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ABSTRACT 37 
Hunger increases the motivation of an organism to seek out and consume highly palatable 38 
energy dense foods by acting on the midbrain dopaminergic system. Here, we identify a 39 
novel molecular mechanism through which hunger-sensing AgRP neurons detect low energy 40 
availability and modulate dopamine release to increase motivation for food reward.  41 
We tested the hypothesis that carnitine acetyltransferase (Crat), a metabolic enzyme 42 
regulating glucose and fatty acid oxidation, in AgRP neurons is necessary to sense low 43 
energy states and regulate motivation for food rewards by modulating accumbal or striatal 44 
dopamine release. In support of this, electrophysiological studies show that AgRP neurons 45 
require Crat for appropriate glucose-sensing. Intact glucose-sensing in AgRP neurons 46 
controls post-ingestive dopamine accumulation in the dorsal striatum. Fibre photometry 47 
experiments, using the dopamine sensor GRABDA, revealed that impaired glucose-sensing, 48 
in mice lacking Crat in AgRP neurons, reduces dopamine release in the nucleus accumbens 49 
to palatable food consumption and during operant responding, particularly in the fasted 50 
state. Finally, the reduced dopamine release in the nucleus accumbens of mice lacking Crat 51 
in AgRP neurons affects sucrose preference and motivated operant responding for sucrose 52 
rewards. Notably, these effects are potentiated in the hungry state and therefore highlight 53 
that glucose-sensing by Crat in AgRP neurons is required for the appropriate integration and 54 
transmission of homeostatic hunger-sensing to dopamine signalling in the striatum. These 55 
studies offer a novel molecular target to control the overconsumption of palatable foods in a 56 
population of hunger-sensing AgRP neurons. 57 
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INTRODUCTION 65 
The motivation to approach and consume food depends not only on the palatability and 66 
caloric density of the available food source, but also on the energy state of the organism. For 67 
example, when food is abundant many prey species forage within known terrorities to 68 
reduce survival threats1. Conversely, when food is scarce, animals are motivated to take 69 
greater risks and forage within unfamiliar territories to search for food2. Thus, the motivation 70 
to seek palatable, energy-dense food evolved as a key mechanism for survival and 71 
maturation in an environment with limited food availability. Given that heightened motivation 72 
for palatable food in an environment of low food availability shaped an evolutionary benefit, it 73 
is not surprising that homeostatic feeding circuits responding to energy state can have a 74 
profound effect on motivation. In today’s society with high caloric foods readily available, 75 
these circuits may contribute to the overconsumption of highly palatable and calorie dense 76 
foods, which is a leading cause for today’s obesity crisis. Indeed, human evidence shows 77 
that fasting biases reward systems to high caloric foods3,4. 78 
Agouti-related peptide (AgRP) neurons in the arcuate nucleus of the hypothalamus (ARC) 79 
are a critical population of hunger-sensitive neurons that primarily function to increase 80 
appetite or conserve energy5-9. A key element of appetitive behaviour is the increased 81 
motivation for goal-directed outcomes. Intriguingly, hunger associated with fasting or calorie 82 
restriction has been used for decades in behavioural neuroscience to improve performance 83 
and learning in operant tasks. AgRP neurons function within this framework by increasing 84 
the willingness to work for food and food rewards. For example, activation of AgRP neurons 85 
makes mice more willing to work for food or food rewards at the same level as that seen in 86 
fasted mice7,10-12. Moreover, AgRP neurons transmit energy-state information to circuits 87 
involved in motivation13-15, with the activation of AgRP neurons elevating dopamine release 88 
in response to food availability13. Given that AgRP neurons are most active during periods of 89 
energy deficit16-20, they are a critical neural population that transmits low energy, hunger-90 
specific metabolic information to motivation circuits. However, a fundamental gap in 91 
knowledge exists; what are the molecular mechanisms that enable AgRP neurons to sense 92 
changes in energy-state and integrate this metabolic information into neural circuits that 93 
reinforce food value and motivate feeding behaviours? 94 
Sensory cues that predict food availability and palatability rapidly suppress hunger-sensitive 95 
AgRP neuronal activity in hungry mice11,18,21,22. Although this decrease in activity occurs prior 96 
to food consumption, post-ingestive caloric feedback is required to sustainably reduce AgRP 97 
neuronal activity22,23, as this effect was not observed after repeated ingestion of a non-98 
caloric sweetened gel. Su et al show also that the reduction of AgRP neuronal activity 99 
correlates with the number of calories ingested22. These studies highlight that the 100 
maintenance of normal AgRP activity in response to post-ingestive gastrointestinal feedback 101 
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requires metabolic sensing of available calories in combination with gut-brain neural 102 
communication22-24. Given that AgRP neurons increase food motivation by engaging 103 
midbrain dopamine circuits and require appropriate metabolic sensing of available calories 104 
for their normal function, we hypothesized that metabolic sensing of calorie availability is 105 
necessary for AgRP neurons to transmit energy-state information to pathways that control 106 
motivated behaviour towards a palatable food reward. 107 
Previously we demonstrated that carnitine acetyltransferase (Crat) in AgRP neurons was 108 
required as a molecular sensor for peripheral substrate utilisation during fasting and 109 
refeeding25. Moreover, Crat in AgRP neurons programmed a broad metabolic response of 110 
the AgRP proteome and was required to promote normal refeeding after fasting25. Given this 111 
reduced appetitive drive in KO mice, we hypothesised that Crat in AgRP neurons would 112 
translate metabolic information about low energy state into neural circuits controlling 113 
dopamine signalling and the motivational aspects of food-directed behaviour. 114 
Here we describe experiments demonstrating that Crat is important for glucose-sensing in 115 
AgRP neurons. Moreover, the absence of Crat in AgRP neurons reduced motivated 116 
behaviour during an operant task and dopamine release in the nucleus accumbens (NAc) 117 
during operant responding for and consumption of a palatable food reward. These studies 118 
