109];
VGAT flox/flox [slc32a1tm1lowl/J; stock #012897]; MOR flox/flox [B6.129S2-
Oprm1tm1Kff/J; stock #007559]; and Cre-dependent hM4Di mice
[B6N.129-Gt(ROSA)26Sortm1(CAG-CHRM4*,-mCitrine)ute/J; stock #026219].
The Cre-dependent botulinum toxin-expressing mice (iBot mice) were
obtained from Dr. Frank Pfrieger (University of Strasbourg, Strasbourg,

France; Slezak et al., 2012). POMC DsRed mice (Hentges et al., 2009)
were originally a gift from Dr. Malcolm Low (University of Michigan,
Ann Arbor, MI). To detect transgenes and floxed alleles, standard PCR
techniques were used.

Animals were housed on a 12 h light/dark schedule, and had ad libitum
access to standard rodent chow and tap water. Where noted, animals
were fasted overnight with food removed 1 h before lights out. Brain
slices were prepared for electrophysiology 17 h later.

Stereotaxic surgery for in vivo gene delivery. Six– eight-week-old mice
were induced into a deep anesthetic plane with isoflurane and were
placed into a stereotaxic apparatus (David Kopf Instruments) fitted with
a nose cone for the delivery of isoflurane for the entirety of the operation.
Viral vectors allowing for Cre recombinase-dependent expression of
ChR2 [AAV9.EF1.dflox.hChR2(H134R)-mCherry.WPRE.hGH, 200 nl,
7.24e13 genome copies (GC)/ml; Penn Vector Core, University of Penn-
sylvania, Philadelphia, PA] or Cre recombinase-dependent expression of
the inhibitory designer receptor hM4Di [rAVV8/hSyn-DIO-hm4Di
(Gi)-mcherry, 200 nl, 7e12 GC/ml; Virus Vector Core, University of
North Carolina at Chapel Hill) were delivered over the course of 60 s
into each side of the arcuate nucleus. For each injection, the needle
was left in place for 150 s following the end of solution delivery to
allow diffusion and minimize leak. Brain slices were prepared 10 –24 d
after virus injection.

Electrophysiology. Following the induction of a deep anesthetic plane
with isoflurane, mice were decapitated and their brains were removed
and placed into ice-cold artificial CSF (aCSF) consisting of the following
(in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2^6H2O, 2.4 CaCl2^2H2O, 1.2
NaH2PO4, 11.1 glucose, and 21.4 NaHCO3, bubbled with 95% O2 and
5% CO2. Sagittal slices containing the ARC were cut at a thickness of 240
�m using a model VT1200S vibratome (Leica Microsystems). After rest-
ing [�1 h at 37°C in aCSF containing the NMDA receptor blocker MK-
801 (15 �M)], slices were transferred to the recording chamber and
perfused with oxygenated 37°C aCSF at a flow rate of �2 ml/min. For
whole-cell recordings, the internal recording solution contained the fol-
lowing (in mM): KCL 57.5, K-methyl sulfate 57.5, NaCl 20, MgCl2 1.5,
HEPES 5; EGTA 0.1; ATP 2; GTP 0.5, and phosphocreatine 10. The pH
was adjusted to 7.3. Recording electrodes had a resistance of 1.6 –2.2 M�
when filled with this solution. Loose patch recordings were made with
aCSF in the recording pipette. POMC cells were visually identified for
recording based on the transgenic expression of DsRed or eGFP. Whole-
cell patch-clamp recordings were acquired in voltage-clamp mode at a
holding potential of �60 mV using an Axopatch 200B Amplifier (Mo-
lecular Devices). Electrophysiological data were collected and analyzed
using Axograph X software running on a Mac OS X operating system
(Apple).

Light activation of AgRP neurons expressing ChR2 was achieved via a
2 ms 470 nm light pulse with an interstimulus interval of 20 s through the
use of a 470 nM LED (Thorlabs) driven by an LEDD1B driver (Thorlabs)
triggered through the TTL output on an ITC-18 computer interface
board (HEKA Instruments). In some cases, three consecutive 2 ms light
pulses were delivered with an interstimulus interval of 800 ms to better
visualize light-evoked IPSCs against the background of sIPSCs. Electri-
cally evoked IPSCs were elicited by passing current through a bipolar
stimulating electrode that was inserted into the mid-dorsal region of the
ARC. For both light-evoked and electrically evoked IPSCs, the stimulus
intensity was reduced at the beginning of the experiment to produce
events with amplitudes �50% of the maximal amplitude to allow detec-
tion of both increased or decreased amplitudes. sIPSCs were continu-
ously collected in 60 s epochs, and three to five epochs were combined for
frequency and amplitude analysis. sIPSC events were detected by sliding
an event template over the raw data trace, and data were then visually
inspected to exclude spurious events. All electrophysiological data were
collected at 10 kHz and filtered at 5 kHz. Recordings were excluded from
analysis if the series resistance exceeded 20 M� or changed signifi-
cantly over the course of the experiment. Evoked and spontaneous
IPSCs were pharmacologically isolated with the addition of 10 �M 6,7-
dinitroquinoxaline-2,3-dione (DNQX) into the recording solution.
IPSCs were confirmed to be GABAA mediated by the perfusion of bicu-
culline (BIC; 10 �M) before the cessation of the experiment. Previous

Rau and Hentges • AgRP to POMC GABAergic Connectivity J. Neurosci., August 2, 2017 • 37(31):7362–7372 • 7363



studies have shown that the majority of spontaneous inputs to POMC
neurons are TTX insensitive (Cowley et al., 2001; Pinto et al., 2004; Vong
et al., 2011; Pennock and Hentges, 2016), indicating that within this
preparation sIPCS represent action potential-independent events.

