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Abstract 44 

To maintain energy homeostasis, orexigenic (appetite-inducing) and anorexigenic (appetite 45 

suppressing) brain systems functionally interact to regulate food intake.  Within the 46 

hypothalamus, neurons that express agouti-related protein (AgRP) sense orexigenic factors and 47 

orchestrate an increase in food-seeking behavior.  In contrast, calcitonin gene-related peptide 48 

(CGRP)-expressing neurons in the parabrachial nucleus (PBN) suppress feeding.  PBN CGRP 49 

neurons become active in response to anorexigenic hormones released following a meal, 50 

including amylin, secreted by the pancreas, and cholecystokinin (CCK), secreted by the small 51 

intestine.  Additionally, exogenous compounds, such as lithium chloride (LiCl), a salt that 52 

creates gastric discomfort, and lipopolysaccharide (LPS), a bacterial cell wall component that 53 

induces inflammation, exert appetite-suppressing effects and activate PBN CGRP neurons.  The 54 

effects of increasing the homeostatic drive to eat on feeding behavior during appetite suppressing 55 

conditions are unknown.  Here, we show in mice that food deprivation or optogenetic activation 56 

of AgRP neurons induces feeding to overcome the appetite suppressing effects of amylin, CCK, 57 

and LiCl, but not LPS.  AgRP neuron photostimulation can also increase feeding during 58 

chemogenetic-mediated stimulation of PBN CGRP neurons.  AgRP neuron stimulation reduces 59 

Fos expression in PBN CGRP neurons across all conditions.  Finally, stimulation of projections 60 

from AgRP neurons to the PBN increases feeding following administration of amylin, CCK, and 61 

LiCl, but not LPS.  These results demonstrate that AgRP neurons are sufficient to increase 62 

feeding during non-inflammatory-based appetite suppression and to decrease activity in 63 

anorexigenic PBN CGRP neurons, thereby increasing food intake during homeostatic need.  64 

 65 

 66 



 

 3 

Significance Statement 67 

The motivation to eat depends on the relative balance of activity in distinct brain regions that 68 

induce or suppress appetite.  An abnormal amount of activity in neurons that induce appetite can 69 

cause obesity, while an abnormal amount of activity in neurons that suppress appetite can cause 70 

malnutrition and a severe reduction in body weight.  The purpose of this study was to determine 71 

whether a population of neurons known to induce appetite (“AgRP neurons”) could induce food 72 

intake to overcome appetite-suppression following administration of various appetite-73 

suppressing compounds.  We found that stimulating AgRP neurons could overcome various 74 

forms of appetite suppression and decrease neural activity in a separate population of appetite-75 

suppressing neurons, providing new insights into how the brain regulates food intake.   76 

 77 

 78 

 79 

 80 

 81 

 82 

 83 

 84 

 85 

 86 
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Introduction 87 

The motivation to eat depends on the relative balance of activity between orexigenic and 88 

anorexigenic brain systems (Sternson and Eiselt, 2017).  Agouti-related protein (AgRP)-89 

expressing neurons in the arcuate nucleus of the hypothalamus are a key orexigenic neuronal 90 

population that increases food intake behavior in response to homeostatic need (Ilnytska and 91 

Argyropoulos, 2008; Sternson, 2013).  These neurons also express neuropeptide Y and the 92 

inhibitory neurotransmitter γ-amino-butyric acid (GABA) (Tong et al., 2008; Wu et al., 2009).  93 

AgRP neurons increase activity in response to food deprivation and administration of the 94 

orexigenic hormone ghrelin, as demonstrated by Fos expression (an indirect marker of neuronal 95 

activity), electrophysiological recording in brain slices, and in vivo calcium imaging (Takahashi 96 

and Cone, 2005; Betley et al., 2015; Chen et al., 2015; Mandelblat-Cerf et al., 2015).  97 

Furthermore, AgRP neurons are both necessary and sufficient for mediating feeding behavior: 98 

chemogenetic inhibition of AgRP neurons significantly decreases feeding (Krashes et al., 2011) 99 

and genetic ablation of AgRP neurons causes starvation (Luquet et al., 2005); in contrast, 100 

optogenetic or chemogenetic stimulation of AgRP neurons causes a rapid and reversible increase 101 

in food intake (Aponte et al., 2011; Krashes et al., 2011). 102 

 To orchestrate food intake behavior, AgRP neurons project to multiple, redundant 103 

downstream neuronal populations (Betley et al., 2013).  To maximally promote food intake, 104 

AgRP neurons may simultaneously inhibit other brain systems that actively suppress appetite.  105 

For example, stimulation of AgRP neurons can inhibit anorexigenic neurons in the 106 

paraventricular thalamic nucleus, indirectly restoring hunger-like response patterns in insular 107 

cortex following a meal (Livneh et al., 2017). 108 
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AgRP neurons may also directly or indirectly inhibit anorexigenic neurons in the 109 

parabrachial nucleus (PBN) that express calcitonin gene-related peptide (CGRP) and have been 110 

shown to suppress appetite (Carter et al., 2013). These neurons increase activity in response to 111 

anorexigenic signals such as amylin and cholecystokinin (CCK), hormones secreted following a 112 

meal by the pancreas and small intestine, respectively (Becskei et al., 2007; Carter et al., 2013).  113 

PBN CGRP neurons also increase Fos expression following administration of exogenous 114 

appetite suppressants such as lithium chloride (LiCl), a salt that creates gastric discomfort, and 115 

lipopolysaccharide (LPS), a bacterial cell wall component that induces inflammation (Rinaman 116 

and Dzmura, 2007; Carter et al., 2013; Carter et al., 2015).  Optogenetic or chemogenetic 117 

stimulation of PBN CGRP neurons rapidly and reversibly reduces food intake (Carter et al., 118 

2013; Campos et al., 2016).  During baseline conditions, chemogenetic inactivation of PBN 119 

