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 44 
 45 
ABSTRACT  46 

Hypothalamic agouti-related peptide (AgRP) neurons potently stimulate food 47 

intake, whereas proopiomelanocortin (POMC) neurons inhibit feeding. Whether AgRP 48 

neurons exert their orexigenic actions, at least in part, by inhibiting anorexigenic POMC 49 

neurons remains unclear. Here, the connectivity between GABA-releasing AgRP 50 

neurons and POMC neurons was examined in brain slices from male and female mice. 51 

Spontaneous GABA-mediated inhibitory postsynaptic currents (sIPSCs) in POMC 52 

neurons were unaffected by disturbing GABA release from AgRP neurons either by cell-53 

type-specific deletion of the vesicular GABA transporter or by expression of botulinum 54 

toxin in AgRP neurons to prevent VAMP2-dependent vesicle fusion. Additionally, there 55 

was no difference in the ability of mu opioid receptor (MOR) agonists to inhibit sIPSCs 56 

in POMC neurons when MORs were deleted from AgRP neurons, and activation of the 57 

inhibitory designer receptor hM4Di on AgRP neurons did not affect sIPSCs recorded 58 

from POMC neurons. These approaches collectively indicate that AgRP neurons do not 59 

significantly contribute to the strong spontaneous GABA input to POMC neurons. 60 

Despite these observations, optogenetic stimulation of AgRP neurons reliably produced 61 

evoked IPSCs in POMC neurons leading to inhibition of POMC neuron firing. Thus, 62 

AgRP neurons can potently affect POMC neuron function, without contributing a 63 

significant source of spontaneous GABA input to POMC neurons. Together, these 64 

results indicate that the relevance of GABAergic inputs from AgRP to POMC neurons is 65 

state-dependent and highlight the need to consider different types of transmitter release 66 

in circuit mapping and physiologic regulation.  67 

 68 
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SIGNIFICANCE STATEMENT 69 

Agouti-related peptide (AgRP) neurons play an important role in driving food 70 

intake while proopiomelanocortin (POMC) neurons inhibit feeding. Despite the 71 

importance of these two well-characterized neuron types in maintaining metabolic 72 

homeostasis, communication between these cells remains poorly understood.  To 73 

provide clarity to this circuit, we made electrophysiological recordings from mouse brain 74 

slices and found that AgRP neurons do not contribute spontaneously released GABA 75 

onto POMC neurons although when activated with channelrhodopsin AgRP neurons 76 

inhibit POMC neurons through GABA-mediated transmission.  These findings indicate 77 

that the relevance of AgRP to POMC neuron GABA connectivity depends on the state 78 

of AgRP neuron activity and suggest that different types of transmitter release should be 79 

considered when circuit mapping.  80 

 81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 

 89 

 90 

 91 
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INTRODUCTION 92 

Agouti-related peptide (AgRP) and proopiomelanocortin (POMC) neurons are 93 

two well-characterized neuron types located in the arcuate nucleus (ARC) of the 94 

hypothalamus that play important roles in the modulation of energy homeostasis (Cone, 95 

2005; Mercer et al., 2013). POMC neurons can inhibit food intake and are critical for the 96 

maintenance of normal body weight. Deletion of POMC neurons (Xu et al., 2005), their 97 

peptide product alpha MSH (Yaswen et al., 1999; Smart et al., 2006), or receptors of 98 

alpha MSH (Butler et al., 2000; Balthasar et al., 2005) all result in obesity. AgRP 99 

neurons act in opposition to POMC neurons with their activation stimulating food intake 100 

through the release of inhibitory transmitters and neuromodulators (Cone, 2005; Tong et 101 

al., 2008; Krashes et al., 2013). AgRP neurons are activated by energy deficit 102 

(Takahashi and Cone, 2005; Liu et al., 2012; Betley et al., 2013) and recent in vivo 103 

photometric studies demonstrated an increase in AgRP activity during food restriction, 104 

an effect that was relieved following the presentation of food (Betley et al., 2015; Chen 105 

et al., 2015). Further, optogenetic (Aponte et al., 2011) or chemogenetic (Nakajima et 106 

al., 2016) stimulation of AgRP neurons triggers feeding behavior. These findings, 107 

together with earlier anatomic studies (Horvath et al., 1997; Cowley et al., 2001; Pinto et 108 

al., 2004) have led many to propose that AgRP neurons stimulate feeding, at least 109 

partially, by direct inhibition of the anorexigenic POMC neurons (Cone, 2005; Tong et 110 

al., 2008; Zeltser et al., 2012; Nuzzaci et al., 2015).   111 

 In addition to anatomic evidence, the idea that GABA-releasing AgRP terminals 112 

directly inhibit POMC neurons is supported by a study showing a dramatic reduction in 113 

spontaneous inhibitory postsynaptic currents (sIPSCs) in POMC neurons following 114 
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toxin-induced ablation of AgRP neurons in adult mice (Wu et al., 2008). However, basal 115 

sIPSC frequency in POMC neurons was not affected by deletion of the vesicular GABA 116 

transporter (VGAT) to disrupt GABA release from AgRP neurons (Tong et al., 2008) 117 

questioning the presence of the suggested GABAergic connection from AgRP neurons 118 

to POMC neurons. More recent studies have used an optogenetic approach to 119 

demonstrate that photostimulation of AgRP neurons results in evoked IPSCs in POMC 120 

neurons (Atasoy et al., 2012; Dicken et al., 2015) indicating that AgRP neurons can 121 

release GABA onto POMC neurons when stimulated.  122 

 Given the importance of AgRP and POMC neuron activity in the regulation of 123 

food intake and energy balance and their often reciprocal roles, we set out to determine 124 

whether types of transmitter release examined could account for the disparate 125 

connectivity results found to date. Collectively, the present results provide additional 126 

evidence that light-evoked depolarization of AgRP neurons triggers GABA release onto 127 

POMC cells and that coordinated activity of AGRP neurons is sufficient to reduce 128 

POMC firing. However, using a variety of transgenic, pharmacologic and 129 

electrophysiological tools we provide evidence that AgRP neurons are not a primary 130 

contributor of spontaneously released GABA onto POMC neurons, even in the fasted 131 

state. The ability to detect evoked, but not spontaneous AgRP to POMC neuron inputs 132 

may be accounted for by differential molecular mechanisms for evoked versus 133 

spontaneous fusion of neurotransmitter-filled vesicles (Ramirez and Kavalali, 2011; 134 

Schneggenburger and Rosenmund, 2015), separate presynaptic vesicle populations 135 

(Fredj and Burrone, 2009), differential targeting of postsynaptic receptors (Otis and 136 