Immunohistochemistry and confocal imaging. To confirm the presence
of the botulinum toxin in the same cells that contain ChR2, AgRP cre;
iBot eGFP mice were injected with an adeno-associated virus (AAV) en-
coding a cre-dependent ChR2 tagged with mCherry. Fifteen to 21 d after
injection, brain slices from these mice were used for electrophysiological
experiments. After recording, slices were transferred to a multiwell plate
and stored overnight in potassium PBS (KPBS) containing 4% parafor-
maldehyde (PFA). The following day, slices were washed in KPBS and
incubated in 2% normal donkey serum and 0.6% Triton X-100. eGFP
was detected using the chicken anti-GFP primary antibody (Abcam;
RRID: AB_300798; overnight at 4°C; 1:2000). Slices were washed in
KPBS and incubated with an Alexa Fluor 488-conjugated donkey
anti-chicken secondary antibody (Jackson ImmunoResearch; RRID:
AB_2340375; 1:400). Tissue was washed once more, and slices were
mounted on slides. To confirm the presence of hM4Di receptors follow-
ing electrophysiological experiments, slices were postfixed and washed as
described above. Slices were then incubated in 2% normal goat serum
and 0.6% Triton X-100 prepared in KPBS. Human influenza hemagglu-
tinin (HA)-tagged hM4Di receptors were detected using the rabbit
anti-HA antibody (Cell Signaling Technology; RRID: AB_1549585; over-
night at 4°C; 1:1000). The following day, slices were washed in KPBS and
incubated with an Alexa Fluor 488-conjugated goat anti-rabbit second-
ary antibody for 1 h (Thermo Fisher; RRID: AB_143165; 1:250). Slices
were washed again in KPBS and mounted for imaging. In separate exper-
iments in which fluorescent images were obtained but immunohisto-
chemistry was not, the necessary slices were transferred to a multiwell
plate following electrophysiology and postfixed overnight in KPBS con-
taining 4% PFA. Slices were then washed three times in KPBS and
mounted on slides. All images were acquired on a Zeiss 880 Confocal
Microscope.

Drugs. BIC was purchased from Tocris Bioscience, and MK-801,
DNQX, and [D-Ala(2),N-Me-Phe(4),Gly(5)-ol]-enkephalin (DAMGO)
were purchased from Sigma-Aldrich. Clozopine-N-oxide (CNO) was
purchased from Enzo Life Sciences. Drugs were prepared in distilled
water (BIC, DAMGO, and CNO) or DMSO (MK-801 and DNQX) as
1000 or 10,000� concentrates and diluted in aCSF to achieve the desired
concentration immediately before use.

Experimental design and statistical analysis. Data were compared using

paired and unpaired Student’s t tests, as indicated. Individual points on
each figure represent a recording from a single cell. Only one recording
was made per slice and a maximum of three recordings were made from
each animal. Male and female mice were used for all experiments, and
results were initially analyzed for sex differences. No sex differences were
detected, and, therefore, data from both sexes were pooled for final anal-
ysis and data presentation. All data were analyzed using GraphPad Prism
version 6. Data are presented as the mean � SEM, and differences were
considered to be significant at p � 0.05.

Results
Deletion of VGAT from AgRP cells blocks light-evoked GABA
release onto POMC cells without affecting the frequency of
spontaneous GABA release onto POMC cells
A previous study (Wu et al., 2008) found evidence for a strong
input of spontaneous GABA from AgRP neurons to POMC neu-
rons as the ablation of AgRP neurons resulted in a profound
decrease in GABA-mediated sIPSCs in POMC neurons. How-
ever, other investigators deleted the VGAT, which is used to pack-
age GABA into vesicles for subsequent release (Wojcik et al.,
2006), from AgRP cells and found no difference in sIPSCs re-
corded from POMC neurons (Tong et al., 2008). To replicate the
VGAT deletion study within our experimental recoding condi-
tions, cre/lox technology was used to generate mice that lack
VGAT on AgRP neurons (i.e., AgRP cre; VGAT flox/flox; referred to
here as AgRP-VGAT KO mice). sIPSCs were collected from visu-
ally identified POMC cells in hypothalamic slices from these mice
to determine whether the deletion of GABA release from AgRP
cells attenuated spontaneous GABAergic inputs onto POMC
cells. The frequency of sIPSC inputs onto POMC cells in slices
from AgRP-VGAT WT mice was not significantly altered relative
to AGRP-VGAT KO mice [6.05 � 0.8 Hz (n � 17) vs 6.22 � 1.3 Hz
(n � 14), respectively; t(29) � 0.113, p � 0.91, unpaired t test; Fig.
1A,B]. The deletion of VGAT from AgRP neurons also did not
affect the amplitude of sIPSCs recorded from POMC cells
(AgRP-VGAT WT: n � 17; 36.28 � 2.6 pA; AgRP-VGAT KO: n �
14; 32.74 � 2.2 pA; t(29) � 0.998, p � 0.326, unpaired t test).