highlight that glucose-sensing by Crat in AgRP neurons is required for the appropriate 119 
integration of hunger-sensing to potentiate food reward-related dopamine release in the NAc 120 
and control motivation for palatable food rewards.  121 
 122 
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Methods 133 
Animals 134 
All experiments were conducted in compliance with the Monash University Animal Ethics 135 
Committee guidelines. Male and female mice were kept under standard laboratory 136 
conditions with free access to food (chow diet, catalog no. 8720610, Barastoc Stockfeeds, 137 
Victoria, Australia) and water at 23C in a 12-hr light/ dark cycle and were group-housed to 138 
prevent isolation stress unless otherwise stated. All mice were aged 8 weeks or older for 139 
experiments unless otherwise stated. AgRP-ires-cre mice were obtained from Jackson 140 
Laboratory AgRPtm1(cre)Low/J (stock no. 012899) and bred with NPY GFP mice (B6.FVB-141 
Tg(Npy-hrGFP)1Lowl/J; stock number 006417; The Jackson Laboratory, Maine, USA). 142 
AgRP-ires-cre::NPY GFP mice were then crossed with Cratfl/fl mice donated by Randall 143 
Mynatt (Pennington Biomedical Research Center, LA, USA) in order to delete Crat from 144 
AgRP neurons (AgRPcre/wt::Cratfl/fl mice; designated as KO). AgRPwt/wt::Cratfl/fl littermate mice 145 
were used as control animals (designated as WT) 146 
 147 
Electrophysiology 148 
Animals were fasted overnight and 250 µm thick coronal hypothalamic brain slices 149 
containing the ARC were prepared from 10 male AgRP Crat KO and 9 WT mice (8-12 150 
weeks) expressing GFP in NPY neurons, and stored at room temperature before transferral 151 
to the recording chamber. Slices were continuously superfused at 4-5 ml/min with 152 
oxygenated (95% O2, 5% CO2) artificial cerebrospinal fluid (aCSF) of the following 153 
composition (in mM): NaCl 127, KCl 1.9, KH2PO4 1.2, CaCl2 2.4, MgCl2 1.3, NaHCO3 26, D-154 
Glucose 2, Mannitol 8 (310 mOsm, pH 7.4). Hypothalamic neurons were visualised under IR 155 
illumination using a 63x or 40x water immersion objective on an upright microscope 156 
(Axioskop 2, Zeiss) and an Axiocam MRm camera (Zeiss). AgRP neurons were identified 157 
using a GFP filter set. Patch pipettes (8-11 MΩ) were pulled from borosilicate glass 158 
capillaries (Harvard Apparatus) and filled with intracellular solution containing (in mM): K-159 
gluconate 140, KCl 10, EGTA 1, HEPES 10, Na-ATP 2, Na-GTP 0.3 (300 mOsm and pH 160 
7.3, adjusted with KOH). Whole-cell current clamp recordings were made using the 161 
MultiClamp 700B amplifier, digitized with the Digidata 1550B interface, and acquired in 162 
pClamp 10.6 at 5 kHz sampling rate (Axon Instruments). To test the influence of an elevated 163 
extracellular glucose concentration on neural activity, aCSF was prepared as described 164 
above with the following changes: D-Glucose 5mM, Mannitol 5mM, and bath-applied for 10-165 
15min. Data were analysed in Clampfit 10.6 (Axon Instruments) and plotted in Graphpad 166 
Prism 8.3. Figures were further prepared in Adobe Illustrator CC 2020.  167 
 168 
Two bottle choice tests 169 
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Male and female mice were single housed in BioDaq feeding cages with ad libitum access to 170 
chow and two water bottles. After 3 days of acclimatisation, one bottle was filled with 0.1% 171 
saccharin and position of bottles swapped daily. After 4 days ad libitum feeding, mice were 172 
overnight fasted with only access to drink bottles followed by 2 days wash out period with ad 173 
lib access to water and chow. In the same manner mice were presented with choice of 4% 174 
sucrose and 0.1% saccharin solutions in week 2 and 4% sucrose laced with quinine HCl 175 
(concentrations for different cohorts ranging from 0.1 to 0.5mM) and 0.1% saccharin in week 176 
3 of the experiment. 177 
 178 
PET/CT and MRI  179 
Mice were single housed and trained to receive a single Reese’s® peanut butter chip 6 hours 180 
into the light phase (time of PET scan) for 1 week. The day before PET/CT scans, mice were 181 
fasted overnight (18 hours) with ad lib access to water. On the experimental day, mice were 182 
injected IP with 10mg/kg Benserazide (Selleckchem.com) and 10mg/kg Entacapone 183 
(Selleckchem.com) 30 minutes before injecting radiolabelled fDOPA (approx. 5MBq) into the 184 
tail vein. After 5 min rest, mice received 1 peanut butter chip and only those mice that 185 
initiated feeding with the first minute were included in the analysis. Then mice were 186 
anaesthetised (1-2.5% isoflurane) and a 65 min PET/CT scan was performed under 187 
anaesthesia. The scan was acquired using the Inveon scanner (Siemens Inveon). CT was 188 
generated using the following parameters: 97µm of resolution, 80kV voltage and 500uA 189 
current, mainly for attenuation correction and MRI overlaying purposes. PET scans were 190 
acquired for 60 minutes (16 time frames). One week later MRI scan was performed on these 191 
animals to generate T2 weighted images using these parameters: 3D Flash sequence, 192 
TE/TR=8/60ms, 4 averages, flip angle= 10 degree, resolution = 0.155 mm3, scan time 20 193 
minutes. PET images were analysed using IRW software (Inveon Research Workplace 4.2). 194 
PET/CT images were overlaid manually with the T2-Weighted images. Region of Interests 195 
(ROIs) were generated carefully by one investigator (AR) on the T2 images on left/right 196 
ventral striatum, left/right dorsal striatum and cerebellum (according to Allen brain atlas) and 197 
PET voxel intensities (Unit Bq/ml) at 3 different time points were exported for further 198 
analysis. We specifically choose to use the ventral striatum, rather than the NAc, due to 199 
greater accuracy with ROI identification. SUV (Standardized Uptake Value) of ROIs were 200 
calculated for each time point using the following equation:  201 
SUV= CPET(T)/(Dose/Weight) 202 
CPET(T) = Tissue radioactivity concentration at time T 203 
Dose= administration dose at time of injection (decay corrected to the time points) 204 
Weight= animal body weight 205 
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To eliminate bias for slight variation of size/location of ROI we used upper bound Bq/ml 206 
values to calculate SUVmax26 and normalised to cerebellum as reference:  207 
SUVRmax= SUVmax target/SUVmax reference 208 
 209 
Fiber photometry 210 
Mice for fiber photometry experiments were anesthetised (2-3% isoflurane) and injected with 211 
Metacam (5 mg/kg) prior to placing into stereotaxic frame (Stoelting/Kopf) on heatpad (37C) 212 
and viral injections were performed as previously described27. Non-cre dependent dopamine 213 
sensor (YL10012-AAV9: AAV-hSyn-DA4.3)28 was injected (2x150nl @25nl/min, 5 min rest) 214 