Mody, 1992), or divergent target locations on the postsynaptic cell (Atasoy et al., 2008; 137 
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Zenisek, 2008). Collectively, our results suggest that physiological dissection of 138 

neuronal circuits and function should consider both evoked and spontaneous release of 139 

neurotransmitter release. 140 

 141 

MATERIALS AND METHODS 142 

Animals.  143 

All experiments were performed in accordance with the Colorado State University 144 

Animal Care and Use Committee and the Guide for the Care and Use of Laboratory 145 

Animals set forth by the National Institutes of Health.  The following mice were procured 146 

from Jackson Laboratories (Bar Harbor, ME): POMC enhanced green fluorescent 147 

protein (eGFP) [C57BL/6J-Tg(Pomc-EGFP)1Low/J, stock: 009593]; AgRPcre 148 

[AgRPtm1(cre)Lowl/J, stock: 012899];  Cre-dependent channelrhodopsin (ChR2) mice 149 

[B6.Cg-Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J, stock: 024109]; VGATflox/flox 150 

[slc32a1tm1lowl/J. stock: 012897]; MORflox/flox [B6.129S2-Oprm1tm1Kff/J, stock: 007559]; 151 

Cre-dependent hM4Di mice [B6N.129-Gt(ROSA)26Sortm1(CAG-CHRM4*,-mCitrine)ute/J, stock: 152 

026219]. The Cre-dependent botulinum toxin-expressing mice (iBot mice) were 153 

obtained from Dr. Frank Pfrieger (University of Strasbourg, (Slezak et al., 2012). POMC 154 

DsRed mice (Hentges et al., 2009) were originally a gift from Dr. Malcolm Low. To 155 

detect transgenes and floxed alleles standard polymerase chain reaction (PCR) 156 

techniques were employed. 157 

Animals were housed on a 12-h light/dark schedule, and had ad libitum access to 158 

standard rodent chow and tap water. Where noted, animals were fasted overnight with 159 
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food removed one hour before lights out. Brain slices were prepared for 160 

electrophysiology 17 hours later.  161 

 162 

Stereotaxic surgery for in vivo gene delivery. 163 

 6 – 8 week old mice were induced into a deep anesthetic plane with isoflurane 164 

and were placed into a stereotaxic apparatus (David Kopf instruments, Tujunga, CA) 165 

fitted with a nose cone for delivery of isoflurane for the entirety of the operation. Viral 166 

vectors allowing for Cre recombinase-dependent expression of ChR2 167 

(AAV9.EF1.dflox.hChR2(H134R)-mCherry.WPRE.hGH; U. Penn Vector Core, 168 

University of Pennsylvania; 200 nl, 7.24e13 GC/ml) or Cre recombinase-dependent 169 

expression of the inhibitory designer receptor hM4Di (rAVV8/hSyn-DIO-hm4Di (Gi)-170 

mcherry; Virus Vector Core, University of North Carolina at Chapel Hill; 200 nl, 7e12 171 

GC/ml) were delivered over the course of 60 seconds into each side of the arcuate 172 

nucleus. For each injection, the needle was left in place for 150 seconds following the 173 

end of solution delivery to allow diffusion and minimize leak. Brain slices were prepared 174 

10-24 days after virus injection. 175 

 176 

Electrophysiology.  177 

Following the induction of a deep anesthetic plane with isoflurane, mice were 178 

decapitated and their brains were removed and placed into ice-cold artificial cerebral 179 

spinal fluid (aCSF) consisting of (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2^6H2O, 2.4 180 

CaCl2^2H2O, 1.2 NaH2PO4, 11.1 Glucose, and 21.4 NaHCO3, and bubbled with 95% O2 181 

and 5% CO2. Sagittal slices containing the ARC were cut at a thickness of 240 μm using 182 
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a Leica VT1200S vibratome (Leica Microsystems Inc., Buffalo Grove, IL). After resting 183 

( 1 h at 37°C in aCSF containing the N-methyl-D-aspartate (NMDA) receptor blocker 184 

MK-801 [15 μM]), slices were transferred to the recording chamber and perfused with 185 

oxygenated, 37°C aCSF at a flow rate of approximately 2 ml/min. For whole-cell 186 

recordings, the internal recording solution contained (in mM): KCL, 57.5; K-methyl 187 

sulfate, 57.5; NaCl, 20; MgCl2, 1.5; Hepes, 5; EGTA, 0.1; ATP, 2; GTP, 0.5; 188 

phosphocreatine, 10. The pH was adjusted to 7.3. Recording electrodes had a 189 

resistance of 1.6-2.2 MΩ when filled with this solution. Loose patch recordings were 190 

made with aCSF in the recording pipette. POMC cells were visually identified for 191 

recording based on the transgenic expression of DsRed or eGFP. Whole cell patch-192 

clamp recordings were acquired in voltage-clamp mode at a holding potential of -60 mV 193 

using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA). 194 

Electrophysiological data was collected and analyzed using Axograph X software 195 

running on a Mac OS X operating system.  196 

Light activation of AgRP neurons expressing ChR2 was achieved via a 2 ms 470 197 

nm light pulse with an inter-stimulus interval of 20 sec through the use of a 470 nM LED 198 

(Thorlabs, Newton, NJ) driven by an LEDD1B driver (Thorlabs) triggered through the 199 

TTL output on a ITC-18 computer interface board (HEKA Instruments Inc., Bellmore, 200 

NY).  In some cases, 3 consecutive 2 ms light pulses were delivered with an inter-201 

stimulus interval of 800 ms to better visualize light-evoked IPSCs against the 202 

background of sIPSCs. Electrically-evoked IPSCs were elicited by passing current 203 

through a bipolar stimulating electrode that was inserted into the mid-dorsal region of 204 

the ARC. For both light- and electrically-evoked IPSCs, the stimulus intensity was 205 
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reduced at the beginning of the experiment to produce events with amplitudes 206 

approximately 50% of the maximal amplitude to allow detection of both increased or 207 

decreased amplitudes.  sIPSCs were continuously collected in 60 sec epochs and 3 - 5 208 

epochs were combined for frequency and amplitude analysis.  sIPSC events were 209 

detected by sliding an event template over the raw data trace and data were then 210 

visually inspected to exclude spurious events. All electrophysiological data was 211 

collected at 10 kHz and filtered at 5 kHz. Recordings were excluded from analysis if the 212 

series resistance exceeded 20 MΩ or changed significantly over the course of the 213 

experiment. Evoked and spontaneous IPSCs were pharmacologically isolated with the 214 

addition of 10 μM 6,7-Dinitroquinoxaline (DNQX) into the recording solution. IPSCs 215 

were confirmed to be GABAA mediated by the perfusion of (-)-Bicuculline methiodide 216 