To confirm that AgRP-VGAT KO disrupted GABA release
from AgRP neurons, whole-cell voltage-clamp recordings were

Figure 1. Constitutive deletion of the VGAT from AgRP cells does not affect the frequency of spontaneous IPSCs recorded from POMC cells despite abolishing evoked IPSCs between these cells.
A, sIPSCs recorded from POMC cells with intact VGAT in AgRP neurons (top) and after deletion of VGAT from AgRP cells (bottom). All voltage-clamp experiments were conducted at a holding potential
of �60 mV. B, Summary figure comparing the frequency of sIPSCs recorded from POMC cells in mice with intact GABA release from AgRP neurons and mice where GABA release has been removed
from AgRP neurons by deleting VGAT in these cells (AgRP-VGAT WT, n � 17; AgRP-VGAT KO, n � 14; p � 0.917, unpaired t test). Data are presented as the mean � SEM. C, Twenty consecutive traces
demonstrating the reliability of light-evoked GABA release from AgRP neurons onto POMC neurons (top trace) and the ablation of this connection following deletion of VGAT from AgRP cells (bottom
trace). A 2 ms flash of 470 nm light is indicated by a blue dash above traces.
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made from POMC cells, while AgRP cells expressing ChR2 were
photostimulated with 2 ms pulses of 470 nm light. In contrast to
AgRP-VGAT WT mice (41 of 48 cells connected; n � 14 mice; Fig.
1C, top trace), light-evoked IPSCs recorded from POMC cells
were not observed in AgRP-VGAT KO mice (0 of 14 cells con-
nected; n � 3 mice; Fig. 1C, bottom trace), indicating the loss of
GABA release from AgRP neurons following VGAT deletion.
Together, these results provide support for previous reports sug-
gesting that AgRP neurons are not a significant source of GABA-
mediated sIPSCs recorded from POMC neurons (Tong et al.,
2008; Vong et al., 2011). However, the ability to reliably evoke
IPSCs in POMC neurons upon AgRP neuron stimulation when
VGAT is intact (Atasoy et al., 2012; Dicken et al., 2015; Fig. 1C)
indicates that a connection does exist between AgRP and POMC
neurons, leaving open the possibility that increased AgRP activity
may reveal a significant contribution of sIPSCs to POMC cells.

Fasting-induced increase of spontaneous IPSCs recorded
from POMC cells are not attenuated by deletion of VGAT
from AgRP cells
Consistent with their orexigenic nature, caloric deficit or fasting
elevates AgRP neuron activity (Liu et al., 2012; Betley et al., 2015;
Chen et al., 2015) and increases the expression of glutamate de-
carboxylase mRNA in AgRP neurons (Dicken et al., 2015). Fast-
ing also increases spontaneous release of GABA onto POMC cells
(Vong et al., 2011), raising the possibility that fasting-induced
increases in AgRP neuron activity may be responsible for in-
creased GABA release onto POMC cells. To test this hypothesis,
recordings of sIPSCs were made from POMC cells in slices from
both AgRP-VGAT WT and AgRP-VGAT KO mice fed ad libitum or
following an overnight (17 h) fast. Fasting resulted in a significant
increase in sIPSC frequency in POMC cells in slices from both
AgRP-VGAT WT mice (fed: n � 17; 6.05 � 0.8 Hz; fasted: n � 15;
9.12 � 1.3; t(30) � 2.063, p � 0.04, unpaired t test; Fig. 2A,B) and
AgRP-VGAT KO mice (fed: n � 14; 6.22 � 1.3 Hz; fasted: n � 10;
11.24 � 1.5; t(22) � 2.549, p � 0.02, unpaired t test; Fig. 2A,C).
This result provides further support to the theory that AgRP
neurons do not contribute significant spontaneous GABA to
POMC neurons even during fasting, which increases AgRP

neuron activity, while also indicating that the neurons respon-
sible for sIPSCs released onto POMC cells are regulated by
energy state.