CGRP neurons increases meal size and duration but has no effect on total food intake over time 120 

(Campos et al., 2016).  In contrast, during appetite-suppressing conditions, chemogenetic 121 

inactivation of PBN CGRP neurons increases total food intake (Carter et al., 2013; Campos et 122 

al., 2016).  Permanent inactivation of PBN CGRP neurons via tetanus-toxin completely 123 

eliminates the satiating effects of CCK (Campos et al., 2016).   124 

 AgRP neurons send GABAergic projections to the PBN (Wu et al., 2009; Atasoy et al., 125 

2012; Betley et al., 2013; Campos et al., 2016), suggesting that AgRP neurons may directly or 126 

indirectly inhibit PBN CGRP neurons.  Consistent with this hypothesis, CGRP neurons are 127 

highly active following AgRP neuron ablation (Wu et al., 2009; Campos et al., 2016), and 128 

stimulation of AgRP-to-PBN projections reduces expression of Fos in PBN CGRP neurons 129 

following administration of the anorexigenic hormone exendin-4 (Campos et al., 2016).   130 
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We tested the hypotheses that AgRP neurons could overcome appetite suppression 131 

following administration of anorexigenic compounds and decrease activity in PBN CGRP 132 

neurons. We found that stimulation of AgRP neurons or AgRP neuron-to-PBN projections 133 

increased food intake following administration of amylin, CCK, and LiCl, but not LPS.  134 

Stimulation of AgRP neurons ameliorated appetite suppression caused by chemogenetic 135 

stimulation of PBN CGRP neurons, and reduced Fos expression in PBN CGRP neurons across 136 

all conditions.  Our findings show that AgRP neurons can overcome non-inflammatory based 137 

appetite suppression and decrease activity in anorexigenic PBN CGRP neurons, elucidating how 138 

the brain balances orexigenic and anorexigenic inputs to regulate feeding behavior. 139 

 140 

 141 

Materials and Methods 142 

Mice.  All experiments were approved by the Institutional Animal Care and Use Committee at 143 

Williams College and were performed in accordance with the guidelines described in the U.S. 144 

National Institutes of Health Guide for the Care and Use of Laboratory Animals.  We used male 145 

AgRP
Cre/+

 mice (Tong et al., 2008) (Jackson Labs, catalogue #012899) bred on a C57Bl/6 146 

background.  In some experiments, we crossed AgRP
Cre/Cre

 mice with Calca
Cre/+

 mice (Carter et 147 

al., 2013) to produce AgRP
Cre/+

;Calca
Cre/+

 mice.  All mice were 7-9 weeks old at the time of 148 

surgery and no more than 16-20 weeks old at the cessation of experiments.  Mice were housed in 149 

individual cages with a 12h/12h light/dark cycle at 22°C.  150 

 151 
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Virus Preparation.  Cre-inducible recombinant adeno-associated virus serotype #1 (AAV1) 152 

vectors carrying either ChR2-mCherry (#AV-1-20297P), eGFP (#AV-1-ALL854), or TdTomato 153 

(#AV-1-ALL864) transgenes were obtained from the Vector Core of the University of 154 

Pennsylvania.  Cre-inducible AAV8 vectors containing either hM3Dq-mCherry (#44361) or 155 

mCherry (#50459) were obtained from Addgene.  Viral aliquots were stored at –80°C before 156 

stereotaxic injection.   157 

 158 

Stereotaxic surgery.  Mice were anaesthetized with 4% isoflurane and placed on a stereotaxic 159 

frame (David Kopf Instruments).  Once on the frame and throughout the remainder of surgical 160 

procedures, mice received 1-2% isoflurane trans-nasally.  After the skull was exposed and 161 

leveled in the horizontal plane, AAV was stereotaxically injected unilaterally or bilaterally, as 162 

described in the text, into the arcuate nucleus [Fig. 1A; anteroposterior (AP), –1.4 mm; 163 

mediolateral (ML), 0.45 mm; dorsoventral (DV), –5.9 mm].  In some experiments, AAV was 164 

also stereotaxically injected into the parabrachial nucleus (AP, –4.9 mm; ML, 1.4 mm; DV, 3.8 165 

mm).  A total of 0.5 μl of virus was injected at a rate of 0.1 μl/min and was allowed 8-10 min to 166 

diffuse before the injection needle was removed. 167 

 After viral injection, mice received unilateral surgical implantation of a mono fiber-optic 168 

cannula (Doric Lenses) above the arcuate nucleus (Fig. 1A; AP, –1.4 mm; ML, 0.45 mm; DV 5.5 169 

mm).  In subsequent experiments, mice received unilateral or bilateral surgical implantation of 170 

fiber-optic cannulae above the PBN (AP, –5.2 mm; ML, 1.6 mm; DV, 3.0 mm).  The cannulae 171 

were fixed onto the skull with C&B Metabond (Parkell) and dental acrylic.  All mice were 172 

provided at least 14 days to recover from surgery prior to the start of experimental procedures.  173 

Following behavioral experiments, brain sections containing the arcuate nucleus were inspected 174 
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for expression of virus and proper implantation of fiber optic cannulae (Fig 1B,C); animals that 175 

did not show viral expression (mCherry or GFP fluorescence) or proper cannulae placement 176 

were not included in subsequent data analysis.   177 

 178 

Food intake measurements.  For feeding assays, mice were individually housed in food/liquid 179 

intake measurement cages attached to water bottles mounted on scales (Omnitech Electronics).  180 