(BIC, 10 μM) prior to the cessation of the experiment. Previous studies have shown that 217 

the majority of spontaneous inputs to POMC neurons are TTX insensitive (Cowley et al., 218 

2001; Pinto et al., 2004; Vong et al., 2011; Pennock and Hentges, 2016), indicating that 219 

within this preparation sIPCS represent action-potential independent events.  220 

 221 

Immunohistochemistry and confocal imaging.  222 

To confirm to presence of the botulium toxin in the same cells that contain ChR2, 223 

AgRPcre; iBoteGFP mice were injected with an AAV encoding a cre-depended ChR2 224 

tagged with mCherry. 15-21 days after injection, brain slices from these mice were used 225 

for electrophysiological experiments. After recording, slices were transferred to a multi-226 

well plate and stored overnight in potassium phosphate-buffed saline (KPBS) containing 227 

4% paraformaldehyde (PFA). The following day, slices were washed in KPBS and 228 
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incubated in 2% normal donkey serum and 0.6% Triton X-100. eGFP was detected 229 

using the chicken anti-GFP primary antibody (Abcam, Cambridge, MA; RRID: 230 

AB_300798; overnight at 4°C; 1:2000). Slices were washed in KPBS and incubated with 231 

an Alexa Fluor 488-conjugated donkey anti-chicken secondary antibody (Jackson 232 

Immuno Research Inc, West Grove, PA; RRID: AB_2340375; 1:400). Tissue was 233 

washed once more and slices were mounted on slides. To confirm the presence of 234 

hM4Di receptors following electrophysiological experiments, slices were postfixed and 235 

washed as described above. Slices were then incubated in 2% normal goat serum and 236 

0.6% Triton x-100 prepared in KPBS. Human influenza hemagglutinin (HA) – tagged 237 

hM4Di receptors were detected using the rabbit anti-HA antibody (Cell Signaling 238 

Technology, Danvers, MA; RRID: AB_1549585; overnight at 4°C; 1:1000).  The 239 

following day, slices were washed in KPBS and incubated with an Alexa Fluor 488-240 

conjugated goat anti-rabbit secondary antibody for 1 hour (ThermoFisher, Grand Island, 241 

NY; RRID: AB_143165; 1:250). Slices were washed again in KPBS and mounted for 242 

imaging. In separate experiments in which fluorescent images were obtained but 243 

immunohistochemistry was not necessary slices were transferred to a multi-well plate 244 

following electrophysiology and post-fixed overnight in KPBS containing 4% PFA. Slices 245 

were then washed 3X in KPBS and mounted on slides. All images were acquired on a 246 

Zeiss 880 confocal microscope.  247 

 248 

Drugs.  249 

BIC was purchased from Tocris Bioscience (Minneapolis, MN), MK-801, DNQX 250 

and [D-Ala2,N-Me-Phe4,Gly5-ol]-Enkephalin acetate (DAMGO) were purchased from 251 
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Sigma-Aldrich (St Louis, MO). Clozopine-N-Oxide (CNO) was purchased from Enzo Life 252 

Sciences (Farmingdale, NY). Drugs were prepared in distilled water (BIC, DAMGO and 253 

CNO) or DMSO (MK-801 and DNQX) as 1000 or 10000X concentrates and diluted in 254 

aCSF to achieve desired concentration immediately before use. 255 

 256 

Experimental design and Statistical analysis.  257 

Data were compared using paired and unpaired Student’s t-tests as indicated. 258 

Individual points on each figure represent a recording from a single cell. Only one 259 

recording was made per slice and a maximum of 3 recordings were made from each 260 

animal. Male and female mice were used for all experiments and results were initially 261 

analyzed for sex differences. No sex differences were detected, and therefore, data 262 

from both sexes were pooled for final analysis and data presentation. All data were 263 

analyzed using GraphPad Prism version 6. Data are presented as mean ± SEM, and 264 

differences were considered significant where p < 0.05. 265 

 266 

RESULTS 267 

Deletion of VGAT from AgRP cells blocks light-evoked GABA release onto POMC 268 

cells without affecting the frequency of spontaneous GABA release onto POMC 269 

cells.  270 

A previous study found evidence for a strong input of spontaneous GABA from 271 

AgRP neurons to POMC neurons as the ablation of AgRP neurons resulted in a 272 

profound decrease in GABA-mediated sIPSCs in POMC neurons (Wu et al., 2008). 273 

However, other investigators deleted the vesicular GABA transporter (VGAT), which is 274 
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used to package GABA into vesicles for subsequent release (Wojcik et al., 2006), from 275 

AgRP cells and found no difference in sIPSCs recorded from POMC neurons (Tong et 276 

al., 2008). To replicate the VGAT deletion study within our experimental recoding 277 

conditions, cre/lox technology was used to generate mice that lack VGAT on AgRP 278 

neurons (i.e. AgRPcre; VGATflox/flox; referred to here as AgRP-VGATKO). sIPSCs were 279 

collected from visually-identified POMC cells in hypothalamic slices from these mice to 280 

determine if deletion of GABA release from AgRP cells attenuated spontaneous 281 

GABAergic inputs onto POMC cells. The frequency of sIPSCs onto POMC cells in slices 282 

from AgRP-VGATWT mice was not significantly altered relative to AGRP-VGATKO mice 283 

(6.05 ± 0.8 Hz, n = 17 vs. 6.22 ± 1.3 Hz, n = 14, respectively; t (29) = 0.113, p = 0.91, 284 

unpaired t-test; FIG 1 A&B). The deletion of VGAT from AgRP neurons also did not 285 

affect the amplitude of sIPSCs recorded from POMC cells (AgRP-VGATWT: n = 17; 286 

36.28 ± 2.6 pA; AgRP-VGATKO: n = 14; 32.74 ± 2.2 pA; t (29) = 0.998, p = 0.326, 287 

unpaired t-test). 288 

 To confirm that AgRP-VGATKO disrupted GABA release from AgRP neurons, 289 

whole cell voltage clamp recordings were made from POMC cells while AgRP cells 290 

expressing ChR2 were photostimulated with 2 ms pulses of 470 nm light. In contrast to 291 