in dorsal striatum (bregma 0.5mm, midline 1.3 mm. skull -3.4mm) or NAc (bregma 1.2mm, 215 
midline 0.5 mm. skull -4.8mm) and ferrule capped fibres (400µm core, NA 0.48 Doric, 216 
MF1.25 400/430-0.48) implanted above injection site and secured with dental cement 217 
(GBond, Japan). Mice had 2 weeks recovery before commencement of experiments.  218 
All fiber photometric recordings were performed with a rig using optical components from 219 
Doric lenses controlled by Tucker Davis Technologies fiber photometry processor RZ5P. 220 
TDT Synapse software was used for data acquisition. Prior to experiments, baseline 221 
dopamine signal was measured and LED power was adjusted for each mouse to achieve 222 
approximately 200mV for 465nm and 100mV for 405nm. Data analysis was done using 223 
modified python code provided by TDT29,30. The modified code is available at 224 
github/AlexReichenbach upon publication. Briefly, raw traces were down sampled and fitted 225 
to detrend signal bleaching and z-scores around precisely timed TTL-triggered events were 226 
extracted. To measure dopamine release to non-food-object/chow/peanut butter chip, single-227 
housed mice with fiber implants were habituated to receiving Reese’s® peanut butter chips 228 
in the home cage. On the test day mice were connected to fiber photometry setup in their 229 
home cage and a small ceramic bowl placed inside. Recording started after 5 minutes 230 
acclimation period. In 2 minute intervals a small wood dowel (novel non-food object), a chow 231 
pellet, and a peanut butter chip were dropped into the ceramic bowel in that order. Mice 232 
were fed or fasted in random cross over design. 233 
 234 
Operant conditioning task  235 
For operant conditioning experiments, Feeding Experiment Devices version 3 (FED3)31 were 236 
placed overnight (16h) inside home cages under ad libitum conditions trained to reliably 237 
nose poke on fixed ratio (FR)1, FR3 and FR5 schedules (criteria to move to higher schedule 238 
was 3 consecutive days over 75% correct nose pokes) The dispensing of a sugar pellet 239 
(20mg, 65% sucrose, 5TUT Test Diets, Saint Louis, Missouri, USA) was paired with an LED 240 
light cue. During these FR sessions, a nose poke in the ‘active’ hole resulted in the delivery 241 
of a sugar pellet and was paired with a LED light cue whereas a nose poke in the ‘inactive’ 242 
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hold resulted in no programmed response. Importantly, mice were never food restricted 243 
during training to prevent this confounding the interpretation of our results. Once stable 244 
operant responding was established (> 75% correct nose pokes on FR5) mice were placed 245 
on a progressive ratio (PR) schedule under ad libitum fed conditions for a single overnight 246 
PR session (16 h). PR sessions were based on a Richardson Roberts schedule32 where the 247 
number of pokes required to obtain a reward increased after every completed trial in the 248 
following pattern; 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, etc. After this single PR session, stable 249 
FR5 responding was re-established (>75% correct nose pokes, typically 1 FR session) and a 250 
second PR session was performed except this time mice were fasted 16h prior to the PR 251 
session. Separate cohorts with fiber implants in the dorsal striatum or NAc were trained to 252 
receive sugar rewards as described above and dopamine responses to both nose pokes and 253 
sugar pellet retrieval were recorded in fed state or after an overnight fast. 254 
 255 
Immunohistochemistry  256 
To confirm viral injection and fiber placements, animals were deeply anesthetized with 257 
isoflurane and perfused with 0.05 M PBS, followed by 4% paraformaldehyde. Brains were 258 
postfixed in 4% paraformaldehyde overnight at 4°C then placed in 30% sucrose. Brains were 259 
cut at 40 μm on a cryostat, and every fourth section was collected and stored in 260 
cryoprotectant at −20°C. Sections were washed in 0.1 M phosphate buffer (PB), incubated 261 
with 1% hydrogen peroxide (H2O2) for 15 minutes to prevent endogenous peroxidase, 262 
activity, and blocked for 1 hour with 5% normal horse serum (NHS) in 0.3% Triton in 0.1 M 263 
PB. Sections were incubated with chicken anti-GFP (ab13970, Abcam) at 1:1000 in diluent 264 
of 5% NHS in 0.3% Triton in 0.1 M PB. After incubation, the sections were washed and 265 
incubated with Alexa Fluor goat anti-chicken 488 antibody (Invitrogen) at 1:500 in 0.3% 266 
Triton in 0.1 M PB. Sections were then washed, mounted, and coverslipped.  267 
 268 
Statistical analysis 269 
Statistical analyses were performed using GraphPad Prism for MacOS X. Data are 270 
represented as mean ± SEM. Two-way ANOVAs with post hoc tests were used to determine 271 
statistical significance. A two-tailed Student’s unpaired t test was used when comparing 272 
genotype only. p < 0.05 was considered statistically significant. 273 
 274 
  275 
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RESULTS 276 
Crat deletion impairs AgRP neuron glucose sensing  277 
In order to demonstrate that Crat in AgRP neurons is important for glucose-sensing, we 278 
prepared hypothalamic brain slices from WT and KO mice for electrophysiological 279 
characterisation of glucose sensing in AgRP neurons. We detected no differences in the 280 
fundamental electrophysiological properties of AgRP neurons including resting membrane 281 
potential (Fig 1A), input resistance (Fig 1B), spontaneous firing frequency (Fig 1C), although 282 
peak action potential amplitude, was significantly lower in KO mice (Fig 1D). Collectively, 283 
these studies demonstrate that Crat in AgRP neurons has little effect on the intrinsic 284 
electrophysiological properties of the cell. Similarly, no genotype-dependent changes in the 285 
frequency of spontaneous excitatory or inhibitory post-synaptic potentials (EPSPs or IPSPs, 286 
respectively) were detected (Fig 1E-F), indicating no differences in the extrinsic synaptic 287 
input in WT compared to KO mice. To show that AgRP neurons require Crat for glucose 288 
sensing we recorded AgRP neuronal responses to an increase in extracellular glucose from 289 
a basal level of 2mM to 5mM. These glucose concentrations were chosen to represent brain 290 
glucose concentrations under fasting and fed conditions, based on glucose concentration 291 
estimated in the CSF from fasted and fed rats and mice33. Glucose-excited neurons were 292 
defined based upon a response characterised by membrane potential depolarization and/or 293 
an increase in action potential firing frequency with increased extracellular glucose (Fig1 I). 294 
Glucose-inhibited cells were identified by responses to increased glucose characterised by 295 