Mice were provided with a liquid diet of Vanilla Ensure (Abbott Nutrition) diluted in a 1:2 ratio 181 

with water.  This liquid diet had a caloric density of 450 kcal/L.  Mice were allowed to habituate 182 

for a minimum of 72 hours.  Bottles containing liquid diet were washed and disinfected daily and 183 

fully replenished at the beginning of the light cycle.  Because the mice tended to increase their 184 

food intake in response to the replenishment of the liquid diet, food intake trials were performed 185 

at least 3 h after exchanging fresh food bottles.  All food intake measurements were obtained 186 

during the middle 4 hours of the inactive cycle (4-7 h after light onset).   187 

 188 

Photostimulation.  Mice were attached to fiber optic cables (1.5 m long, 200 μm diameter; Doric 189 

Lenses) coated with opaque heat-shrink tubing and allowed to acclimate for at least 5 d prior to 190 

experimental sessions.  Photostimulation was produced by a 473 nm blue-light laser (LaserGlow) 191 

driven by a Master-8 Pulse Stimulator (A.M.P.I.), which was programmed to deliver 10 ms light 192 

pulses at 20 Hz for 1 second every four seconds for 20 min (Fig. 1D).  For each trial, food intake 193 

was recorded for exactly 1 hour: the 20 min before, during, and after photostimulation (Fig. 1D). 194 

 195 

Pharmacology.  All anorexigenic compounds were prepared in 0.9% sterile saline and stored at  196 

–20°C before use.  For each food intake trial, 250 μl of 0.9% sterile saline, amylin (10 μg/kg; 197 
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Bachem), CCK (10 μg/kg; Bachem), LiCl (84 mg/kg; Bachem), or LPS (50 μg/kg; Calbiochem), 198 

was administered intraperitoneally.  For the quick acting compounds (amylin, CCK, LiCl) and 199 

the saline control, injections were performed 10 min prior to recording of food intake (30 min 200 

prior to optogenetic stimulation; Fig. 1E).  Because LPS does not suppress appetite immediately, 201 

but rather reduces appetite through initiation of an inflammatory response, LPS injections were 202 

performed 4 h prior to recording of food intake (Fig. 1E).  All food intake trials were performed 203 

during the middle four hours of the inactive period.  The mice were allowed at least 24 h to 204 

recover from injection of amylin, CCK, and LiCl before subsequent trials began and at least 48 h 205 

to recover from injection of LPS to account for the additional recovery time due to the 206 

inflammatory response.  A maximum of eight trials per compound were performed on each 207 

mouse.   208 

 For pharmacogenetic experiments, hM3Dq-mCherry-transduced mice received an 209 

intraperitoneal injection of clozapine-N-oxide (CNO; Sigma; 0.5 mg/kg) 2 h prior to food intake 210 

measurements.  The mice were allowed at least 48 h to recover between trials. 211 

 212 

Histology.  At the end of experimental procedures, mice were anaesthetized with intraperitoneal 213 

injection of 2,2,2 tribromoethanol (Sigma, #48402) dissolved in Tert-amyl alcohol and sterile 214 

0.9% saline.  Mice were then transcardially perfused with cold 0.01M phosphate buffered saline 215 

(PBS), pH 7.4, followed by 4% paraformaldehyde in PBS.  The brains were extracted, allowed to 216 

postfix overnight in 4% paraformaldehyde at 4°C, and cryoprotected in 30% sucrose dissolved in 217 

PBS for an additional 24 h at 4°C.  Each brain was sectioned at 30 μm on a microtome (Leica 218 

Microsystems) and collected in cold PBS.   219 
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 For immunohistochemistry experiments, sections were washed three times in PBS with 220 

0.2% Triton X-100 (PBST) for 10 min at room temperature.  Sections were then incubated in a 221 

blocking solution composed of PBST with 3% normal donkey serum (Jackson ImmunoResearch, 222 

#017-000-121) for 15 min at room temperature.  For primary antibody exposure, sections were 223 

incubated in rabbit anti-Fos (1:1000; Cell Signaling Technology #2250) in blocking solution 224 

overnight at 4°C.  After three 5-min washes in blocking solution, sections were incubated in 225 

Alexa Fluor 488 donkey anti-rabbit (1:250; Jackson ImmunoResearch, #711-545-152) in block 226 

solution for 1 h at room temperature.  Finally, sections were washed three times in PBS.   227 

 Brain sections were mounted in PBS onto SuperFrost Plus glass slides (VWR, #48311-228 

703), coverslipped with Dapi Fluoromount-G (Southern Biotech, #0100-20), and stored in the 229 

dark at 4°C before microscopy and imaging.  Slides were imaged using an Eclipse 80i 230 

epifluorescent microscope (Nikon), and images were captured using a RETIGNA 2000R digital 231 

camera.  The resulting images were minimally processed using Photoshop CS5 (Adobe Systems) 232 

to enhance the brightness and contrast for optimal representation of the data.  All digital images 233 

were processed in the same way between experimental conditions to avoid artificial manipulation 234 

between different datasets.   235 

 Quantification of colocalization of Fos and mCherry in the PBN was performed on 236 

adjacent sections from approximately –4.90 to –5.50 mm from Bregma (21 sections per mouse).  237 

All quantification analysis was performed by an investigator blinded to the identity of the 238 

conditions used to induce Fos.   239 

 240 

Experimental design and statistical analysis.  We used a between-subjects experimental design 241 

for all experiments except for those performed in Figure 3, in which we used a within-subjects 242 
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design (comparing ad libitum and food deprivation conditions within animals).  All behavioral 243 

experiments included an n ≥ 5 for each cohort of animals with at least 5 trials for each animal.  244 

All Fos expression experiments included an n = 5 for each cohort of animals with a single trial 245 

for each animal.  Data were analyzed using Prism 6.0 (GraphPad Software).  Statistical tests 246 

included two-way ANOVA with repeated measures (Figs. 2, 3, 4D-F, 6B-G, 6I), two-way 247 