AgRP-VGATWT mice (41/48 cells connected; n = 14 mice; FIG 1C, upper trace), light-292 

evoked IPSCs recorded from POMC cells were not observed in AgRP-VGATKO mice 293 

(0/14 cells connected; n = 3 mice; FIG 1C, lower trace) indicating the loss of GABA 294 

release from AgRP neurons following VGAT deletion. Together, these results provide 295 

support for previous reports suggesting that AgRP neurons are not a significant source 296 

of GABA-mediated sIPSCs recorded from POMC neurons (Tong et al., 2008; Vong et 297 
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al., 2011). However, the ability to reliably evoke IPSCs in POMC neurons upon AgRP 298 

neuron stimulation when VGAT is intact (FIG 1C; Atasoy et al., 2012; Dicken et al., 299 

2015) indicates that a connection does exist from AgRP to POMC neurons leaving open 300 

the possibility that increased AgRP activity may reveal a significant contribution of 301 

sIPSCs onto POMC cells.   302 

 303 

Fasting-induced increase of spontaneous IPSCs recorded from POMC cells are 304 

not attenuated by deletion of VGAT from AgRP cells.  305 

Consistent with their orexigenic nature, caloric deficit or fasting elevates AgRP 306 

neuron activity (Liu et al., 2012; Betley et al., 2015; Chen et al., 2015) and increases the 307 

expression of glutamate decarboxylase mRNA in AgRP neurons (Dicken et al., 2015).  308 

Fasting also increases spontaneous release of GABA onto POMC cells (Vong et al., 309 

2011), raising the possibility that fasting-induced increases in AgRP neuron activity may 310 

be responsible for increased GABA release onto POMC cells. To test this hypothesis, 311 

recordings of sIPSCs were made from POMC cells in slices from both AgRP-VGATWT 312 

and AgRP-VGATKO mice fed ad libitum or following an over night (17 h) fast.  Fasting 313 

resulted in a significant increase in sIPSC frequency onto POMC cells in slices from 314 

both AgRP-VGATWT (Fed: n = 17; 6.05 ± 0.8 Hz; Fasted: n = 15; 9.12 ± 1.3; t (30) = 315 

2.063, p = 0.04, unpaired t-test; FIG 2 A&B) and AgRP-VGATKO mice (Fed: n = 14; 6.22 316 

± 1.3 Hz; Fasted: n = 10; 11.24 ± 1.5; t (22) = 2.549, p = 0.02, unpaired t-test; FIG 2 317 

A&C).  This result provides further support to the theory that AgRP neurons do not 318 

contribute significant spontaneous GABA to POMC neurons even during fasting which 319 
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increases AgRP neuron activity, while also indicating that the neurons responsible for 320 

sIPSCs released onto POMC cells are regulated by energy state.  321 

 322 

Pharmacological investigation of spontaneous GABA release from AgRP to 323 

POMC neurons  324 

The preceding experiments indicate that AgRP cells do not contribute 325 

spontaneous GABA onto POMC cells. However, constitutive deletion of GABA release 326 

from AgRP neurons could result in compensatory changes wherein adaptive 327 

mechanisms from other cell types contribute greater GABAergic inhibition to maintain 328 

homeostatic inhibition of POMC cells. This compensation could mask a normal 329 

contribution from AgRP cells when approaches rely on constitutive disruption of GABA 330 

release. To address this important caveat, we designed a strategy wherein the inhibition 331 

of evoked and spontaneous IPSCs onto POMC cells was assessed following bath 332 

perfusion of the mu-opioid receptor (MOR) agonist DAMGO (10 μM) in animals 333 

following deletion of MORs from AgRP neurons. This alternative approach allows for 334 

experimentation where GABA release from AgRP neurons is not grossly disturbed and 335 

is based on the observation that MOR agonists potently inhibit both spontaneous and 336 

evoked GABA-mediated currents onto POMC neurons (Pennock and Hentges, 2016) 337 

and that AgRP neurons express MORs (Barnes et al., 2010). If AgRP neurons are a 338 

significant source of spontaneous GABA inputs to POMC neurons, then deletion of 339 

MORs only from AgRP cells should blunt the ability of MOR agonist to inhibit sIPSCs to 340 

POMC neurons. To validate this approach, we generated mice lacking MORs on AgRP 341 

neurons (i.e. AgRPcre; MORflox/flox; referred to here as AgRP-MORKO). A portion of the 342 
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offspring received virus containing the Cre-dependent version of ChR2 to allow for light-343 

evoked GABA release from AgRP neurons. Light-evoked IPSCs from AgRP-MORWT 344 

cells were significantly inhibited by the addition of 10 μM DAMGO to the superfusate 345 

(29.12 ± 6.1% of baseline, n = 12, t (11) = 5.356, p = 0.0002, paired t-test; FIG 3 A&B) 346 

confirming that AgRP cells express MORs in presynaptic terminals contacting POMC 347 

cells. Conversely, in recordings made from POMC cells in AgRP-MORKO mice 10 μM 348 

DAMGO was ineffective at inhibiting light-evoked IPSCs (106.3 ± 3.1% of baseline, n = 349 

13, t (12) = 1.117, p = 0.286, paired t-test; FIG 3 A&B) demonstrating that we effectively 350 

deleted MORs from AgRP cells.  351 

 We next investigated whether sIPSCs onto POMC cells are differentially inhibited 352 

by the addition of 10 μM DAMGO in recordings from AgRP-MORWT and AgRP-MORKO 353 

mice. DAMGO (10 μM) significantly and dramatically reduced the frequency of sIPSCs 354 

in recordings from POMC cells in both AgRP-MORWT (n = 11; from 6.31 ± 0.9 Hz to 1.65 355 

± 0.4 Hz; t (10) = 7.031, p = 0.00003; paired t-test; FIG 3 C-E) and AgRP-MORKO (n = 356 

10; from 7.61 ± 1.5 Hz to 2.57 ± 0.7 Hz; t (9) = 4.717, p = 0.001; paired t-test; Fig. 3 C-357 

E). Additionally, the magnitude of inhibition was not different between the two genotypes 358 

(AgRP-MORWT: n = 11; 24.57 ± 3.1 % baseline; AgRP-MORKO: n = 10; 31.10 ± 5.2 % 359 

baseline; t (19) = 1.104, p = 0.283, unpaired t-test), further suggesting that the source of 360 

spontaneously released GABA onto POMC cells does not originate from AgRP neurons. 361 