membrane potential hyperpolarisation and/or a reduction in spontaneous action potential 296 
firing frequency (Fig1 I). In WT mice, 48% of cells (n=10/21) were excited, 33% of cells 297 
(n=7/21) were inhibited and 19% (n=4/21) were insensitive to changes in extracellular 298 
glucose (Fig 1G). In KO mice, the number of glucose-excited cells was reduced compared to 299 
WT with only 28% classified as glucose excited (n=7/25). Similarly, the incidence of glucose-300 
inhibited cells was reduced to 16% (n=4/25) of the population compared to WT mice with the 301 
majority of cells not responding to 5mM glucose 56% (n=14/25) and classified as glucose 302 
insensitive (Fig 1H). In total 17/21 AgRP neurons responded to an increase in extracellular 303 
glucose in WT mice, whereas as only 11/25 AgRP neurons responded to glucose in KO 304 
mice, representing a decrease in glucose-responsive neurons (WT 81% vs KO 44%). These 305 
results show Crat deletion impairs intrinsic glucose-sensing capability of AgRP neurons. 306 
 307 
Metabolic sensing in AgRP neurons translates low energy state to increase sucrose 308 
consumption  309 
Previous studies show that activation of AgRP neurons increases lick bouts for progressively 310 
higher concentrations of sucrose and increases the tolerance for bitter tastant in sucrose 311 
solution34. These studies suggest an inherent physiological ability for AgRP neurons to 312 
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detect current energy state and promote the appropriate behavioural response to restore it 313 
to equilibrium (or whatever word is appropriate when it comes to energy state). To test this, 314 
we used AgRP Crat KO mice, which have impaired glucose sensing and reduced refeeding 315 
after fasting25 and investigated whether Crat deletion affects the rewarding properties of 316 
sucrose, using 2-bottle choice experiments. Initial experiments show that WT and KO mice 317 
prefer a non-caloric sweetened drink (0.1% saccharin) over water suggesting that Crat 318 
deletion does not affect taste perception or causes anhedonia (Fig 2A). We next compared 319 
sucrose vs saccharin consumption in fed WT and KO mice and although mice preferred 320 
sucrose, there were no genotype differences in either the amount consumed or the 321 
preference (Fig 2B, Supp Fig 1A). However, in fasted mice, there was a significantly reduced 322 
preference for sucrose in KO compared to WT mice (Fig 2C, see also Supp Fig 1B, E, F; 323 
71.2% vs 93.9% respectively, p≤0.05).    324 
Bitter tastes such as quinine or denatonium are often used as adulterants to create taste 325 
aversions and suppress intake. However, both fasting and AgRP neuronal stimulation drive 326 
greater consumption of sucrose in the presence of bitter tastes34, implying that AgRP 327 
neurons are important to detect changes in energy state associated with fasting and 328 
prioritise calories over taste. In order to test this, we repeated the sucrose saccharin 329 
preference tests but with bitter tasting quinine added to the sucrose solution. Pairing the 330 
caloric solution with an unpalatable taste shifts the preference to saccharin in KO, with WT 331 
mice showing no preference (Fig 2D, Supp Fig 1C). Strikingly, an overnight fast increases 332 
the preference for the quinine-laced sucrose solution in WT, but not in KO mice (Fig 2E, 333 
Supp Fig1D), resulting in a significant increase in preference from fed to fasted in WT mice 334 
(Fig 2F) but no change in preference in KO mice (Fig 2G). There was no genotype 335 
difference in total consumption across the different comparison (Fig 2H), indicating this did 336 
not affect preference, and KO mice showed significantly reduced sucrose consumption in a 337 
quinine dose response curve (Fig 2I). Collectively, these data show that Crat mediates the 338 
ability of AgRP neurons to respond to fasting and increase calorie intake through greater 339 
sucrose consumption, even in the presence of quinine to devalue the consumption of 340 
sucrose.   341 
 342 
Metabolic sensing via Crat in AgRP neurons affects mesolimbic dopamine pathways 343 
Previous studies show that activation of AgRP neurons modulates dopamine release in the 344 
NAc13 and neural encoding of non-caloric and caloric solutions are differentially processed in 345 
the NAc and dorsal striatum respectively35. Based on the observed differences in sucrose 346 
consumption and sucrose/quinine consumption under fasted conditions presented above 347 
(Fig 2), we hypothesized that KO mice would show reduced dopamine release in the dorsal 348 
striatum. To investigate this, we first employed a positron electron tomography (PET) 349 
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method using radiolabelled 18F-fDOPA (Supp Fig 1G). First, we measured dynamic basal 350 
dopamine uptake in ventral and dorsal striatum in fasted mice without reward presentation 351 
and observed no differences in fDOPA uptake (Supp Fig 1J, K) suggesting Crat deletion in 352 
AgRP neurons does not affect baseline uptake parameters. However, in response to peanut 353 
butter chip consumption, we detected an increase in fDOPA accumulation 30 minutes after 354 
starting in the dorsal striatum of WT but not in KO mice (Supp Fig 1H) and no differences in 355 
the ventral striatum (Supp Fig 1I), suggesting that Crat deletion in AgRP neurons restricts a 356 
post-ingestive dopamine response to peanut butter chip consumption in the dorsal striatum.  357 
Although this approach provided important information on the uptake of dopamine in the 358 
dorsal striatum, it lacks the temporal and spatial resolution to examine acute dopamine 359 
release in the NAc or dorsal striatum to food reward approach and consumption. This is an 360 
important issue since a study using human subjects showed that there are two temporally 361 
and spatially distinct dopamine responses to ingesting a milkshake36, one immediate 362 
orosensory response (to taste) and a second delayed post-ingestive response (to calories). 363 
To overcome the resolution issue of our PET/CT scans we switched to in vivo fiber 364 
photometry measuring dopamine release using the recently developed GRABDA sensor28. 365 
This allowed us to measure dopamine signalling in freely behaving mice consuming a 366 
peanut butter chip. Acute dopamine release in the NAc was measured using GRABDA in 367 
response to a non-food object (wood dowel), chow food and a peanut butter chip with each 368 
presentation separated by 2 mins (presented in that order) (Fig 3A, B) and observed a 369 
significant increase in dopamine release in response to chow and peanut butter chip when 370 
compared to wood dowel in both fed and fasted WT mice (Fig 3C-J). Strikingly, KO mice did 371 