Pharmacological investigation of spontaneous GABA release
from AgRP to POMC neurons
The preceding experiments indicate that AgRP cells do not con-
tribute spontaneous GABA onto POMC cells. However, consti-
tutive deletion of GABA release from AgRP neurons could result
in compensatory changes wherein adaptive mechanisms from
other cell types contribute greater GABAergic inhibition to main-
tain homeostatic inhibition of POMC cells. This compensation
could mask a normal contribution from AgRP cells when ap-
proaches rely on constitutive disruption of GABA release. To
address this important caveat, we designed a strategy wherein the
inhibition of evoked and spontaneous IPSCs onto POMC cells
was assessed following bath perfusion of the �-opioid receptor
(MOR) agonist DAMGO (10 �M) in animals following the dele-
tion of MORs from AgRP neurons. This alternative approach
allows for experimentation where GABA release from AgRP neu-
rons is not grossly disturbed and is based on the observation that
MOR agonists potently inhibit both spontaneous and evoked
GABA-mediated currents in POMC neurons (Pennock and
Hentges, 2016) and that AgRP neurons express MORs (Barnes et
al., 2010). If AgRP neurons are a significant source of spontane-
ous GABA inputs to POMC neurons, then the deletion of MORs
only from AgRP cells should blunt the ability of MOR agonist to
inhibit sIPSCs to POMC neurons. To validate this approach, we
generated mice lacking MORs on AgRP neurons (i.e., AgRP cre;
MOR flox/flox; referred to here as AgRP-MOR KO). A portion of the
offspring received virus containing the Cre-dependent version of
ChR2 to allow for light-evoked GABA release from AgRP neu-
rons. Light-evoked IPSCs from AgRP-MOR WT cells were signif-
icantly inhibited by the addition of 10 �M DAMGO to the
superfusate (29.12 � 6.1% of baseline; n � 12; t(11) � 5.356, p �
0.0002, paired t test; Fig. 3A,B), confirming that AgRP cells
express MORs in presynaptic terminals contacting POMC cells.
Conversely, in recordings made from POMC cells in AgRP-
MOR KO mice 10 �M DAMGO was ineffective at inhibiting light-

Figure 2. Increased frequency of sIPSCs in POMC cells following overnight fast is not attenuated by deletion of VGAT in AgRP cells. A, Representative traces showing that an overnight fast increases
sIPSC frequency in POMC cells in recordings from both mice with intact VGAT in AgRP neurons (AgRP-VGAT WT) and in mice where VGAT was deleted from AgRP neurons (AgRP-VGAT KO). B, Overnight
fast increases spontaneous GABA release onto POMC cells in hypothalamic slices obtained from animals with intact VGAT in AgRP cells (fed, n � 17; fasted, n � 15; *p � 0.04, unpaired t test). C, In
hypothalamic slices obtained from mice with deleted VGAT in AgRP cells, the fasting-induced increase in spontaneous GABA release onto POMC cells persists (fed, n � 14; fasted, n � 10; *p � 0.02,
unpaired t test). All data are presented as the mean � SEM.
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evoked IPSCs (106.3 � 3.1% of baseline; n � 13; t(12) � 1.117,
p � 0.286, paired t test; Fig. 3A,B), demonstrating that we effec-
tively deleted MORs from AgRP cells.

We next investigated whether sIPSCs onto POMC cells are
differentially inhibited by the addition of 10 �M DAMGO in
recordings from AgRP-MOR WT and AgRP-MOR KO mice.
DAMGO (10 �M) significantly and dramatically reduced the fre-
quency of sIPSCs in recordings from POMC cells in both AgRP-
MOR WT mice (n � 11; from 6.31 � 0.9 to 1.65 � 0.4 Hz; t(10) �
7.031, p � 0.00003; paired t test; Fig. 3C–E) and AgRP-MOR KO

mice (n � 10; from 7.61 � 1.5 to 2.57 � 0.7 Hz; t(9) � 4.717, p �
0.001; paired t test; Fig. 3C–E). Additionally, the magnitude of
inhibition was not different between the two genotypes (AgRP-
MOR WT mice: n � 11; 24.57 � 3.1% baseline; AgRP-MOR KO

mice: n � 10; 31.10 � 5.2% at baseline; t(19) � 1.104, p � 0.283,
unpaired t test), further suggesting that the source of GABA re-
leased spontaneously onto POMC cells is not AgRP neurons.

Chemogenetic inhibition of AgRP neurons does not affect
sIPSCs recorded from POMC neurons
As an additional approach with low potential for compensatory
mechanisms, we expressed the Cre-dependent, pharmacolog-
ically selective designer Gi-protein-coupled designer receptor
hM4Di in AgRP cre neurons using a transgenic approach (i.e.,
AgRP cre; hM4Di; referred to as AgRP hM4Di). Activation of the
hM4Di receptors with its ligand CNO inhibits evoked release
probability (Stachniak et al., 2014) and spontaneous release fre-
quency (Mahler et al., 2014) without affecting action potential
propagation (Stachniak et al., 2014). Thus, the expression of
hM4Di receptors on AgRP neurons allows for the normal func-
tion of these neurons in the absence of agonist. The presence of
hM4Di receptors was confirmed immunohistochemically using
an antibody against the HA-tagged hM4Di receptors (Fig. 4A). In
all slices, robust penetrance of hM4Di receptors was observed in
AgRP neurons within close proximity to POMC cells. Activation
of hM4Di receptors on AgRP neurons by bath application of
10 �M CNO did not affect the frequency of sIPSCs recorded from
POMC neurons (n � 11; from 7.53 � 1.8 to 7.16 � 1.6 Hz; t(10) �
0.5609, p � 0.56; paired t test; Fig. 4B,C). We also injected an
AAV encoding Cre-dependent hM4Di receptors into the ARC of
AgRP cre mice to allow expression of the hM4Di receptor in adult-
hood. Bath application of 10 �M CNO again did not affect the
frequency of sIPSCs in recordings from POMC cells (n � 6; from
6.69 � 2.0 to 6.91 � 2.1 Hz; t(5) � 0.7446, p � 0.49; paired t test).
Collectively, these two experiments support our previous exper-
iments by again demonstrating that AgRP neurons are not a sig-
nificant source of GABA released spontaneously onto POMC
cells. Importantly, these two strategies allow for normal develop-
mental function of AgRP neurons, which should minimize any
compensation from other neuron types.