 362 

Chemogenetic inhibition of AgRP neurons does not affect sIPSCs recorded from 363 

POMC neurons 364 
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 As an additional approach with low potential for compensatory mechanisms, we 365 

expressed the Cre-dependent, pharmacologically selective designer Gi-protein-coupled 366 

designer receptor hM4Di in AgRPcre neurons using a transgenic approach (i.e. AgRPcre; 367 

hM4Di; referred to as AgRPhM4Di). Activation of the hM4Di receptors with its ligand 368 

clozapine-N-oxide (CNO) inhibits evoked release probability (Stachniak et al., 2014) and 369 

spontaneous release frequency (Mahler et al., 2014) without affecting action potential 370 

propagation (Stachniak et al., 2014). Thus, the expression of hM4Di receptors on AgRP 371 

neurons allows for normal function of these neurons in the absence of agonist. The 372 

presence of hM4Di receptors was confirmed immunohistochemically using an antibody 373 

against the HA-tagged hM4Di receptors (FIG 4 A). In all slices, robust penetrance of 374 

hM4Di receptors was observed in AgRP neurons within close proximity to POMC cells. 375 

Activation of hM4Di receptors on AgRP neurons by bath application of 10μM CNO did 376 

not affect the frequency of sIPSCs recorded from POMC neurons (n = 11; from 7.53 ± 377 

1.8 Hz to 7.16 ± 1.6 Hz; t (10) = 0.5609, p = 0.56; paired t-test; FIG 4 B&C). We also 378 

injected an AAV encoding Cre-dependent hM4Di receptors into the ARC of AgRPcre 379 

mice to allow expression of the hM4Di receptor in adulthood. Bath application of 10μM 380 

CNO again did not affect the frequency of sIPSCs in recordings from POMC cells (n = 6; 381 

from 6.69 ± 2.0 Hz to 6.91 ± 2.1 Hz; t (5) = 0.7446, p = 0.49; paired t-test).  Collectively, 382 

these two experiments support our previous experiments by again demonstrating that 383 

AgRP neurons are not a significant source of spontaneously released GABA onto 384 

POMC cells. Importantly, these two strategies allow for normal developmental function 385 

of AgRP neurons, which should minimize any compensation from other neuron types.  386 

 387 
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Disrupting vesicle fusion in AgRP neurons does not alter sIPSCs onto POMC 388 

neurons 389 

 As an additional strategy to investigate the contribution of GABA released from 390 

AgRP neurons on the frequency of sIPSCs in POMC neurons we employed cell-type 391 

specific expression of the clostridial botulinum neurotoxin serotype B light chain 392 

(BoNT/B) in AgRP cells. Botulinum toxin inhibits both evoked and spontaneous vesicle 393 

exocytosis (Dreyer and Schmitt, 1983; Dreyer et al., 1987; Molgo et al., 1989) by 394 

recognizing and cleaving proteins critically involved in exocytotic machinery (Humeau et 395 

al., 2000) including the vesicle associated membrane protein 2 (VAMP2, also termed 396 

synaptobrevin), a portion of the soluble N-ethylmaleimide-sensitive factor-attachment 397 

protein receptor (SNARE) complex. A transgenic mouse carrying a Cre recombinase-398 

dependent, eGFP-tagged BoNT/B construct (iBot mouse), allows for cell-type specific 399 

expression and visualization of this toxin (Slezak et al., 2012). We used these animals 400 

to generate mice with BoNT/B expressed exclusively in AgRP cells (i.e. AgRPcre; iBot; 401 

referred to here as AgRPiBOT). A subset of these mice were injected with an AAV 402 

encoding Cre-dependent ChR2 tagged with mCherry to both validate the expression 403 

pattern of BoNT/B within AgRP cells and determine if light-evoked GABAergic 404 

connectivity from AgRP cells to POMC cells was indeed blocked by the introduction of 405 

BoNT/B. In AgRPiBOT mice injected with ChR2-mCherry, BoNT/B expression was 406 

confined to the ARC and was coexpressed with ChR2 positive cells (FIG 5 A&B). 407 

Further, we did not detect light-evoked IPSCs in any of our whole cell recordings from 408 

POMC cells (0/7 connected; FIG 5C) indicating that BoNT/B-induced cleaving of 409 

VAMP2 in AgRP neurons blocks evoked release of GABA from these cells. In 410 
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subsequent recordings from AgRPiBOT mice we found that the frequency of sIPSCs in 411 

POMC cells (n = 11; 7.60 ± 1.1 Hz; FIG 5 D&F) were not significantly inhibited relative 412 

to recordings from mice not expressing BoNT/B (t (26) = 1.159, p = 0.257; unpaired t-413 

test), providing further support to our findings that AgRP neurons do not contribute 414 

spontaneously released GABA onto POMC cells.    415 

 416 

Activation of AgRP neurons reliably produces GABAergic IPSCs onto POMC cells 417 

and inhibits POMC cell firing.  418 

Despite the apparent lack of contribution of AgRP neurons to spontaneous GABA 419 

release onto POMC neurons, synchronous activation of AgRP neurons results in 420 

evoked IPSCs in POMC neurons (Dicken et al., 2015, Atasoy et al., 2012). This 421 

synchronous release of GABA from AgRP neurons has been previously shown to 422 

reduce POMC neuron excitability (Dicken et al., 2015, Atasoy et al., 2012) and we 423 

replicated that finding here. ChR2 was virally or transgenically expressed in AgRPcre 424 

cells and electrophysiological recordings were made from POMC cells visually identified 425 

with a fluorescent marker (FIG 6 A&B). Light activation of AgRP cells reliably produced 426 

GABAergic IPSCs in POMC cells (41/48 cells connected; n = 14 mice; FIG 3C). To 427 

determine the effect of GABA released from AgRP neurons on POMC cell firing, cell-428 

attached recordings were made from POMC cells. Photo-excitation of AgRP cells 429 

resulted in a cessation of action potential firing in POMC cells (FIG 6D), and this effect 430 

was blocked by the addition of the GABAA receptor antagonist (-)-Bicuculline methiodide 431 

(BIC, FIG 1E; see also (Dicken et al., 2015)). The earlier studies (Atasoy et al., 2012; 432 
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Dicken et al., 2015), together with the current results, provide strong evidence that 433 

coordinated activation of AgRP neurons is sufficient to silence firing POMC neurons. 434 

 435 

Non-AgRP neurons likely provide a significant portion of evoked GABA to POMC 436 

neurons 437 

Synchronous GABA release from AgRP neurons can clearly inhibit POMC 438 

neuron activity as indicated above. However, the relative contribution of AgRP terminals 439 

to evoked GABA inputs to POMC neurons has not been determined. To address this, 440 

we again employed the MOR pharmacologic approach and compared MOR agonist 441 

inhibition of evoked IPSCs in POMC neurons.  First, IPSCs were electrically-evoked 442 

onto POMC cells in slices from both AgRP-MORWT and AgRP-MORKO mice and 443 

inhibition of the IPSCs amplitude following bath perfusion of 10 μM DAMGO was 444 

compared between genotypes. Deletion of MORs from AgRP neurons had no affect on 445 

the magnitude of inhibition seen following DAMGO application (AgRP-MORWT: n = 18; 446 