not show a similar significant increase in NAc dopamine release, as assessed by AUC, 372 
following chow and a peanut butter chip presentation in the fed state and this was 373 
significantly lower compared to WT fed mice (Fig 3E, F). In the fasted state, KO mice 374 
showed accumbal dopamine release in response to PB but significantly lower than that seen 375 
in WT fasted mice (Fig 3I, J). Time to food contact and time spent eating were not 376 
significantly different in WT and KO mice in fed or fasted state (Fig 3P, Q), showing that 377 
these factors could not account for differences in dopamine release in the NAc. Furthermore, 378 
aligning the dopamine signal to the beginning of peanut butter chip consumption shows that 379 
KO mice have diminished dopamine release during peanut butter chip consumption (Fig 3K-380 
O). Taken together, these results highlight that Crat deletion in AgRP neurons reduced acute 381 
dopamine release in the NAc in both fed and fasted states in response to chow and a peanut 382 
butter chip. 383 
We used the same protocol to measure acute dopamine release in the dorsal striatum in 384 
response to a wood dowel, chow food and a peanut butter chip with each presentation 385 
separated by 2 mins (Supp Figure 2A, B). Although we observed a main effect for peanut 386 
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butter chip to acutely increase dopamine release in the dorsal striatum, there were no 387 
significant genotype differences in either the fed or fasted state and no differences in time to 388 
contact with a peanut butter chip or time spent eating a peanut butter chip, as assessed by 389 
video analysis (Supp Fig 2).  390 
 391 
Glucose-sensing via Crat in AgRP neurons affects motivation and dopamine release 392 
during operant responding for a sucrose reward 393 
The majority of operant conditioning protocols are conducted in stand-alone operant 394 
chambers and typically include a mild calorie restriction to facilitate learning of the 395 
instrumental task. This exploits the fact that food restriction enhances appetitive drive, which 396 
is a result of elevated AgRP neuronal activity7,12. To avoid this potential confound we used 397 
the open source FED331 operant devices that are placed in the home cage and can be left 398 
for long periods of time, which facilities learning in a low stress environment. As such, 399 
instrumental learning can be acquired quickly and easily in ad libitum fed mice using FED3 400 
devices without the need for caloric restriction – an important consideration for our 401 
experiments (Fig 4A). There were no differences in operant responding during FR sessions 402 
(Supp Fig 3C), indicating no differences in learning the operant task. In order to test 403 
motivation, progressive ratio sessions were performed overnight with (fed) and without 404 
access (fasted) to chow. During fed conditions, WT and KO mice displayed similar 405 
breakpoint ratios (Fig 4B), however under fasting conditions KO mice showed a reduced 406 
breakpoint compared to WT mice. Active (Fig 4C) but not inactive nosepokes (Supp Fig 3B) 407 
during the fasted progressive ratio session were significantly lower in KO mice compared to 408 
WT, as well as pellets received during the progressive ratio session (Supp Fig 3A). These 409 
results demonstrated that Crat deletion in AgRP neurons reduces motivation for sucrose 410 
rewards when mice are fasted but not fed, suggesting that the appropriate detection of low 411 
energy state by AgRP neurons affects motivation for a palatable food reward.  412 
In order to establish that deficits in motivation were associated with impaired dopamine 413 
release in the NAc or dorsal striatum, we used FED3 as it allows for programmable TTL 414 
output to synchronize nose poking and pellet retrieval with measurements of dopamine 415 
release by GRABDA photometry (Fig 4D, E). Dopamine release was measured during a 416 
progressive ratio allowing us to align dopamine responses to rewarded or non-rewarded 417 
nose pokes (see Supp Fig 3D and E for example traces). In fed WT mice, a rewarded nose 418 
poke increased NAc dopamine release whereas a non-rewarded nose poke did not (Fig 4F-419 
H). In fed KO mice, we did not observe an increase in accumbal dopamine in response to a 420 
rewarded nose poke within the 10 second window (Fig 4G). This was likely due to the 421 
significant increase in pellet retrieval time observed in KO fed mice compared to WT fed 422 
mice (Supp Fig 3F) without affecting time between nose pokes (Supp Fig 3G, H). In fasted 423 
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mice, rewarded nose pokes increased accumbal dopamine release in both WT and KO mice 424 
(Fig 4I, J) with a significant main effect for a reduced AUC and max z-score in KO mice in 425 
response to a rewarded nose poke (Fig 4K, L). We then aligned photometry data to pellet 426 
retrieval to account for any potential differences in pellet retrieval time (Fig 4M-O). AUC and 427 
max z-score analysis revealed no significant genotype effects prior to pellet retrieval (Fig 4P, 428 
Q), however AUC and max z-score were both significantly reduced in fasted KO mice 429 
compared to fasted WT mice after pellet retrieval (Fig 4R, S). These results are consistent 430 
with behavioural data showing that reduced accumbal dopamine release in response to 431 
pellet retrieval underpins reduced motivation for a palatable food reward in fasted KO mice.  432 
We also examined dopamine release in the dorsal striatum during a progressive ratio 433 
schedule (Fig 5A, B). Aligning dorsal striatal dopamine release to rewarded and non-434 
rewarded nose pokes showed an immediate increase in rewarded pokes with no response in 435 
non-rewarded pokes (Fig 5C-G). There were no acute differences in dorsal striatal dopamine 436 
release between WT and KO mice and there were no differences in release in fed vs fasted 437 
mice (Fig 5H, I). When aligned to pellet retrieval, dorsal striatal dopamine peaked 438 
immediately prior to retrieval (Fig 5J-L) with no significant differences in AUC or max z-score 439 
prior to pellet retrieval between genotypes in fed or fasted states (Fig 5M, N). There was a 440 
significant reduction in AUC after pellet retrieval in fasted KO mice compared to fasted WT 441 
mice, with no difference for max z-score (Fig 5O, P). 442 
 443 
 444 
 445 
 446 
  447 
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Discussion 448 
While AgRP neurons replicate the actions of hunger on motivated behaviour and midbrain 449 
dopamine neurons7,12-14, the exact mechanism by which these neurons sense hunger to 450 
influence dopamine release and motivated behaviour is unknown. In this study, we 451 
demonstrate that intact glucose-sensing via Crat in AgRP neurons during fasting is required 452 
