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Need-selective gating of dopamine neuron cue responses by real and virtual hunger 
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ABSTRACT 
The midbrain dopamine system is important for linking reward-predictive cues to learning and 

motivation. Here we investigated how dopamine neuron responses to food and water cues are 20 

modulated by changes in internal state. We developed a flexible cued-approach task that 

allowed us to examine behavioral and neural responses to both food- and water-predictive cues 

within the same recording session. We found that overlapping subsets of dopamine neurons 

respond to food and water cues, but that the magnitude of these responses is gated in a need-

specific way. Stimulation of hunger-promoting AgRP neurons amplified dopamine neuron 25 

responses to food cues, but not water cues, and the magnitude of these responses exceeded 

those observed in natural hunger. These findings indicate that changes in internal state 

modulate, in a need-appropriate way, the responses of a common set of dopamine neurons to 

environmental signals of food and water availability.  

 30 
INTRODUCTION 
We find things that satisfy our internal needs rewarding. Thus, food tastes especially delicious 

when we are hungry. This connection between need and reward is essential to survival, both 

because it helps us learn about the value of different foods and fluids, and also because it helps 
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motivate our actions toward finding and consuming food and drink. Thus, it is important to 35 

establish the circuit mechanisms that connect need to reward in the brain. 

 

The midbrain dopamine (DA) system is critical for linking rewards and reward-predictive cues to 

learning and motivation (Berke, 2018; Eshel et al., 2016; Salamone and Correa, 2012; Schultz 

et al., 1997). DA neurons with cell bodies located in the ventral tegmental area (VTA) exhibit 40 

bursts of activity (~20 Hz) in response to cues that predict the availability of food, water or other 

rewards (Eshel et al., 2016). This phasic activation – thought to function as a teaching signal 

that enables animals to learn associations between sensory stimuli and rewards in the 

environment (Schultz et al., 1997) – causes the release of DA in ventral striatum (also known as 

nucleus accumbens, NAc (Day et al., 2007)). NAc DA release also plays a role in motivation, 45 

invigorating behavioral responses such as cued approach when the reward is expected (Blaiss 

and Janak, 2009; Hamid et al., 2016; Roitman et al., 2004; Wyvell and Berridge, 2000; Yun et 

al., 2004a, 2004b). Loss or blockade of DA reduces the willingness of animals to exert effort to 

obtain food or water, particularly when the amount of work required is high (Di Ciano et al., 

2001; du Hoffmann and Nicola, 2014; Krause et al., 2010; Lex and Hauber, 2008; Stuber et al., 50 

2008). 

 

Given the importance of DA for motivation and learning, DA release should be modulated by 

internal state, so that an animal works harder to obtain goals that satisfy current needs. 

Consistent with this, it has been shown that DA release in response to food cues is greater in 55 
animals that are food deprived than those that are sated (Aitken et al., 2016; Cone et al., 2015; 

Konanur et al., 2020). Similarly, water deprivation amplifies the DA response to water cues 

(Fortin and Roitman, 2018; Hsu et al., 2020). This modulatory effect of internal state on the DA 

system has been proposed to be mediated by direct metabolic sensing by DA neurons (Abizaid 

et al., 2006; Cone et al., 2015) as well as by input from forebrain circuits that are specialized for 60 

monitoring energy and fluid balance. Particularly important nodes in this upstream circuitry 

include Agouti-related peptide (AgRP) expressing neurons in the arcuate nucleus of the 

hypothalamus (ARC), which are activated by food deprivation and promote hunger (Andermann 

and Lowell, 2017), and glutamatergic neurons in the subfornical organ (SFO), organum 

vasculosum of the lamina terminalis (OVLT) and median preoptic nucleus (MnPO), which are 65 

activated by water deprivation and promote thirst (Grove and Knight, 2024). 
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However, it remains incompletely understood to what extent this state-dependent modulation is 

specific for cues that predict one particular reward over another, and, furthermore, how that 

specificity is encoded at the level of individual neurons. For this study, we developed a task in 70 

which we can monitor the behavioral and neural responses to different cues that predict either 

food or water availability, in the same animal and in the same session. We then used this task in 

conjunction with neural recordings and manipulations to address three questions: (1) Do food 

and water cues evoke responses in the same individual DA neurons, or in distinct DA 

subpopulations?, (2) How do changes in internal state modulate these response patterns?  (3) 75 

What is the effect of AgRP neuron stimulation on these cue responses?   