47.96 ± 5.3 % baseline; AgRP-MORKO: n = 10; 44.01 ± 7.7 % baseline; t (26) = 0.432, p 447 

= 0.67, unpaired t-test; FIG 7 A&B). The fact that deleting MORs from AgRP terminals 448 

caused a loss of MOR-agonist-induced inhibition of light-evoked IPSCs from AgRP to 449 

POMC neurons (FIG 3 A&B) without significantly affecting electrically-evoked IPSCs 450 

(FIG 7) suggests that AgRP neurons supply only a modest portion of the total inputs 451 

that can supply electrically-evoked GABA to POMC neurons. Next, we compared the 452 

inhibition of light- and electrically-evoked IPSCs in POMC cells where MORs were intact 453 

on AgRP cells (i.e. AgRP-MORWT). We found that MOR-mediated inhibition of light-454 

evoked IPSCs from AgRP neurons (see FIG 3 A&B) resulted in a significantly larger 455 
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inhibition relative to that for electrically-evoked IPSCs from non-selective inputs (see 456 

FIG 7 A&B; t (28) = 2.299, p = 0.03, unpaired t-test) indicating that a higher portion of 457 

AgRP terminals may express MORs as compared to the overall inputs that contribute to 458 

the electrically-evoked IPSCs. 459 

 460 

DISCUSSION 461 

 462 

Non-AgRP afferents deliver spontaneous inhibition onto POMC cells. 463 

Despite the importance of both AgRP and POMC neurons in the regulation and 464 

modulation of energy homeostasis, the relevance of communication between these cell 465 

types has not been clearly defined. For example, deletion of GABA release from AgRP 466 

neurons, achieved by constitutive knockout of VGAT, does not affect sIPSC frequency 467 

in POMC cells (Tong et al., 2008). This observation contrasts with results obtained 468 

when diphtheria toxin was targeted to AgRP neurons to ablate them, which caused a 469 

robust inhibition of sIPSCs recorded from POMC cells (Wu et al., 2008). This result 470 

argues that AgRP neurons provide significant spontaneous GABA onto POMC neurons. 471 

However, the ablation of AgRP neurons using diphtheria toxin completely removes 472 

AgRP neuron contribution from the circuit, including the actions of peptides from these 473 

cells. Therefore, it could be that indirect modulation of POMC cells through the release 474 

of peptides was also removed. This contrasts the VGAT deletion approach where 475 

peptidergic transmission would presumably remain, which could explain why sIPSC 476 

frequency was not affected in these studies. Regardless, the physiological connectivity 477 

between these cell types warrants further investigation and clarity. 478 
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To address the disparate findings, we used transgenic manipulations and 479 

subsequent ex vivo electrophysiological experiments to provide clarity into the 480 

relevance of GABA-mediated transmission from AgRP neurons onto POMC neurons.  481 

The results indicate that AgRP neurons do not contribute significantly to spontaneously 482 

released GABA onto POMC cells. Our evidence for this is five fold: 1) constitutive 483 

deletion of GABA release from AgRP neurons achieved via deletion of VGAT does not 484 

alter the frequency of sIPSCs in POMC cells; 2) the increase in sIPSC frequency in 485 

POMC cells following fasting is not blocked by deletion of VGAT from AgRP cells; 3) 486 

cell-type specific expression of BoNT/B to disrupt neurotransmitter release in AgRP 487 

neurons does not affect the frequency of sIPSCs in POMC cells, 4) the inhibition of 488 

sIPSC frequency onto POMC cells following MOR activation is not significantly affected 489 

by constitutive deletion of MORs from AgRP neurons and 5) Chemogenetic inhibition of 490 

AgRP neurons does not inhibit sIPSCs onto POMC cells. Although developmental 491 

compensation may contribute to some these observations, the convergence of evidence 492 

from the use of multiple approaches strongly suggests that AgRP neurons are not a 493 

primary contributor of spontaneously released GABA onto POMC neurons. These 494 

findings are particularly interesting considering we (FIGS 1, 3 & 5; Dicken et al. 2015) 495 

and others (Atasoy et al., 2012) have observed reliable evoked GABA release from 496 

AgRP neurons onto POMC cells. 497 

The finding that AgRP neurons do not provide direct spontaneous GABA onto 498 

POMC cells raises the important question as to where these inhibitory afferents 499 

originate. Current data indicate that a diverse array of neuron-types and brain regions 500 

provide synaptic input to POMC neurons (van den Pol, 2003; Wang et al., 2015) and a 501 
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combination of these inputs likely contributes to spontaneous GABA released onto 502 

POMC cells. Additionally, AgRP neurons represent a small fraction of GABAergic cells 503 

within the arcuate nucleus (Dennison et al., 2016) suggesting that other local 504 

GABAergic cells could play an important role in spontaneous inhibitory modulation of 505 

POMC neurons. Interestingly, the frequency of sIPSCs recorded from POMC cells 506 

increased after fasting even when GABA release was blocked in AgRP neurons 507 

indicating that the non-AgRP neurons contributing sIPSCs onto POMC cells are 508 

metabolically sensitive. It may be that these neurons are responding to the fasting-509 

induced decline in leptin (Vong, et al., 2011). Despite the apparent lack of spontaneous 510 

GABAergic communication from AgRP neurons to POMC cells, we provide further 511 

support to the observation that synchronized activity of AgRP neurons can exert robust 512 

inhibitory influence over POMC cell activity.  513 

 514 

Coordinated activity of AgRP neurons plays an important role in modulating 515 

POMC neuron activity. 516 

Using cell-type specific optical stimulation, we replicated the findings of others 517 

(Atasoy et al., 2012; Dicken et al., 2015) indicating that the majority of POMC neurons 518 

receive direct GABAergic inputs from AgRP cells. The synchronized activity of AgRP 519 

neurons is sufficient to silence firing in POMC neurons (Atasoy et al., 2012; Dicken et 520 

al., 2015). This finding, along with others demonstrating a critical role in AgRP neuron 521 

activity in the regulation of feeding behaviors (Gropp et al., 2005; Tong et al., 2008; 522 

Aponte et al., 2011; Atasoy et al., 2012; Betley et al., 2015; Nakajima et al., 2016; 523 