to increase dopamine release in NAc and dorsal striatum and increased motivated 453 
responding for food rewards. The study highlights that hunger-sensing in AgRP neurons 454 
potentiates dopamine release in response to food rewards and specifically identifies Crat in 455 
AgRP neurons as a potential molecular target to reduce motivation to consume palatable 456 
foods. 457 
Deletion of Crat directly impairs glucose-sensing in AgRP neurons. These results are 458 
supported by studies deleting Crat from myocytes, as this diminishes the switch from fatty 459 
acid metabolism to glucose catabolism after pyruvate administration37. The lack of genotype 460 
differences in excitatory or inhibitory postsynaptic potentials show that changes in glucose-461 
sensing are not caused by altered synaptic input, but rather reflects changes in the intrinsic 462 
glucose-sensing capability of AgRP neurons following Crat deletion. Indeed, an unbiased 463 
proteomic survey of AgRP neurons with or without Crat identified numerous differences in 464 
proteins regulating synaptic plasticity, particularly in the fasted state25. Taken together, our 465 
electrophysiological results demonstrated that Crat deletion impairs glucose sensing in 466 
AgRP neurons, particularly during low energy states. 467 
AgRP neurons also regulate taste modification in fasted states by potentiating sweet taste 468 
sensing at lower sucrose concentrations or by increasing the tolerance of a bitter tastant in 469 
sucrose34. During fasting, KO mice showed a significantly lower preference for sucrose 470 
consumption and a significantly stronger aversion to sucrose laced with quinine compared to 471 
WT mice, which did not change during fasting. WT mice, however, increased their 472 
preference for sucrose laced with quinine during fasting. These studies indicate that during 473 
fasting WT, but not KO mice, seek calories in solutions with low taste appeal, suggesting 474 
that KO mice cannot sense the caloric value of sucrose during fasting. This is in line with 475 
studies demonstrating that calories are inherently rewarding irrespective of taste38, implying 476 
the inability of KO mice to sense calorie content does not reinforce consumption. Sucrose 477 
ingestion is reinforced by dopamine release in the dorsal striatum and NAc and studies 478 
demonstrate that dopamine release in the dorsal striatum reinforces the caloric value, 479 
whereas dopamine release in the NAc reinforces the hedonic value (taste) of sucrose35. 480 
Importantly, this study demonstrates that dopamine release in the dorsal striatum (simulating 481 
caloric value) can override taste aversion. Similar to this, our PET/CT studies for fDOPA 482 
revealed reduced dopamine uptake 30 mins after food reward in KO mice, with no difference 483 
in the ventral striatum. We suggest the impaired glucose-sensing capacity of AgRP neurons 484 
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underlies the reduced dopamine uptake in the dorsal striatum of KO mice, since disrupting 485 
glucose oxidation suppressed dorsal striatum dopamine efflux during sugar intake39. Thus, 486 
we predict that Crat in AgRP neurons is important to detect post-ingestive signals of calorie 487 
content and relay this information into relevant dopamine circuits, such as the dorsal 488 
striatum. Indeed, AgRP neurons respond within minutes to post-ingestive signals from the 489 
gut, such as nutrients and hormones released into the blood or via neural pathways22-24,40.   490 
Studies in humans show palatable food elicits an immediate orosensory dopamine response 491 
and a delayed dorsal striatum dopamine response36. While the PET/CT scanning approach 492 
detected a difference in the dorsal striatum of KO mice after 30 minutes, a major limitation 493 
with the PET/CT approach is the lack of temporal resolution around the food approach and 494 
consumption, as well as spatial resolution to the NAc. To overcome this, we employed a 495 
photometry approach using GRABDA to measure dopamine release dynamics28 in the NAc 496 
and dorsal striatum before and immediately after food consumption. Although both WT and 497 
KO mice spent equal time consuming the peanut butter chip, KO had significantly attenuated 498 
dopamine release in the NAc, in fasted state. In the dorsal striatum, we observed 499 
coordinated ramping prior to pellet retrieval similar to previous reports41, but there were no 500 
acute differences in the dorsal striatum dopamine release. Thus, our studies demonstrate 501 
that acute fasting-induced release of dopamine in the NAc to a palatable food reward 502 
requires metabolic input from AgRP neurons.  503 
Importantly, Crat deletion in AgRP neurons also attenuated progressive ratio operant 504 
responding for sucrose rewards during fasting with KO mice showing reduced breakpoint 505 
ratio, active nose pokes and pellets consumed. Although the motivation to obtain food is 506 
associated with activation of AgRP neurons7,12, our studies provide a molecular mechanism 507 
responsible for translating low energy availability into a dopamine-driven motivational action 508 
to consume sucrose. We used a home-cage operant self-administration approach by placing 509 
FED3 in the home cages of mice. This provides advantages such as reducing handling 510 
stress, but most importantly, mice did not require food restriction to learn the action-outcome 511 
(nose poke-sucrose pellet) contingency and there were no differences in acquisition rates 512 
between WT and KO mice. This was important because differential responses to food 513 
restriction, as shown previously25,42, may have impaired subsequent responding during the 514 
progressive ratio tests.  515 
Using FED3 coupled with GRABDA we measured dopamine release in the NAc or dorsal 516 
striatum during a progressive ratio session in response to rewarded and non-rewarded nose 517 
pokes. In the NAc, dopamine release increased prior to pellet retrieval and while there were 518 
no differences in AUC or max z-score prior to pellet retrieval, both these parameters were 519 
significantly reduced in KO mice under fasted conditions. The combination of reduced 520 
breakpoint responding and lower dopamine release in the NAc to pellet retrieval is 521 
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consistent with the known role of NAc dopamine release to drive food seeking43 and to 522 
assign an appropriate investment of effort to the available reward44-46. In the dorsal striatum, 523 
dopamine ramping was observed prior to pellet retrieval without any genotype differences, 524 
which dropped to baseline soon after pellet retrieval consistent with previous reports41. 525 
Interestingly, AUC analysis after pellet retrieval suggest KO mice have a faster return to 526 