Disrupting vesicle fusion in AgRP neurons does not alter
release of sIPSCs onto POMC neurons
As an additional strategy to investigate the contribution of GABA
released from AgRP neurons on the frequency of sIPSCs in
POMC neurons, we used cell type-specific expression of the clos-
tridial botulinum neurotoxin serotype B light chain (BoNT/B) in

Figure 3. Deletion of MORs from AgRP neurons does not attenuate the inhibition of sIPSCs in
POMC neurons produced by MOR activation. A, Ten to 20 consecutive traces averaged to dem-
onstrate the inhibition of light-evoked IPSCs caused by the MOR agonist DAMGO (10 �M) in
recordings from POMC neurons in mice with intact MORs in AgRP cells (AgRP-MOR WT; left
traces) and the block of this effect in mice where MORs were deleted form AgRP cells (AgRP-
MOR KO; right traces). Blue bar above traces indicates a 2 ms pulse of 470 nm light. B, Compar-
ison of the effect of 10 �M DAMGO on light-evoked IPSCs onto POMC cells from AgRP-MOR WT

and AgRP-MOR KO mice. C, Traces representative of the effect of DAMGO (10 �M) on the fre-
quency of sIPSCs recorded from POMC cells in AgRP-MOR WT and AgRP-MOR KO mice. D, Com-
piled data showing the frequency of sIPSCs recorded from POMC cells at baseline and after bath
perfusion of DAMGO (10 �M) from mice with intact MORs on AgRP neurons (***p � 0.00003,

4

paired t test), E, Compiled data showing the frequency of sIPSCs recorded from POMC neurons at
baseline and following bath perfusion of DAMGO (10 �M) from mice where MORs were deleted from
AgRP neurons (***p � 0.001; paired t test). All data are presented as the mean � SEM.
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AgRP cells. Botulinum toxin inhibits both evoked and spontane-
ous vesicle exocytosis (Dreyer and Schmitt, 1983; Dreyer et al.,
1987; Molgó et al., 1989) by recognizing and cleaving proteins
critically involved in exocytotic machinery (Humeau et al., 2000),
including the vesicle-associated membrane protein 2 (VAMP2;
also termed synaptobrevin), a portion of the soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor (SNARE)
complex. A transgenic mouse carrying a Cre recombinase-depen-
dent, eGFP-tagged BoNT/B construct (iBot mouse), allows for
cell type-specific expression and visualization of this toxin
(Slezak et al., 2012). We used these animals to generate mice with
BoNT/B expressed exclusively in AgRP cells (i.e., AgRP cre; iBot;
referred to here as AgRP iBOT). A subset of these mice were in-
jected with an AAV encoding Cre-dependent ChR2 tagged with
mCherry to both validate the expression pattern of BoNT/B
within AgRP cells and to determine whether light-evoked
GABAergic connectivity from AgRP cells to POMC cells was in-
deed blocked by the introduction of BoNT/B. In AgRP iBOT mice
injected with ChR2-mCherry, BoNT/B expression was confined
to the ARC and was coexpressed with ChR2-positive cells (Fig.
5A,B). Further, we did not detect light-evoked IPSCs in any of
our whole-cell recordings from POMC cells (0 of 7 connected;
Fig. 5C), indicating that BoNT/B-induced cleaving of VAMP2 in
AgRP neurons blocks evoked release of GABA from these cells. In
subsequent recordings from AgRP iBOT mice, we found that the
frequency of sIPSCs in POMC cells (n � 11; 7.60 � 1.1 Hz; Fig.
5D,F) were not significantly inhibited relative to recordings
from mice not expressing BoNT/B (t(26) � 1.159, p � 0.257,
unpaired t test), providing further support to our findings that
AgRP neurons do not contribute spontaneously released GABA
to POMC cells.

Activation of AgRP neurons reliably produces GABAergic
IPSCs in POMC cells and inhibits POMC cell firing
Despite the apparent lack of contribution of AgRP neurons to
spontaneous GABA release onto POMC neurons, synchronous
activation of AgRP neurons results in evoked IPSCs in POMC
neurons (Dicken et al., 2015, Atasoy et al., 2012). This synchro-
nous release of GABA from AgRP neurons has been previously
shown to reduce POMC neuron excitability (Dicken et al., 2015;
Atasoy et al., 2012), and we replicated that finding here. ChR2
was virally or transgenically expressed in AgRP cre cells, and elec-
trophysiological recordings were made from POMC cells visually
identified with a fluorescent marker (Fig. 6A,B). Light activation
of AgRP cells reliably produced GABAergic IPSCs in POMC cells
(41 of 48 cells connected; n � 14 mice; Fig. 3C). To determine the
effect of GABA released from AgRP neurons on POMC cell firing,
cell-attached recordings were made from POMC cells. Photoex-
citation of AgRP cells resulted in a cessation of action potential
firing in POMC cells (Fig. 6D), and this effect was blocked by the
addition of the GABAA receptor antagonist BIC (Fig. 1E; see also
Dicken et al., 2015). The earlier studies (Atasoy et al., 2012;
Dicken et al., 2015), together with the current results, provide
strong evidence that coordinated activation of AgRP neurons is
sufficient to silence the firing of POMC neurons.