 

 

RESULTS 
A task that measures responses to both food and water cues  80 

Mice were placed in an operant chamber with two reward ports. On each trial, one of two tone 

cues (4.4 kHz or 12 kHz) was randomly presented; one tone predicted the availability of food, 

while the other predicted the availability of water. To obtain a reward, mice were required to 

nose-poke into the port that corresponded to the cue within 5 seconds of tone onset. Correct 

pokes (e.g. pokes into the food port following the food cue) immediately triggered delivery of 85 
that reward (either a 14 mg food pellet, or ~5-10 µL of water; Figure 1A). Incorrect pokes 

resulted in a 5 second time out, signified by illumination of a white LED between the ports 

 

Mice (n=11) were subjected to mild restriction of both food and water and then trained in up to 8 

training sessions (150 trials each). Mice were advanced from training to testing once they 90 

demonstrated mastery of the task, which we defined as less than 20% of trials incorrect (poke 

response in incorrect port during the 5 seconds of tone presentation) across a training session 

(49.6 ± 3.8% correctly completed trials on final training day; 6.0 ± 3.1% incorrectly completed 

trials on final training day). All animals trained were able to learn this task.  

 95 

We then measured performance in the task when mice had been overnight restricted for food or 

water, but not both, in order to determine how performance depends on need state. The test 

session consisted of 50 trials randomized between food and water trials. We found that, 

following food deprivation, mice were more likely to correctly perform food trials than water trials 

(68.4 ± 6% rewarded food trials vs 28.8 ± 6% rewarded water trials, n = 11, p = 0.001, Wilcoxon 100 
matched-pairs signed rank), whereas, following water deprivation, mice were more likely to 
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perform more water trials than food trials (69.9 ± 6% rewarded water trials vs 28.3 ± 7% food 

trials, n = 11, p < 0.01, Wilcoxon matched-pairs signed rank) (Figure 1B). Moreover, motivation 

(as assessed by latency to approach the food or water port) was correlated with the state of 

deprivation (Figure 1D, F). Under water deprivation, mice responded to the water cue by 105 
approaching the water port with shorter latency than the food port in response to the food cue 

(median water poke latency: 1.9 s, food poke latency: 2.9 s, p < 0.001, Kolmogorov Smirnov; 

Figure 1D). During food deprivation, the opposite was observed (water poke latency: 3.6 s, food 

poke latency: 2.4 s, p < 0.05, Kolmogorov Smirnov; Figure 1F). Thus, these data show that (1) 

mice can learn to differentiate between two auditory cues, one associated with food and one 110 

associated with water, and (2) their motivation to respond to these auditory cues is modulated 

by internal state. 

 

Bulk DA cue responses are selectively amplified by the corresponding need state 
To investigate DA signals during this task, we targeted the calcium reporter GCaMP6f to DA 115 

neurons by a crossing a reporter line (Ai148) to mice expressing Cre from DA transporter locus 

(DATCre mice). This resulted in GCaMP6f expression that overlapped with endogenous tyrosine 

hydroxylase (TH) in the midbrain (Figure 2A).  

 

We first implanted an optical fiber above the VTA for photometry measurements of dopamine 120 
neuron calcium activity. Mice were then trained in the task and tested on alternating days under 

either food or water restriction. As before, animals were subjected to 50 trials in which they were 

presented with either the food or water cue in a pseudorandom order. This revealed, first, that 

there were robust DA neuron responses to food- and water-predictive cues in both conditions 

(Figure 2B-G), indicating that cue responses are not strictly dependent on prior deprivation. 125 
However, the DA neuron responses to the deprived cue (i.e. the food cue in hungry mice and 

water cue in thirsty mice) were significantly larger than the responses to the non-deprived cue 

(water deprivation: water cue peak 8.40 ± 1.4 z, food cue peak 4.41 ± 1.0 z, n = 11, p < 0.05, 

Wilcoxon matched pair signed rank; food deprivation: water cue peak 4.62 ± 0.8 z, food cue 

peak 7.58 ± 1.1 z, n = 11, p < 0.05, Wilcoxon matched pair signed rank) (Figure 2D,G). 130 

Additionally, DA activity remained elevated for several seconds following presentation of the 

deprived cue, but not the non-deprived cue (mean signal between 1-3 s following cue 

presentation; water deprivation: water cue sustained signal 3.60 ± 0.9 z, food cue sustained 

signal 0.64 ± 0.3 z, n = 11, p < 0.05, Wilcoxon matched pair signed rank; food deprivation: water 

cue sustained signal: 0.60 ± 0.3 z, food cue sustained signal 3.02 ± 0.5 z, n = 11, p < 0.01, 135 
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Wilcoxon matched pair signed rank) (Figure 2B,E). This sustained response may be linked to 

consummatory behavior, because a peak in DA neuron responses was observed 0.5 to 1.0 sec 

after reward delivery (i.e. during consumption, Figure 2C,F). Taken together, these data indicate 

that (1) DA neurons respond to motivationally salient cues and (2) these responses are 

amplified for cues that predict satisfaction of a physiologic need. 140 

 

Food and water cues activate overlapping populations of DA neurons 
Fiber photometry provides bulk measurements of neural activity but cannot reveal single-cell 

responses. While some studies have suggested that individual DA neurons are tuned to specific 

rewards or task variables (Engelhard et al., 2019; Grove et al., 2022), others have found 145 
broader responses (Lak et al., 2014; Millidge et al., 2024). It remains unclear to what degree 

there are specialized DA neurons that respond to food or water cues analogous to the 

specialized circuits in the forebrain that sense energy and fluid balance (Andermann and Lowell, 

2017; Grove and Knight, 2024).   