baseline, although how this might reflect reduced motivational drive is unknown. When 527 
considered together, both GRABDA photometry and PET/CT studies with fDOPA reveal KO 528 
mice have deficits in acute orosensory NAc dopamine release and long-term post-ingestive 529 
dorsal striatum dopamine release, similar to studies conducted in humans36. Thus, we 530 
predict both reduced acute dopamine release in the NAc in response to pellet retrieval and 531 
longer-term deficits in dopamine uptake in the dorsal striatum (30 mins) underlie reduced 532 
motivational drive to consume sucrose rewards in KO, compared to WT mice.  533 
Most of the observed deficits in KO mice in the present study manifested in the fasted state, 534 
including changes in glucose-sensing, sucrose preference, NAc dopamine release and 535 
during progressive ratio operant responding. Our previous studies showed that deletion of 536 
Crat from AgRP neurons reduced food intake after fasting, impaired the AgRP proteomic 537 
response to fasting and impaired homeostatic changes to calorie restriction and time-538 
restricted feeding25,42,47. Taken together, these studies highlight the major role of Crat in 539 
AgRP neurons is to facilitate the metabolic adaptation to low energy availability. This is 540 
unsurprising given AgRP neurons respond to low energy availability by increasing firing 541 
frequency and gene transcription16-20 in order to maintain hunger signaling and appetitive 542 
motivation. The importance of AgRP neurons to respond to hunger is underscored by the 543 
starvation caused following genetic ablation of AgRP neurons6,8.  544 
An unanswered question remains, as to how AgRP neurons influence mesolimbic dopamine 545 
signaling. Given that very few, if any, AgRP terminals are found in the VTA14, it seems 546 
unlikely that AgRP neurons directly affect dopaminergic neurons in the VTA. In addition, 547 
dissociable dopamine dynamics differentially regulate learning and motivational properties, 548 
with dopamine release in NAc underlying motivational properties and VTA firing properties 549 
underlying learning properties46. Based on these observations, AgRP neurons presumably 550 
influence mechanisms in the NAc that promote dopamine release. Although the MC4R is 551 
found in the NAc48, there is little evidence to suggest activation of AgRP directly targets 552 
neurons in the NAc. Activation of AgRP nerve terminals in the lateral hypothalamus (LH), but 553 
not the paraventricular hypothalamic nucleus, increased taste reactivity to sucrose34, 554 
suggesting the LH may be an indirect route, through which AgRP neurons influence 555 
mesolimbic dopamine release. This is consistent with the known role of the LH in mediating 556 
appetitive motivation and food consumption49. Finally, the suppression of AgRP neuronal 557 
activity with food presentation occurs prior to consumption11,18,21 and this coincides with 558 
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increased NAc and dorsal striatum dopamine release prior to pellet consumption. Whether 559 
or not these changes are functionally related remains to be determined but activation of 560 
AgRP neurons also drives dopamine release in the NAc13 so a number of questions remain 561 
to be answered, as to how AgRP neurons facilitate dopamine release. 562 
In summary, we show that Crat in AgRP neurons is required 1) for appropriate glucose-563 
sensing, 2) to transmit fasting-induced metabolic information to dopamine release in the NAc 564 
and dorsal striatum, albeit over different time frames and 3) to increased motivated 565 
behaviour for sucrose rewards. Since the motivation to eat depends not only on the 566 
palatability of food, but also metabolic state50,51, these studies identify a novel molecular 567 
target in hunger-sensing AgRP neurons to control the overconsumption of palatable foods. 568 
Whether or not this plays an important role in obesity remains to be determined since 569 
obesity desensitizes AgRP neurons to food cues and metabolic feedback52. However, the 570 
observation that fasting increases NAc dopamine release in response to high fat diet, when 571 
compared to chow diet15, suggests that homeostatic circuits might play an important role in 572 
the pathogenesis of obesity. Future research is required to disentangle how homeostatic 573 
signals influence food reward processing and how this contributes to obesity. 574 
 575 
 576 
 577 
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FIGURE LEGENDS 713 

Figure 1: Crat deletion impairs glucose responsiveness of AgRP neurons. Intrinsic 714 
electrophysiological properties were little affected in KO versus WT mice including: resting 715 
membrane potential (A), input resistance (B), spontaneous action potential firing frequency 716 
(C), action potential amplitude (D).  Spontaneous excitatory (E) and inhibitory (F) post-717 
synaptic potentials compared in WT and KO mice in response to an increase in glucose from 718 
2mM to 5mM. Glucose responsive profiles of AgRP neurons from WT and KO mice 719 
characterised by their response to increased extracellular glucose concentration from 2mM 720 
to 5mM (G-H). Sample traces showing examples of glucose excited (top) and glucose 721 
inhibited (bottom) neurons in response to an increase in glucose from 2 to 5mM glucose. 722 
Data +/- SEM, two-way ANOVA with Tukey’s post hoc analysis and unpaired students t-test; 723 
a, significant at p<0.05. 724 
 725 
Figure 2: Mice lacking Crat in AgRP neurons choose taste over calories during fasting. 726 
In a 2-bottle choice paradigm, mice had ad libitum access to chow for 4 days followed by an 727 
overnight fast. Position of bottles were swapped daily and volume consumed overnight 728 
recorded. Bottles were washed after each choice pair and mice had 2 days of water in both 729 
bottles. Dark coloured dots represent female mice (6 WT, 6 KO), shaded dots male mice (5 730 
WT, 7 KO). Pie charts show preference for saccharin (light blue) and comparator solution 731 
(dark blue). After acclimation to the BioDaq cages, mice received choice of water and 0.1% 732 
saccharin (A), 4% sucrose and 0.1% saccharin (B+C) or 4% sucrose laced with 0.1mM 733 
Quinine and 0.1% saccharin (D+E). Change in preference towards caloric quinine /sucrose 734 
solution during fasting in WT (F) and KO (G). Combined fluid consumption for each part of 735 
the experiment (H) and dose response curve for higher quinine concentrations in 4% 736 
sucrose solution from different cohorts of mice (n=5-14). (I). Data +/- SEM, two-way ANOVA 737 
with Tukey’s post hoc analysis and unpaired students t-test; a, significant at p<0.05. 738 
 739 
Figure 3: deficits in glucose sensing in AgRP neurons affects dopamine signalling. 740 