ANOVA without repeated measures (Fig. 5), and unpaired two-tailed t-test as described in the 248 

text.  249 

 250 

Results 251 

Optogenetic stimulation of AgRP neurons induces feeding following administration of non-252 

inflammatory anorexigenic compounds  253 

To determine whether AgRP neuron stimulation is sufficient to induce feeding during various 254 

appetite-suppressing conditions, we unilaterally injected AAV carrying a Cre-dependent ChR2-255 

mCherry or GFP transgene into male AgRP
Cre/+

 knockin mice (Fig. 1A).  To suppress appetite, 256 

we injected mice intraperitoneally with amylin (10 μg/kg), CCK (10 μg/kg), LiCl (0.20 M; 84 257 

mg/kg), or LPS (50 g/kg), all doses used in previous studies to maximally reduce food intake 258 

(Becskei et al., 2007; Rinaman and Dzmura, 2007; Carter et al., 2013; Liu et al., 2016), or a 259 

saline (0.9%) control.  Following administration of anorexigenic compounds, we measured food 260 

intake for 1 h and photostimulated mice during the middle 20 min of the recording session (n = 5 261 

mice per condition; Fig. 1D,E).  As expected following injection of saline, ChR2-mCherry-262 

transduced animals had a significantly increased cumulative food intake (interaction of mice x 263 

time; F(11,88) = 89.8, p < 0.0001) and mean feeding rate (interaction of mice x time period; F(2,16) 264 

= 89.62, p < 0.0001) compared with GFP-transduced animals (Fig. 2A,B), demonstrating the 265 
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efficacy of optogenetic stimulation.  ChR2-mCherry transduced animals also had a significantly 266 

increased cumulative food intake and mean feeding rate following injection of amylin (Fig. 267 

2C,D), CCK (Fig. 2E,F), and LiCl (Fig. 2G,H), but these effects were completely absent 268 

following injection of LPS (Fig. 2I,J). 269 

 Importantly, all animals injected with anorexigenic compounds exhibited significantly 270 

reduced food intake in the 20 min prior to photostimulation of AgRP neurons compared with 271 

animals injected with saline, demonstrating the efficacy of these compounds in reducing food 272 

intake (interaction of compounds, F(4,42) = 33.15, p < 0.0001; Fig. 2K).  However, 273 

photostimulation eliminated the appetite-suppressing effects of amylin, CCK, and LiCl, 274 

increasing feeding to levels similar to stimulated saline-injected animals (interaction of mice and 275 

compounds, F(4,42) = 21.13, p < 0.0001; Fig. 2L).  These photostimulation effects were absent in 276 

mice injected with LPS (Fig. 2L).  Taken together, these data show that photostimulation of 277 

AgRP neurons can increase feeding following administration of amylin, CCK, and LiCl, but not 278 

LPS.   279 

 To gain additional insight into whether appetite-suppressing conditions can be overcome 280 

by endogenous hunger signals, we compared one hour of food intake in animals injected with 281 

anorexigenic compounds in ad libitum fed and in 24-h food deprived conditions.  All appetite-282 

suppressing compounds reduced food intake in ad libitum fed animals compared with animals 283 

injected with saline (n = 5 mice per condition; interaction of compound x feeding state, F(4,20) = 284 

9.29, p = 0.0002; Bonferroni’s multiple comparisons test across compound groups, p < 0.05; Fig. 285 

3), further demonstrating the efficacy of these compounds in reducing food intake.  24-h food 286 

deprivation caused a significant increase in food intake not only in animals injected with saline, 287 

but also in animals injected with amylin, CCK, and LiCl (Fig. 3), indicating that endogenous 288 
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hunger signals are sufficient to overcome these appetite suppressors.  Similar to AgRP neuron 289 

stimulation, 24-h food deprivation did not increase food intake in animals injected with LPS, 290 

suggesting that endogenous hunger signals cannot overcome inflammatory-based appetite 291 

suppression.  292 

 293 

Optogenetic stimulation of AgRP neurons ameliorates PBN CGRP-mediated appetite 294 

suppression and reduces Fos expression in PBN CGRP neurons 295 

Because stimulation of AgRP neurons overcame appetite suppression induced by amylin, CCK, 296 

and LiCl, all compounds that activate anorexigenic PBN CGRP neurons, we wondered whether 297 

AgRP neuron stimulation would also overcome appetite suppression induced by direct activation 298 

of PBN CGRP neurons.  Activation of these neurons causes substantial reduction of food intake 299 

(Carter et al., 2013; Campos et al., 2016), yet it is unknown whether increased activity in 300 

orexigenic AgRP neurons can ameliorate this appetite suppression.  Therefore, we activated 301 

CGRP neurons using the designer receptor hM3Dq and synthetic ligand clozapine-n-oxide 302 

(CNO) and studied the effects of concurrently stimulating AgRP neurons.  To stimulate both 303 

AgRP and PBN CGRP neurons, we crossed AgRP
Cre/Cre

 mice with Calca
Cre/+

 mice (Calca is the 304 

gene that encodes CGRP) to produce AgRP
Cre/+

;Calca
Cre/+

 double knockin animals.  We 305 

transduced AgRP neurons with ChR2-mCherry or GFP, and transduced PBN CGRP neurons 306 

with hM3Dq-mCherry or mCherry (n = 5 mice per condition; Fig 4A-C).  As expected, injection 307 

of CNO in animals with hM3Dq-mCherry-transduced CGRP neurons caused a significant 308 

reduction of both baseline food intake (interaction of mice x time; F(33,176) = 54.6, p < 0.0001; 309 

Fig. 4D) and food intake in the 20-min period prior to AgRP neuron stimulation (interaction of 310 

CGRP-transduced mice, F(1,16) = 33.18, p < 0.0001; Fig. 4E).  Even during concurrent PBN 311 
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CGRP neuronal activation, stimulation of AgRP neurons increased cumulative food intake 312 

(Figure 4D), especially during the stimulation period (interaction of AgRP-transduced mice x 313 