Padilla et al., 2016) indicates that modulation of AgRP neuron activity plays an 524 
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important role in energy homeostasis. Efferent modulators of AgRP neurons may 525 

coordinate the activity of AgRP cells during episodes of caloric deficit, facilitating a 526 

silencing of POMC neurons and a number of recent studies have identified neuronal 527 

populations that modulate AgRP activity. For example: thyrotropin-releasing hormone 528 

and pituitary adenylate cyclase-activating polypeptide expressing neurons in the 529 

paraventricular nucleus of the hypothalamus release glutamate onto AgRP neurons to 530 

drive feeding (Krashes et al., 2011); while leptin receptor expressing neurons in the 531 

ventral aspect of the dorsal medial hypothalamus (vDMH) inhibit AgRP neurons through 532 

GABAergic connections to signal the availability of food (Garfield et al., 2016). Taken 533 

together, it appears as though a number of brain regions are capable of modulating 534 

activity of AgRP neurons during depleted energy states. These convergent signals may 535 

help synchronize activity of AgRP neurons, which in turn can silence POMC activity. 536 

Indeed, in vivo calcium imaging reveals that AgRP neurons increase their activity during 537 

caloric deficit (Betley et al., 2015; Chen et al., 2015) and although synchronicity was not 538 

directly measured in these studies, an overall increase in activity across a population of 539 

cells could result in coordinated activity of a subset of that population.  540 

Despite the reliability and functional consequences of evoked GABAergic 541 

transmission from AgRP to POMC neurons that we and others (Atasoy et al., 2012) 542 

have shown, the results presented here provide compelling evidence that GABA 543 

spontaneously released onto POMC cells originates from non-AgRP sources.  544 

Considering the high frequency of sIPSCs conferred onto POMC cells and the energy 545 

state-dependence of these events, resolving the functional role and afferent origin of 546 

sIPSCs in POMC neurons may provide important insight into the neuronal circuits 547 
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governing feeding behaviors but also other behaviors modulated by POMC neurons and 548 

their peptide products.  549 

 550 

Spontaneous release of neurotransmitter may play a fundamentally different role 551 

than evoked release. 552 

Recent debate has emerged regarding the differential release of neurotransmitter 553 

through evoked versus spontaneous vesicle fusion (Kavalali, 2015). Central to this 554 

debate is whether spontaneous release imparts functionally relevant postsynaptic 555 

signals. Indeed, stimulus-independent release events can target different postsynaptic 556 

receptor populations (Atasoy et al., 2008; Sara et al., 2011) that can be located at 557 

separate postsynaptic sites (Zenisek, 2008; Melom et al., 2013).  558 

The presynaptic mechanisms governing evoked versus spontaneous release 559 

also appear to be different (Peled et al., 2014; Schneggenburger and Rosenmund, 560 

2015). For example, the fusion interactions between SNARE proteins appear to 561 

differentially regulate these two types of release events (Deak et al., 2006) and a 562 

growing consensus suggests that different vesicle populations exist for evoked and 563 

spontaneous release of neurotransmitters (Sara et al., 2005; Fredj and Burrone, 2009; 564 

Hablitz et al., 2009). This convergent evidence argues that spontaneous vesicle release 565 

is not stochastic and likely plays a fundamental role in communication between 566 

neurons. Indeed, the relevance of spontaneous neurotransmission may be particularly 567 

important when the frequency of sIPSCs is as high as we observe in POMC cells.  568 

Postsynaptically, reception of spontaneously released neurotransmitters can 569 

modulate homeostatic plasticity (Jin et al., 2012), dendritic protein expression (Sutton et 570 
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al., 2007; Autry et al., 2011) and alter spike timing (Otmakhov et al., 1993; Carter and 571 

Regehr, 2002). As spike timing of other neuron types plays an important role in 572 

motivated behaviors (Grace, 1991; Schultz, 2007; Mikhailova et al., 2016) it seems 573 

plausible that changes in the frequency of sIPSCs onto POMC cells may impart 574 

changes in feeding or other behaviors regulated by POMC cells by setting the frequency 575 

at which POMC neurons fire action potentials onto downstream targets. Further, POMC 576 

cells are heterogeneous. They express transcriptional markers for both GABA and 577 

glutamate (Hentges et al., 2009; Jarvie and Hentges, 2012; Wittmann et al., 2013) and 578 

can release these neurotransmitters in addition to their peptide products (Hentges et al., 579 

2009). The co-release of neurotransmitters from a single cell can play a critical role in 580 

modulating target brain regions (Kavalali, 2015) and the excitability of the co-releasing 581 

cell appears to modulate how and when multiple neurotransmitters are released (Lee et 582 

al., 2010; Borisovska et al., 2013). Therefore, regulating the excitability of POMC 583 

neurons through changes in sIPSC frequency may contribute to the manner and 584 

circumstances in which POMC cells release individual or multiple neurotransmitters 585 

onto downstream targets.   586 

Collectively, our data provide evidence that while AgRP neurons can provide 587 

robust inhibition of POMC neuron firing through coordinated GABAergic activity, they 588 

provide a negligible frequency of spontaneous GABA onto POMC cells. Studies 589 

investigating the afferent origin of spontaneous GABAergic inputs onto POMC neurons 590 

will shed valuable insight into how a multitude of behavioral processes linked to POMC 591 

activity are modulated and may provide critical points of therapeutic intervention to 592 

combat overeating and obesity.  593 
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 787 

FIGURE LEGENDS 788 

 789 
Figure 1. Constitutive deletion of the vesicular GABA transporter (VGAT) from 790 

AgRP cells does not affect the frequency of spontaneous IPSCs recorded from 791 

POMC cells despite abolishing evoked IPSCs between these cells. A, sIPSCs 792 

recorded from POMC cells with intact VGAT in AgRP neurons (top) and after deletion of 793 

VGAT from AgRP cells (bottom). All voltage clamp experiments were conducted at a 794 

holding potential of -60 mV. B, Summary figure comparing the frequency of sIPSCs 795 
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recorded from POMC cells in mice with intact GABA release from AgRP neurons and 796 

mice where GABA release has been removed from AgRP neurons by deleting VGAT in 797 

these cells (AgRP-VGATWT: n = 17; AgRP-VGATKO: n = 14; p = 0.917, unpaired t-test). 798 

Data are presented as mean ± SEM. C, 20 consecutive traces demonstrating the 799 

reliability of light-evoked GABA release from AgRP neurons onto POMC neurons (top 800 

trace) and the ablation of this connection following deletion of VGAT from AgRP cells 801 

(bottom trace). 2 ms flash of 470 nm light is indicated by blue dash above traces. 802 