Non-AgRP neurons likely provide a significant portion of
evoked GABA to POMC neurons
Synchronous GABA release from AgRP neurons can clearly in-
hibit POMC neuron activity, as indicated above. However, the
relative contribution of AgRP terminals to evoked GABA inputs
to POMC neurons has not been determined. To address this, we
again used the MOR pharmacologic approach and compared
MOR agonist inhibition of evoked IPSCs in POMC neurons.
First, IPSCs were electrically evoked onto POMC cells in slices
from both AgRP-MOR WT and AgRP-MOR KO mice, and inhibi-
tion of the amplitude of IPSCs following bath perfusion of 10 �M

DAMGO was compared between genotypes. The deletion of
MORs from AgRP neurons had no effect on the magnitude of
inhibition seen following DAMGO application (AgRP-MOR WT:
n � 18; 47.96 � 5.3% baseline; AgRP-MOR KO: n � 10; 44.01 �
7.7% baseline; t(26) � 0.432, p � 0.67, unpaired t test; Fig. 7A,B).
The fact that deleting MORs from AgRP terminals caused a loss of
MOR agonist-induced inhibition of light-evoked IPSCs from
AgRP to POMC neurons (Fig. 3A,B) without significantly affect-
ing electrically evoked IPSCs (Fig. 7) suggests that AgRP neurons
supply only a modest portion of the total inputs that can supply
electrically evoked GABA to POMC neurons. Next, we compared
the inhibition of light-evoked and electrically evoked IPSCs in
POMC cells where MORs were intact on AgRP cells (i.e., AgRP-
MOR WT). We found that MOR-mediated inhibition of light-
evoked IPSCs from AgRP neurons (Fig. 3A,B) resulted in a
significantly larger inhibition relative to that for electrically
evoked IPSCs from nonselective inputs (Fig. 7A,B; t(28) � 2.299,
p � 0.03, unpaired t test), indicating that a higher portion of
AgRP terminals may express MORs compared with the overall
inputs that contribute to the electrically evoked IPSCs.

Discussion
Non-AgRP afferents deliver spontaneous inhibition onto
POMC cells
Despite the importance of both AgRP and POMC neurons in the
regulation and modulation of energy homeostasis, the relevance
of communication between these cell types has not been clearly
defined. For example, the deletion of GABA release from AgRP

Figure 4. Activation of the Gi-protein-coupled designer receptor hM4Di on AgRP neurons
does not affect the frequency of sIPSCs recorded from POMC cells. A, Immunodetection of
HA-tagged hM4Di receptors (green) on AgRP neurons in close proximity to POMC cells (red) in
the ARC. Verification of hM4Di expression was conducted on all slices following electrophysio-
logical experiments. B, Representative trace demonstrating that bath application of 10 �M

CNO does not alter the frequency of sIPSCs recorded from POMC neurons in mice express-
ing hM4Di receptors on AgRP neurons. C, Compiled data showing the frequency of sIPSCs
recorded from POMC neurons at baseline and following bath perfusion of 10 �M CNO
( p � 0.56, paired t test).
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neurons, achieved by constitutive knockout of VGAT, does not
affect sIPSC frequency in POMC cells (Tong et al., 2008). This
observation contrasts with results obtained when diphtheria
toxin was targeted to AgRP neurons to ablate them, which caused

a robust inhibition of sIPSCs recorded from POMC cells (Wu et
al., 2008). This result argues that AgRP neurons provide signifi-
cant GABA spontaneously to POMC neurons. However, the
ablation of AgRP neurons using diphtheria toxin completely re-

Figure 5. Disruption of exocytotic machinery in AgRP neurons blocks evoked GABA release from these cells but does not alter the frequency of sIPSCs recorded from POMC cells. A, Confocal image
of a midsagittal brain slice from an AgRP cre transgenic mouse showing the expression pattern of a Cre-dependent ChR2 tagged with an mCherry protein in the arcuate nucleus of the hypothalamus
as well as eGFP immunoreactivity, indicating that the Cre-dependent BoNT/B is localized to the same region. Scale bar, 100 �m. B, Zoomed image from the same brain slice demonstrating a high
degree of colocalization in the merged image. Scale bar, 10 �m. C, Twenty consecutive traces recorded from a POMC cell showing that light-evoked GABAergic IPSCs are absent in recordings from
mice where BoNT/B was transgenically expressed in AgRP cells (AgRP iBot). D, Single representative trace depicting the frequency of sIPSCs recorded from a POMC cell in a slice from an AgRP iBot

mouse. E, The frequency of sIPSCs recorded from POMC cells in slices taken from AgRP iBot mice. Data are presented as the mean� SEM. For comparison, the dashed line indicates the mean frequency
of sIPSCs recorded from POMC neurons where BoNT/B was not introduced into AgRP neurons (from Fig. 1B).