CGRP-transduced mice, F(1,16) = 5.553, p < 0.0315; Fig. 4F).  Taken together, these data show 314 

that stimulation of AgRP neurons is sufficient to ameliorate PBN CGRP neuron-mediated 315 

appetite suppression, although feeding was not restored to the same amount as with AgRP 316 

neuron stimulation alone (Figs. 4D,F).   317 

To determine if stimulation of AgRP neurons decreases activity in PBN CGRP neurons, 318 

we repeated AgRP neuron photostimulation experiments following administration of CNO in 319 

hM3Dq-mCherry transduced animals and subsequently performed histological analysis of Fos 320 

expression, an indirect marker of neural activity.  We perfused animals 90 min after the offset of 321 

photostimulation and collected brain sections throughout the ipsilateral parabrachial nucleus (n = 322 

5 mice per condition; Fig. 4C) to examine coincident expression of mCherry and Fos.  323 

Photostimulation of AgRP neurons significantly reduced the percentage of PBN CGRP neurons 324 

co-expressing Fos from 72.5 ± 6.2% in GFP-transduced animals to 53.9 ± 8.9% in ChR2-325 

mCherry-transduced animals (two-tailed unpaired t-test, p = 0.005; Fig 4G), demonstrating that 326 

AgRP neuron stimulation is sufficient to reduce neuronal activity in PBN CGRP neurons.   327 

Injection of amylin, CCK, LiCl, and LPS increases expression of Fos in PBN CGRP 328 

neurons (Carter et al., 2013).  Because stimulation of AgRP neurons reduced Fos in 329 

chemogenetically activated PBN CGRP neurons (Fig. 4G), we hypothesized that stimulation of 330 

AgRP neurons would also reduce Fos in PBN CGRP neurons following administration of 331 

anorexigenic compounds.  To test this hypothesis, we used AgRP
Cre/+

;Calca
Cre/+

 double knockin 332 

animals, transducing AgRP neurons with ChR2-mCherry or TdTomato and transducing PBN 333 

CGRP neurons with mCherry (n = 5 mice per condition; Fig. 5A).  We repeated AgRP neuron 334 
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photostimulation experiments following administration of anorexigenic compounds (Fig. 1E), 335 

perfusing animals 90 min after the offset of photostimulation.  We then collected sections 336 

throughout the ipsilateral parabrachial nucleus (Fig. 5A) to examine coincident expression of 337 

mCherry and Fos.  As expected, there was minimal Fos expression in mCherry-transduced 338 

CGRP neurons in animals injected with saline (Fig. 5B) and a high percentage of Fos expression 339 

in animals injected with anorexigenic compounds (Fig. 5C-G).  Photostimulation of AgRP 340 

neurons significantly reduced CGRP neuronal Fos expression in ChR2-mCherry-transduced 341 

animals compared with TdTomato-transduced animals (interaction of mice x compound, F(4,40) = 342 

9.257, p < 0.0001; Fig 5G), demonstrating that AgRP neuron stimulation reduces neuronal 343 

activity in PBN CGRP neurons following administration of anorexigenic compounds.   344 

 345 

Optogenetic stimulation of AgRP neuron-to-PBN projections increases feeding following 346 

administration of anorexigenic compounds   347 

AgRP neurons send projections to the parabrachial nucleus (Wu et al., 2009; Atasoy et al., 2012; 348 

Betley et al., 2013; Campos et al., 2016), and stimulation of these projections is sufficient to 349 

reduce expression of Fos in PBN CGRP neurons following administration of the anorexigenic 350 

hormone exendin-4 (Campos et al., 2016).  To determine whether selective stimulation of AgRP 351 

neuron-to-PBN projections is sufficient to induce feeding during various appetite-suppressing 352 

conditions, we bilaterally injected AAV carrying a Cre-dependent ChR2-mCherry or GFP 353 

transgene into male AgRP
Cre/+

 knockin mice and implanted bilateral fiber optic cannulae above 354 

the lateral parabrachial nucleus (n = 5 mice per condition; Fig. 6A).  Similar to previous studies 355 

showing no effect of photostimulating AgRP-to-PBN projections in baseline conditions (Atasoy 356 

et al., 2012; Betley et al., 2013), we observed no effect of photostimulation on food intake 357 



 

 16 

between ChR2-mCherry- and GFP-transduced animals injected with saline (no interaction of 358 

mice x time; F(11,44) = 0.4574, p = 0.9192; Fig. 6B).  However, stimulation of AgRP-to-PBN 359 

projections was sufficient to increase food intake following injection of amylin, CCK, or LiCl 360 

(Fig. 6C-E).  Similar to stimulation of AgRP neuron cell bodies, stimulation of AgRP-to-PBN 361 

projections did not increase food intake following injection of LPS (Fig. 6F).  Importantly, 362 

stimulation of AgRP neuron-to-PBN projections increased food intake to levels similar to 363 

injection of saline (interaction of mice x compound, F(4,16) = 3.027, p = 0.049; Fig. 6G), but did 364 

not increase food intake to levels similar to direct photostimulation of AgRP neuron soma (Fig. 365 

2L).  Therefore, stimulation of AgRP neuron-to-PBN projections overcomes the reduction of 366 

food intake following administration of amylin, CCK, and LiCl, but does not induce food intake 367 

beyond baseline levels.  368 

To determine if stimulation of AgRP neuron projections to the PBN is sufficient to 369 

overcome appetite suppression induced by chemogenetic activation of PBN CGRP neurons, we 370 

used AgRP
Cre/+

;Calca
Cre/+

 double knockin animals, unilaterally transducing AgRP neurons with 371 

ChR2-mCherry or GFP, transducing ipsilateral PBN CGRP neurons with hM3Dq-mCherry, and 372 

implanting a unilateral fiber optic cannula above the lateral PBN (n = 5 mice per condition; Fig. 373 

6H).  Following administration of CNO (Fig. 4B), stimulation of AgRP fibers in the PBN 374 

significantly increased cumulative food intake (interaction of AgRP-transduced mice x time, 375 