 803 

Figure 2. Increased frequency of sIPSCs in POMC cells following overnight fast is 804 

not attenuated by deletion of VGAT in AgRP cells. A, Representative traces showing 805 

that an overnight fast increases sIPSC frequency in POMC cells in recordings from both 806 

mice with intact VGAT in AgRP neurons (AgRP-VGATWT) and in mice where VGAT was 807 

deleted from AgRP neurons (AgRP-VGATKO). B, Overnight fast increases spontaneous 808 

GABA release onto POMC cells in hypothalamic slices obtained from animals with intact 809 

VGAT in AgRP cells (fed: n = 17, fasted: n = 15; *, p = 0.04; unpaired t-test). C, In 810 

hypothalamic slices obtained from mice with deleted VGAT in AgRP cells, the fasting-811 

induced increase in spontaneous GABA release onto POMC cells persists (fed: n = 14; 812 

fasted: n = 10; *, p = 0.02, unpaired t-test). All data are presented as mean ± SEM.  813 

 814 

Figure 3. Deletion of MORs from AgRP neurons does not attenuate the inhibition 815 

of sIPSCs in POMC neurons produced by MOR activation. A, 10-20 consecutive 816 

traces averaged to demonstrate the inhibition of light-evoked IPSCs caused by the 817 

MOR agonist DAMGO (10 μM) in recordings from POMC neurons in mice with intact 818 
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MORs in AgRP cells (AgRP-MORWT; left traces) and the block of this effect in mice 819 

where MORs were deleted form AgRP cells (AgRP-MORKO; right traces). Blue bar 820 

above traces indicates a 2 ms pulse of 470 nm light. B, Comparison of the effect of 10 821 

μM DAMGO on light-evoked IPSCs onto POMC cells where AgRP-MORWT and AgRP-822 

MORKO mice. C, Traces representative of the effect of DAMGO (10 μM) on the 823 

frequency of sIPSCs recorded from POMC cells in AgRP-MORWT and AgRP-MORKO 824 

mice. D, Compiled data showing the frequency of sIPSCs recorded from POMC at 825 

baseline and after bath perfusion of DAMGO (10 μM) from mice with intact MORs on 826 

AgRP neurons (***, p = 0.00003; paired t-test), E, Compiled data showing the frequency 827 

of sIPSCs recorded from POMC neurons at baseline and following bath perfusion of 828 

DAMGO (10 μM) from mice where MORs were deleted from AgRP neurons (***, p = 829 

0.001; paired t-test). All data presented as mean ± SEM.  830 

 831 

Figure 4. Activation of the Gi-protein-coupled designer receptor hM4Di on AgRP 832 

neurons does not affect the frequency of sIPSCs recorded from POMC cells. A, 833 

Immunodetection of HA-tagged hM4Di receptors (green) on AgRP neurons in close 834 

proximity to POMC cells (red) in the ARC. Verification of hM4Di expression was 835 

conducted on all slices following electrophysiological experiments. B, Representative 836 

trace demonstrating that bath application of 10μM CNO does not alter the frequency of 837 

sIPSCs recorded from POMC neurons in mice expressing hM4Di receptors on AgRP 838 

neurons. C, Compiled date showing the frequency of sIPSCs recorded from POMC 839 

neurons at baseline and following bath perfusion of 10μM CNO (p  = 0.56; paired t-test) 840 

 841 
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Figure 5. Disruption of exocytotic machinery in AgRP neurons blocks evoked 842 

GABA release from these cells but does not alter the frequency of sIPSCs 843 

recorded from POMC cells. A, Confocal image of a midsagittal brain slice from an 844 

AgRPcre transgenic mouse showing expression pattern of a Cre-dependent 845 

channelrhodopsin (ChR2) tagged with an mCherry protein in the arcuate nucleus of the 846 

hypothalamus as well as eGFP immunoreactivity indicating that the Cre-dependent 847 

botulinum toxin serotype B light chain (BoNT/B) is localized to the same region. Scale 848 

bar = 100 μm. B, Zoomed image from the same brain slice demonstrating a high degree 849 

of colocalization in the merged image. Scale bar = 10 μm. C, 20 consecutive traces 850 

recorded from a POMC cell showing that light-evoked GABAergic IPSCs are absent in 851 

recordings from mice where BoNT/B was transgenically expressed in AgRP cells 852 

(AgRPiBot). D, Single representative trace depicting the frequency of sIPSCs recorded 853 

from a POMC cell in a slice from an AgRPiBot mouse E, The frequency of sIPSCs 854 

recorded from POMC cells in slices taken from AgRPiBot mice. Data are presented as 855 

mean ± SEM. For comparison, the dashed line indicates the mean frequency of sIPSCs 856 

recorded from POMC neurons where BoNT/B was not introduced into AgRP neurons 857 

(From FIG. 1B).  858 

 859 

Figure 6. Viral expression of channelrhodopsin (ChR2) in AgRP neurons allows 860 

for the dissection of an AgRP neuron to POMC neuron GABAergic connection. A, 861 

Confocal image of a midsagittal hypothalamic section demonstrating expression of 862 

virally delivered ChR2-mCherry in AgRPcre neurons and transgenically expressed eGFP 863 

in POMC neurons in the arcuate nucleus. B, Schematic representation of stimulation 864 
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and recording parameters. C, Light stimulation of AgRP neurons containing ChR2 with 865 

470 nm light (indicated by blue dash above traces) results in an inhibitory postsynaptic 866 

current in POMC cells that was confirmed to be GABA-mediated by the addition of the 867 

GABAA receptor antagonist Bicuculline methiodide (BIC) to the bath. D & E, Cell-868 

attached recordings demonstrating that light-activation of ChR2 containing AgRP cells 869 

(indicated by blue dash above trace) terminates firing in POMC cells (D) and that this 870 

effect is blocked when GABAA receptors are antagonized with BIC (E).  871 

 872 

 873 

Figure 7. Deletion of MORs from AgRP neurons does not affect the inhibition of 874 

electrically-evoked IPSCs in POMC neurons. A, Average of 15-20 consecutive 875 

electrically-evoked IPSCs recorded from POMC cells at baseline (black trace) and 876 

following bath application of 10 μM DAMGO (red trace) in which AgRP cells contained 877 

MORs (AgRP-MORWT, left traces) and where MORs were constitutively deleted from 878 

AgRP neurons (AgRP-MORKO, right traces). B, The inhibition of electrically-evoked 879 

IPSCs onto POMC cells seen following bath application of 10 μM DAMGO is not 880 

affected by the presence or absence of MORs on AgRP neurons (AgRP-MORWT: n = 881 

18; 47.96 ± 5.3 % baseline; AgRP-MORKO: n = 10; 44.01 ± 7.7 % baseline; p = 0.67, 882 

unpaired t-test). Data are presented as mean ± SEM. 883 
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