Figure 6. Viral expression of ChR2 in AgRP neurons allows for the dissection of an AgRP neuron-to-POMC neuron GABAergic connection. A, Confocal image of a midsagittal hypothalamic section
demonstrating the expression of virally delivered ChR2-mCherry in AgRP cre neurons and transgenically expressed eGFP in POMC neurons in the arcuate nucleus. B, Schematic representation of
stimulation and recording parameters. C, Light stimulation of AgRP neurons containing ChR2 with 470 nm light (indicated by blue dash above traces) results in an IPSC in POMC cells that was
confirmed to be GABA mediated by the addition of the GABAA receptor antagonist BIC to the bath. D, E, Cell-attached recordings demonstrating that light activation of ChR2-containing AgRP cells
(indicated by blue dash above trace) terminates firing in POMC cells (D) and that this effect is blocked when GABAA receptors are antagonized with BIC (E).
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moves AgRP neuron contribution from the circuit, including the
actions of peptides from these cells. Therefore, it could be that
indirect modulation of POMC cells through the release of pep-
tides was also removed. This contrasts the VGAT deletion ap-
proach where peptidergic transmission would presumably remain,
which could explain why sIPSC frequency was not affected in
these studies. Regardless, the physiological connectivity between
these cell types warrants further investigation and clarity.

To address the disparate findings, we used transgenic manip-
ulations and subsequent ex vivo electrophysiological experiments
to provide clarity regarding the relevance of GABA-mediated
transmission from AgRP neurons onto POMC neurons. The re-
sults indicate that AgRP neurons do not contribute significantly
to spontaneous release of GABA to POMC cells. Our evidence for
this is fivefold, as follows: (1) constitutive deletion of GABA re-
lease from AgRP neurons achieved via deletion of VGAT does not
alter the frequency of sIPSCs in POMC cells; (2) the increase in
sIPSC frequency in POMC cells following fasting is not blocked
by the deletion of VGAT from AgRP cells; (3) cell type-specific
expression of BoNT/B to disrupt neurotransmitter release in
AgRP neurons does not affect the frequency of sIPSCs in POMC
cells; (4) the inhibition of sIPSC frequency onto POMC cells
following MOR activation is not significantly affected by con-
stitutive deletion of MORs from AgRP neurons; and (5) che-
mogenetic inhibition of AgRP neurons does not inhibit sIPSC
release onto POMC cells. Although developmental compensa-
tion may contribute to some of these observations, the conver-
gence of evidence from the use of multiple approaches
strongly suggests that AgRP neurons are not a primary con-
tributor of the spontaneous release of GABA onto POMC neu-
rons. These findings are particularly interesting considering
that we (Figs. 1, 3, 5; Dicken et al., 2015) and others (Atasoy et
al., 2012) have observed reliable evoked GABA release from
AgRP neurons onto POMC cells.

The finding that AgRP neurons do not provide direct sponta-
neous GABA release onto POMC cells raises the important ques-
tion as to where these inhibitory afferents originate. Current data

indicate that a diverse array of neuron
types and brain regions provides synaptic
input to POMC neurons (van den Pol,
2003; Wang et al., 2015), and a combina-
tion of these inputs likely contributes to
spontaneous GABA release onto POMC
cells. Additionally, AgRP neurons repre-
sent a small fraction of GABAergic cells
within the arcuate nucleus (Dennison et
al., 2016), suggesting that other local
GABAergic cells could play an important
role in spontaneous inhibitory modula-
tion of POMC neurons. Interestingly, the
frequency of sIPSCs recorded from POMC
cells increased after fasting even when
GABA release was blocked in AgRP neu-
rons, indicating that the non-AgRP neu-
rons contributing sIPSCs to POMC cells
are metabolically sensitive. It may be that
these neurons are responding to the
fasting-induced decline in leptin (Vong et
al., 2011). Despite the apparent lack of
spontaneous GABAergic communication
from AgRP neurons to POMC cells, we
provide further support for the observa-
tion that synchronized activity of AgRP

neurons can exert robust inhibitory influence over POMC cell
activity.

Coordinated activity of AgRP neurons plays an important
role in modulating POMC neuron activity
Using cell type-specific optical stimulation, we replicated the
findings of others (Atasoy et al., 2012; Dicken et al., 2015) indi-
cating that the majority of POMC neurons receive direct GABAe-
rgic inputs from AgRP cells. The synchronized activity of AgRP
neurons is sufficient to silence firing in POMC neurons (Atasoy
et al., 2012; Dicken et al., 2015). This finding, along with others
demonstrating a critical role in AgRP neuron activity in the reg-
ulation of feeding behaviors (Gropp et al., 2005; Tong et al., 2008;
Aponte et al., 2011; Atasoy et al., 2012; Betley et al., 2015; Naka-
jima et al., 2016; Padilla et al., 2016), indicates that the modula-
tion of AgRP neuron activity plays an important role in energy
homeostasis. Efferent modulators of AgRP neurons may coordi-
nate the activity of AgRP cells during episodes of caloric deficit,
facilitating a silencing of POMC neurons, and a number of recent
studies have identified neuronal populations that modulate
AgRP activity. For example, thyrotropin-releasing hormone and
pituitary adenylate cyclase-activating polypeptide expressing
neurons in the paraventricular nucleus of the hypothalamus re-
lease glutamate in AgRP neurons to drive feeding (Krashes et al.,
2011); while leptin receptor-expressing neurons in the ventral
aspect of the dorsal medial hypothalamus inhibit AgRP neurons
through GABAergic connections to signal the availability of food
(Garfield et al., 2016). Together, it appears as though a number of
brain regions are capable of modulating the activity of AgRP
neurons during depleted energy states. These convergent sig-
nals may help to synchronize the activity of AgRP neurons,
which in turn can silence POMC activity. Indeed, in vivo cal-
cium imaging reveals that AgRP neurons increase their activity
during caloric deficit (Betley et al., 2015; Chen et al., 2015),
and although synchronicity was not directly measured in these
studies, an overall increase in activity across a population of