F(11,44) = 5.131, p < 0.0001; Fig. 6I).  ChR2-mCherry-transduced animals consumed statistically 376 

more food (0.18 ± 0.078 g) than GFP-transduced animals (0.067 ± 0.032 g) during the 20-min 377 

stimulation period (two-tailed unpaired t-test, p = 0.018), demonstrating that stimulation of 378 

AgRP neuron fibers in the PBN is sufficient to ameliorate PBN CGRP neuron-mediated appetite 379 

suppression.    380 
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To determine the effects of stimulation of AgRP neuron fibers in the PBN on activity in 381 

chemogenetically activated PBN CGRP neurons, we perfused animals 90 min after the offset of 382 

photostimulation and collected brain sections throughout the parabrachial nucleus (n = 5 mice 383 

per condition) to examine coincident expression of mCherry and Fos.  Photostimulation of AgRP 384 

neuron projections to the PBN significantly reduced the percentage of PBN CGRP neurons co-385 

expressing Fos from 74.4 ± 7.6% in GFP-transduced animals to 56.4 ± 8.4% in ChR2-mCherry-386 

transduced animals (two-tailed unpaired t-test, p = 0.007; Fig 6J), demonstrating that stimulation 387 

of AgRP neuron fibers in the PBN is sufficient to reduce neuronal activity in PBN CGRP 388 

neurons.  389 

It is important to note that AgRP fibers did not project solely to the external lateral 390 

parabrachial area containing CGRP neurons, but indeed projected throughout the greater lateral 391 

PBN (Figure 6K).  Therefore, the effects of stimulating AgRP projections to the PBN may 392 

represent the inhibition of multiple cell types within the PBN. 393 

 394 

Discussion 395 

AgRP neurons are sufficient to increase food intake during non-inflammatory conditions of 396 

appetite suppression. 397 

Taken together, these findings demonstrate that stimulation of AgRP neurons is sufficient to 398 

increase food intake following administration of various non-inflammatory anorexigenic 399 

compounds.  In addition to overcoming appetite suppression, AgRP neurons functionally inhibit 400 

anorexigenic CGRP neurons in the PBN.  Furthermore, stimulation of projections from AgRP 401 

neurons to the PBN is sufficient to overcome appetite suppression following amylin, CCK, or 402 

LiCl administration, increasing food intake to baseline values.  Therefore, we conclude that 403 
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AgRP neurons not only actively engage with downstream circuits that cause food-seeking 404 

behavior, but also actively inhibit parabrachial neurons that suppress appetite.   405 

The ability of AgRP neurons to overcome hormonal satiety signals and transient 406 

gastrointestinal malaise suggests that homeostatic feeding signals can continue to stimulate 407 

appetite even during anorexigenic conditions.  Consistent with this hypothesis, AgRP neurons 408 

decrease activity immediately upon sensory exposure to food (Betley et al., 2015; Chen et al., 409 

2015; Mandelblat-Cerf et al., 2015), although activity in these neurons is still increased relative 410 

to a sated state (Mandelblat-Cerf et al., 2015).  This suppression of activity in AgRP neurons 411 

may allow anorexigenic signals to exert increased effects on suppressing food intake during a 412 

meal.  Because AgRP neurons respond not only to hormonal signals but also to top-down 413 

neuronal signaling (Krashes et al., 2014; Garfield et al., 2016), cortical and higher order brain 414 

regions likely counteract anorexigenic peripheral signals to increase food intake depending on 415 

food palatability and caloric need.   416 

 417 

AgRP neurons are not sufficient to increase food intake during conditions of inflammatory-418 

based appetite suppression. 419 

A major question raised by this study is how AgRP neuron stimulation is sufficient to increase 420 

food intake following administration of amylin, CCK, and LiCl, but not administration of LPS.  421 

This result is consistent with a recent finding that LPS completely blocks food intake following 422 

chemogenetic stimulation of AgRP neurons (Liu et al., 2016).  In our study, it is possible that the 423 

distinct timing of LPS administration (Fig. 1E) contributed to its differential effects, but not 424 

likely, as we chose stimulation parameters based on when each compound exerted a maximal 425 

anorexigenic effect.  It is also possible that the different doses of compounds used caused 426 
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differential effects, but again not likely, as our doses all suppressed appetite prior to AgRP 427 

neuron stimulation (Fig. 2K), all induced expression of Fos in downstream PBN CGRP neurons 428 

(Fig. 5G), and are all consistent with moderate doses used in many previous studies to reduce 429 

food intake (Becskei et al., 2007; Rinaman and Dzmura, 2007; Carter et al., 2013; Liu et al., 430 

2016).  Instead, because stimulation of AgRP neuron-to-PBN fibers overcame appetite 431 

suppression following amylin, CCK, and LiCl administration but not LPS, we propose that LPS-432 

mediated anorexia represents a form of appetite suppression that engages neurons in several 433 

brain regions in addition to those in the PBN.  Indeed, previous studies have demonstrated robust 434 

Fos expression and microglial activation throughout the brain following LPS administration, 435 

indicating that LPS probably causes anorexigenic effects by engaging multiple brain systems 436 

(Elmquist et al., 1996; Konsman et al., 1999; Liu et al., 2016; Fernandez-Calle et al., 2017).  437 

Therefore, stimulation of AgRP neurons is sufficient to reduce LPS-induced Fos expression in 438 

PBN CGRP neurons (Fig. 5) but insufficient to overcome LPS-induced appetite suppression.  439 

Interestingly, direct inhibition of PBN CGRP neurons using chemogenetics is sufficient to mildly 440 

blunt the anorexigenic effects of LPS (Carter et al., 2013), suggesting that stimulation of AgRP 441 

neurons does not fully inhibit PBN CGRP neurons to the same degree.   442 

 443 

Functional connectivity between AgRP neurons, PBN CGRP neurons, and other 444 

downstream brain regions. 445 

Another major question raised by this study is the nature of the connectivity between AgRP and 446 