Experimental design to examine dopamine signalling in Nucleus accumbens. (A): Female (3 741 
WT, 4 KO) and male (4 WT, 4 KO) mice trained to receive peanut butter chips were tethered 742 
to a fiber optic cable in their home cage and allowed time to acclimatize to it. Then the 743 
dopamine response to a wood dowel (a, black), standard chow (b, tangerine), and peanut 744 
butter chip (c, blue) were measured. Schematic of GRABDA (AAV-hSyn-DA4.3) injection site 745 
in the Nucleus accumbens and fiber placement (B). Average dopamine traces aligned to 746 
object dropping into cage of fed (C+D) and fasted (G+H) mice and AUC (E+I) and max z-747 
Score (F+J) of the dopamine signal in response to it. Average dopamine traces aligned to 748 
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first contact with peanut butter chip from fed (K) and fasted (L) mice, individual traces in 749 
heatmap (M), AUC (N) and max z-Score during peanut butter consumption. Time passed 750 
between drop and contact with peanut butter (P) and time spent eating (Q). Data +/- SEM, 751 
two-way ANOVA with Tukey’s post hoc analysis; a, significant at p<0.05 752 
 753 
Figure 4: deficits in AgRP glucose sensing affects motivation for sucrose rewards during 754 
fasting. Mice (8 WT, 9 KO) were trained to nose poke for sucrose rewards using fixed ratio 755 
schedule (FR1, FR3, FR5) to reliably nose poke on average 75% correct for 3 consecutive 756 
nights before undergoing PR schedules with or without chow accessible (A). Break point 757 
from fed and fasted mice (B) and correct nose pokes of fasting PR session (C). Schematic of 758 
GRABDA (AAV-hSyn-DA4.3) injection site in the Nucleus accumbens and fiber placement 759 
(D). Experimental design (E): mice with fiber implant (same as in Figure 3) were trained to 760 
nose poke as described and tethered to a fiber optic cable in their home cage with FED3 not 761 
accessible. After 5 min acclimation mice gained access to FED3 on PR schedule. Combined 762 
average dopamine response of rewarded and non-rewarded correct nose pokes of 4 WT (F) 763 
and 4 KO (G) in fed state and 7 WT (I) and 6 KO (J) after overnight fast and heat map 764 
showing each rewarded nose poke(H). AUC (K) and max z-Score (L) of rewarded nose 765 
pokes. Average dopamine response to pellet retrieval in fed state (M) and after overnight 766 
fast (N) and heatmap showing individual responses (O). AUC (P+R) and max z-Score (Q+S) 767 
of dopamine traces prior to (-5 to 0 sec) and post (0 to 10 sec) pellet retrieval. Data +/- SEM, 768 
two-way ANOVA with Tukey’s post hoc analysis; a, significant at p<0.05 769 
 770 
Figure 5. AgRP glucose sensing is not required for dopamine signaling in the dorsal 771 
striatum for operant conditioning. 772 
Schematic of GRABDA (AAV-hSyn-DA4.3) injection site in the dorsal striatum and fiber 773 
placement (A). Experimental design (B): mice with fiber implant were trained to nose poke 774 
as described and tethered to a fiber optic cable in their home cage with FED3 not 775 
accessible. After 5 min acclimation mice gained access to FED3 on PR schedule. Combined 776 
average dopamine response of rewarded and non-rewarded correct nose pokes of 4 WT (C) 777 
and 4 KO (D) in fed state and 4 WT (F) and 4 KO (G) after overnight fast and heat map 778 
showing each rewarded nose poke (E). AUC (H) and max z-Score (I) of rewarded nose 779 
pokes. Average dopamine response to pellet retrieval in fed state (J) and after overnight fast 780 
(K) and heatmap showing individual responses (L). AUC (M+O) and max z-Score (N+P) of 781 
dopamine traces before (-5 to 0 sec) and after (0 to 10 sec) pellet retrieval. Data +/- SEM, 782 
two-way ANOVA with Tukey’s post hoc analysis; a, significant at p<0.05 783 
 784 
 785 
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SUPPLEMENTARY FIGURE LEGENDS 789 
Supplementary Figure 1  790 
Saccharin Preference score for sucrose vs saccharin choice fed (A) and fasted (B), and for 791 
quinine/sucrose vs saccharin fed (C) and fasted (D). Change in preference towards sucrose 792 
with fasting in WT (E) and KO (F).  793 
Experimental design for fDOPA PET scan (G): Mice were trained to receive Reese® peanut 794 
butter chips and then overnight fasted. On the experimental day, mice received ip injection 795 
of benserazide and entacapone to prevent peripheral breakdown of fDOPA (iv injection 30 796 
min afterwards). Mice were allowed to recover 5 min and then given 1 peanut butter chip, 797 
which they ate within 5 min. Then mice were anaesthetised and prepared for PET/CT scan 798 
and dopamine uptake in dorsal (H) and ventral striatum (I) measured. Baseline fDOPA 799 
uptake in dorsal striatum (J) and ventral striatum (K). Two-way ANOVA with Tukey’s post 800 
hoc analysis and unpaired students t-test; a, significant at p<0.05 801 
 802 
Supplementary Figure 2 803 
Deficits in glucose sensing in AgRP neurons does not affect acute dopamine release in the 804 
dorsal striatum. Experimental design to examine dopamine signalling in dorsal striatum (A): 805 
Female (2 WT, 3 KO) and male (4 WT, 4 KO) mice trained to receive peanut butter chips 806 
were tethered to a fiber optic cable in their home cage and allowed time to acclimatize to it. 807 
Then the dopamine response to a wood dowel (a, black), standard chow (b, tangerine), and 808 
peanut butter chip (c, blue) were measured. Schematic of GRABDA (AAV-hSyn-DA4.3) 809 
injection site in the dorsal striatum and fiber placement (B). Average dopamine traces 810 
aligned to object dropping into cage of fed (C+D) and fasted (G+H) mice and AUC (E+I) and 811 
max z-Score (F+J) of the dopamine signal in response to it. Average dopamine traces 812 
aligned to first contact with peanut butter chip from fed (K) and fasted (L) mice, individual 813 
traces in heatmap (M), AUC (N) and max z-Score during peanut butter consumption. Time 814 
passed between drop and contact with peanut butter (P) and time spent eating (Q). Two-way 815 
ANOVA with Tukey’s post hoc analysis; a, significant at p<0.05 816 
 817 
Supplementary Figure 3. 818 
Received pellets during PR sessions (A) and incorrect nose pokes during fasting PR session 819 
over time (B). FR1, FR 3 and FR 5 training data (C). Example traces of fiber photometry 820 
recordings from the nucleus accumbens during PR sessions (blue line indicates correct nose 821 
pokes; pink lines represent pellet retrieval) in WT (D) and KO (E) after overnight fast. Time 822 
between rewarded poke and pellet retrieval (F), time between all correct nose pokes (G) and 823 
time between first 4 nose pokes (H) note the time scales are logarithmic. Two-way ANOVA 824 
with Tukey’s post hoc analysis; a, significant at p<0.05 825 
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