Figure 7. Deletion of MORs from AgRP neurons does not affect the inhibition of electrically evoked IPSCs in POMC neurons.
A, Average of 15–20 consecutive electrically evoked IPSCs recorded from POMC cells at baseline (black trace) and following bath
application of 10 �M DAMGO (red trace) in which AgRP cells contained MORs (AgRP-MOR WT, left traces) and where MORs were
constitutively deleted from AgRP neurons (AgRP-MOR KO, right traces). B, The inhibition of electrically evoked IPSC release onto
POMC cells seen following bath application of 10 �M DAMGO is not affected by the presence or absence of MORs on AgRP neurons
(AgRP-MOR WT: n � 18; 47.96 � 5.3% of baseline; AgRP-MOR KO: n � 10; 44.01 � 7.7% of baseline; p � 0.67, unpaired t test).
Data are presented as the mean � SEM.
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cells could result in coordinated activity of a subset of that
population.

Despite the reliability and functional consequences of
evoked GABAergic transmission from AgRP to POMC neu-
rons that we and others (Atasoy et al., 2012) have shown, the
results presented here provide compelling evidence that
GABA spontaneously released onto POMC cells originates
from non-AgRP sources. Considering the high frequency of
sIPSCs conferred onto POMC cells and the energy state de-
pendence of these events, resolving the functional role and
afferent origin of sIPSCs in POMC neurons may provide im-
portant insight into the neuronal circuits governing feeding
behaviors but also other behaviors modulated by POMC neu-
rons and their peptide products.

Spontaneous release of neurotransmitter may play a
fundamentally different role than evoked release
Recent debate has emerged regarding the differential release of
neurotransmitters through evoked versus spontaneous vesicle
fusion (Kavalali, 2015). Central to this debate is whether sponta-
neous release imparts functionally relevant postsynaptic signals.
Indeed, stimulus-independent release events can target different
postsynaptic receptor populations (Atasoy et al., 2008; Sara et al.,
2011) that can be located at separate postsynaptic sites (Zenisek,
2008; Melom et al., 2013).

The presynaptic mechanisms governing evoked versus spon-
taneous release also appear to be different (Peled et al., 2014;
Schneggenburger and Rosenmund, 2015). For example, the fu-
sion interactions between SNARE proteins appear to differen-
tially regulate these two types of release events (Deák et al., 2006),
and a growing consensus suggests that different vesicle popula-
tions exist for evoked and spontaneous release of neurotransmit-
ters (Sara et al., 2005; Fredj and Burrone, 2009; Hablitz et al.,
2009). This convergent evidence argues that spontaneous vesicle
release is not stochastic and likely plays a fundamental role in
communication between neurons. Indeed, the relevance of
spontaneous neurotransmission may be particularly impor-
tant when the frequency of sIPSCs is as high as we observe in
POMC cells.

Postsynaptically, the reception of spontaneously released neu-
rotransmitters can modulate homeostatic plasticity (Jin et al.,
2012) and dendritic protein expression (Sutton et al., 2007; Autry
et al., 2011) and can alter spike timing (Otmakhov et al., 1993;
Carter and Regehr, 2002). As the spike timing of other neuron
types plays an important role in motivated behaviors (Grace,
1991; Schultz, 2007; Mikhailova et al., 2016), it seems plausible
that changes in the frequency of sIPSC release onto POMC cells
may impart changes in feeding or other behaviors regulated by
POMC cells by setting the frequency at which POMC neurons fire
action potentials into downstream targets. Further, POMC cells
are heterogeneous. They express transcriptional markers for both
GABA and glutamate (Hentges et al., 2009; Jarvie and Hentges,
2012; Wittmann et al., 2013) and can release these neurotrans-
mitters in addition to their peptide products (Hentges et al.,
2009). The corelease of neurotransmitters from a single cell can
play a critical role in modulating target brain regions (Kavalali,
2015), and the excitability of the coreleasing cell appears to mod-
ulate how and when multiple neurotransmitters are released (Lee
et al., 2010; Borisovska et al., 2013). Therefore, regulating the
excitability of POMC neurons through changes in sIPSC fre-
quency may contribute to the manner and circumstances in
which POMC cells release individual or multiple neurotransmit-
ters into downstream targets.

Collectively, our data provide evidence that while AgRP neu-
rons can provide robust inhibition of POMC neuron firing
through coordinated GABAergic activity, they provide a negligi-
ble frequency of spontaneous GABA onto POMC cells. Studies
investigating the afferent origin of spontaneous GABAergic in-
puts onto POMC neurons will shed valuable insight into how a
multitude of behavioral processes linked to POMC activity are
modulated and may provide critical points of therapeutic inter-
vention to combat overeating and obesity.
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