PBN CGRP neurons.  Although stimulation of AgRP neurons decreased activity (as measured by 447 

Fos expression) in PBN CGRP neurons (Fig. 5) and stimulation of AgRP neuron fibers to the 448 

PBN overcame appetite suppression (Fig. 6), we note that this connectivity does not necessitate a 449 
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monosynaptic connection.  Campos et al. (2016) showed that AgRP fibers are located amongst 450 

PBN CGRP neurons, and that a Cre-dependent modified rabies retrograde reporter from PBN 451 

CGRP neurons was detected in a fraction of AgRP neurons.  However, we observed dense AgRP 452 

fibers throughout the lateral PBN in addition to opposing CGRP neurons (Fig. 6K), consistent 453 

with expression patterns described in previous studies (Atasoy et al., 2012; Betley et al., 2013).  454 

It is therefore possible that AgRP neurons inhibit CGRP neurons indirectly through other PBN 455 

circuits.  Because the PBN is a heterogeneous region containing many genetically and 456 

functionally distinct cell types, a survey of the connectivity between AgRP neurons and 457 

individual PBN neurons is an open area for future investigation.    458 

Interestingly, AgRP neuron stimulation only partially attenuated Fos activation in PBN 459 

CGRP neurons (about 20-50% reduction across conditions; Figs. 4G, 5, 6J), yet stimulation of 460 

AgRP neurons or stimulation of AgRP neural projections to the PBN overcame multiple 461 

appetite-suppressing conditions.  These results could indicate the involvement of other cell types 462 

in the lateral PBN that also overcome appetite suppression, but could also be due to Fos protein 463 

dynamics.  Although Fos is routinely used as an indirect measure of neuronal activity, its 464 

expression is not temporally precise, and immunohistochemical detection of Fos is not 465 

quantitatively representative of total Fos protein within a cell.  Therefore, we conclude that a 20-466 

50% reduction of Fos in PBN CGRP neurons following 20-min AgRP neuron stimulation 467 

indicates a reduction of activity in these neurons, but does not quantitatively reveal the degree of 468 

this reduction during the 20-min AgRP neuron stimulation period. 469 

Recent studies have identified non-canonical functions for efferent AgRP neuron 470 

projections that provide context for the role of AgRP-to-PBN connections.  AgRP neurons 471 

stimulate food intake via projections to the bed nucleus of the stria terminalis, the lateral 472 
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hypothalamus, the paraventricular hypothalamic nucleus, and the paraventricular thalamic 473 

nucleus (Betley et al., 2013).  Additionally, AgRP neurons directly inhibit brain systems that 474 

mediate other behavioral states that competitively decrease feeding and food-seeking behavior.  475 

For example, AgRP neurons directly inhibit neurons in the medial amygdala (MeA) to decrease 476 

territorial aggression and contextual fear, and kisspeptin (Kiss) neurons in the hypothalamus to 477 

decrease fertility, presumably linking nutritional state and resource expenditure (Padilla et al., 478 

2016; Padilla et al., 2017).  Additionally, AgRP neuron activation has been shown to decrease 479 

water-seeking and social behaviors (Burnett et al., 2016).  Thus, activation of AgRP neurons 480 

stimulates food-seeking behavior while actively suppressing behaviors that competitively 481 

decrease food intake.  Livneh et al. (2017) recently demonstrated that chemogenetic stimulation 482 

of AgRP neurons can bypass the effects of satiety signals to restore hunger-like patterns of 483 

activity in insular cortex.  Our results complement these findings, demonstrating that projections 484 

from AgRP neurons to the PBN can overcome various forms of appetite suppression to increase 485 

feeding behavior (Fig. 7).   486 

 487 

Figure Legends 488 

Figure 1.  Optogenetic and pharmacological paradigms used to manipulate feeding behaviors.  489 

A, Diagram showing placement of a mono fiber-optic cannula above the arcuate nucleus and 490 

AAV constructs used to transduce AgRP neurons.  Grey and black triangles represent loxP and 491 

lox2722 sites, respectively.  B-C, Representative images showing unilateral expression of ChR2-492 

mCherry (B) or GFP (C) in the arcuate nucleus.  Dashed line shows approximate location of tips 493 

of fiber optic implants.  Scale bar, 250 μm.  D, Photostimulation protocol.  During the 20-min 494 
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photostimulation period, 10 ms light pulses were delivered at 20 Hz for 1 s every 4 s.  E, 495 

Injection timeline for food intake experiments.   496 

 497 

Figure 2.  AgRP neuron stimulation is sufficient to increase feeding following administration of 498 

non-inflammatory anorexigenic compounds.  Stimulation of AgRP neurons rapidly and 499 

reversibly increased cumulative food intake (left) and mean feeding rate (right) following 500 

administration of saline (A,B), amylin (C,D), CCK (E,F), and LiCl (G,H), but not following 501 

administration of LPS (I,J).  Blue background represents the 20-min photostimulation period.  502 

All values represent the mean ± standard error of the mean (SEM), black dots represent 503 

individual animals (n = 5 animals per group).  K, Total food consumed before stimulation of 504 

AgRP neurons across conditions.  L, Total food consumed during stimulation of AgRP neurons 505 

across conditions. *p<0.05, **p<0.01, ***p<0.001, ****p < 0.0001, Bonferroni post hoc tests 506 

between groups; n.s. = not significant. 507 

 508 

Figure 3.  Food intake over 1 h following administration of anorexigenic compounds in ad 509 

libitum fed and 24-h food deprived animals.  All values represent the mean ± SEM, black dots 510 

represent individual animals (n = 5 animals per group).  ***p<0.001, ****p < 0.0001, 511 

Bonferroni post hoc tests between feeding conditions; n.s. = not significant. 512 

 513 

Figure 4.  AgRP neuron stimulation is sufficient to increase feeding during chemogenetic 514 

stimulation of PBN CGRP neurons.  A, Viral injection strategy to transduce arcuate AgRP 515 

neurons and parabrachial CGRP neurons.  B, Timeline of CNO administration and AgRP neuron 516 

photostimulation for each experimental trial.  C, Top, coronal diagram representing the location 517 
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of PBN CGRP neurons; red square represents parabrachial region depicted in photomicrograph.  518 

Bottom, representative image showing mCherry fluorescence in parabrachial CGRP neurons. 519 

scp, superior cerebellar peduncle.  Scale bar, 250 μm.  D, Optogenetic stimulation of AgRP 520 

neurons increases food intake during CGRP neuron-mediated appetite suppression.  All values 521 

represent the mean ± SEM (n = 5 animals per group).  Blue background represents the 20-min 522 

photostimulation period.  **p<0.01, ****p<0.0001, Bonferroni post hoc tests between 523 

AgRP
GFP

;CGRP
hM3Dq

 and AgRP
ChR2

;CGRP
hM3Dq

 experimental groups at each timepoint.  E, 524 

Total food consumed before stimulation of AgRP neurons across conditions.  F, Total food 525 

consumed during stimulation of AgRP neurons across conditions.  **p<0.01, ****p<0.0001, 526 

Bonferroni post hoc tests between groups.  G, Representative histological images showing 527 

coincident hM3Dq-mCherry (red) and Fos (green) expression in CGRP neurons following 528 

injection of CNO in ChR2-mCherry- or GFP-transduced animals and photostimulation of AgRP 529 

neurons.  Scale bar, 250 μm.   530 

 531 

Figure 5.  AgRP neuron stimulation reduces Fos expression in PBN CGRP neurons following 532 

administration of anorexigenic compounds. A, Injection strategy in AgRP
Cre/+

; Calca
Cre/+

 double 533 

knockin mice. Right, coronal diagram representing the location of CGRP neurons; red square 534 

represents parabrachial region depicted in photomicrographs.  B-F, Representative histological 535 

images showing coincident mCherry (red) and Fos (green) expression in CGRP neurons 536 

following injection of saline (B), amylin (C), CCK (D), LiCl (E), and LPS (F), in ChR2-537 

mCherry- or TdTomato-transduced animals, following photostimulation of AgRP neurons.  Scale 538 

bar, 250 μm.  G, Quantification of co-expression of mCherry and Fos in the parabrachial nucleus.  539 

All values represent the mean ± standard deviation, black dots represent individual animals (n = 540 
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5 animals per group).  ****p<0.0001, Bonferroni post hoc tests between TdTomato- and ChR2-541 

mCherry-transduced animals.  542 

 543 

Figure 6.  Stimulation of projections from AgRP neurons to parabrachial neurons increases 544 

feeding following administration of non-inflammatory anorexigenic compounds.  A, Injection 545 

strategy in AgRP
Cre/+

 mice for AgRP-to-PBN projection experiments.  B, Stimulation of AgRP 546 

neuron projections has no effect on baseline food intake following administration of saline.  Blue 547 

background represents the 20-min photostimulation period.  C-F, Stimulation of AgRP neuron 548 

projections increases food intake following administration of amylin (C), CCK (D), and LiCl 549 

(E), but not following administration of LPS (F).  *p<0.05, **p<0.01, ***p<0.001, ****p < 550 

0.0001, Bonferroni post hoc tests between groups.  G, Total food consumed during stimulation of 551 

AgRP neurons across conditions. All values represent the mean ± SEM, black dots represent 552 

individual animals (n = 5 animals per group). **p<0.01, ***p<0.001, Bonferroni post hoc tests 553 

between groups. H, Injection strategy in AgRP
Cre/+

; Calca
Cre/+

 double knockin mice for AgRP-554 

to-PBN projection experiments with hM3Dq-mediated stimulation of CGRP neurons.  I, 555 

Stimulation of AgRP neuron projections increases food intake following injection of CNO.  556 

**p<0.01, ***p<0.001, Bonferroni post hoc tests between groups.  J, Representative histological 557 

images showing coincident hM3Dq-mCherry (red) and Fos (green) expression in CGRP neurons 558 

following injection of CNO in ChR2-mCherry- or GFP-transduced animals and photostimulation 559 

of AgRP neurons.  Scale bar, 250 μm.  K, AgRP neuron projections throughout the lateral 560 

parabrachial nucleus.  Top, coronal diagram representing the location of CGRP neurons; red 561 

square represents parabrachial region depicted in photomicrographs.  Bottom, representative 562 

images showing hM3Dq-mCherry transduced CGRP neurons and GFP-transduced AgRP fiber 563 
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projections in the lateral parabrachial nucleus.  scp, superior cerebellar peduncle.  Light blue 564 

dashed line at top of bottom image shows approximate location of tips of fiber optic implants.  565 

Scale bar, 250 μm.  566 

 567 

Figure 7.  Model of functional anatomy of AgRP neuron projections.  AgRP neurons increase 568 

food intake by projecting to downstream populations (green connections) that initiate feeding 569 

including the bed nucleus of the stria terminalis (BNST), lateral hypothalamus (LH), 570 

paraventricular hypothalamic nucleus (PVH), and paraventricular thalamic nucleus (PVT).  571 

AGRP neurons also inhibit other non-feeding behavioral/physiological states by projecting to 572 

downstream regions (red connections) such as the medial amygdala (MeA) to inhibit fear and 573 

aggression or arcuate kisspeptin neurons (Kiss) to inhibit reproduction.  Our results demonstrate 574 

that AgRP neurons disengage non-inflammatory appetite-suppressing states by projecting to the 575 

PBN (dark red connections).  576 

 577 
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