 150 
To investigate these possibilities, we targeted GCaMP6f to DA neurons and then implanted a 

gradient index (GRIN) lens over the VTA for single-cell calcium imaging of these cells (Figure 
3A). Mice were trained in the task and then tested on alternating days in a state of either food or 

water deprivation while calcium dynamics were recorded by microendoscopy.  

 155 

Consistent with the results from fiber photometry, we found that a large proportion of individual 

DA neurons were activated by both food and water cues in each need state, but also that 

responses were greater and more sustained when the cue predicted satisfaction of a 

physiologic need (e.g. food cue in the food-deprived state; Figure 3). We found that for food 

deprived mice, peak activation for both food cue and reward aligned signals was greater than 160 

for water cue and reward signals (food cue aligned peak: 1.48 ± 0.12 z, water cue aligned peak: 

0.51 ± 0.03 z, n = 84 neurons, p < 0.0001, Wilcoxon matched pair signed rank; food reward 

aligned peak: 2.63 ± 0.25 z, water reward aligned peak: 1.39 ± 0.11 z, n = 84 neurons, p < 

0.0001, Wilcoxon matched pair signed rank) (Figure 3B,D). Meanwhile, in water deprived mice, 

while deprivation state strongly modulated cue aligned signals, this was not observed for reward 165 
aligned activity (water cue aligned peak: 2.02 ± 0.18 z, food cue aligned peak: 0.62 ± 0.04 z, n = 

69 neurons, p < 0.0001, Wilcoxon matched pair signed rank; water reward aligned peak: 2.82 ± 

0.27 z, food reward aligned peak: 2.85 ± 0.33 z, n = 69 neurons, p > 0.05, Wilcoxon matched 

pair signed rank) (Figure 3A,C). We also observed a second peak in DA neuron activity that 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 2, 2025. ; https://doi.org/10.64898/2025.11.29.691326doi: bioRxiv preprint 

https://doi.org/10.64898/2025.11.29.691326
http://creativecommons.org/licenses/by/4.0/


6 
 

occurred 0.5 to 1s after reward delivery and likely correlated with consummatory behavior. This 170 

peak was observed in food trials regardless of need state, whereas it was much smaller in water 

trials in the absence of dehydration. This may be due to differences in consummatory behavior 

during food and water deprivation.  

 

We found no evidence to suggest that a high percentage of DA neurons are tuned to respond 175 

only to food or water cues. First, we found that most DA neurons responded to both food and 

water cues regardless of deprivation state, although the responses to the deprived cue were 

substantially larger. For example, in the water deprived state, 62% of neurons were activated by 

both food and water cues (out of a total of 69 neurons, p<0.05 by permutation test), whereas in 

the food deprived state, 72% of neurons were activated by both food and water cues (out of a 180 

total of 84 neurons, p<0.05 by permutation test). These percentages would presumably be 

higher if we were able to compare the cue responses of individual cells across different 

deprivation states, but we could not reliably align cells between days due to changes in the field 

of view.  

 185 

Second, when we plotted the magnitude of the responses of individual DA neurons to food and 

water cues under a single deprivation state, we found that they were correlated (food 

deprivation: r2 = 0.30, p = 5.43e-8; water deprivation: r2 = 0.25, p = 5.66e-3). That is, neurons 

that responded strongly to food cues under food deprivation tended to also show stronger 

responses to water cues under food deprivation (Figure 3F) and vice versa for measurements 190 
under water deprivation (Figure 3E). If DA neurons were specialized for responding only to food 

and water cues, then we would expect these values to be uncorrelated. Together, these 

analyses indicate that most DA neurons in the VTA respond to both food and water cues.   

 

AgRP neuron stimulation selectively amplifies DA neuron responses to food cues 195 

  

The enhanced DA neuron responses to food cues in food deprived animals could be mediated 

by direct metabolic sensing by VTADA neurons or the effect of upstream circuits. Given that 

AgRP neurons are important for many responses to food deprivation, we investigated the role of 

these cells. We prepared mice for chemogenetic activation of AgRP neurons combined with 200 

microendoscope recordings of DA neuron activity. To do this we injected a Flp-dependent AAV 

expressing hM3Dq into the ARC, and a Cre-dependent AAV expressing GCaMP6f into the VTA 

of NpyFlp;DatCre mice. In the same surgery, we implanted a GRIN lens above the VTA for calcium 
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in vivo calcium signals from microendoscopic video data. eLife 7, e28728. 
https://doi.org/10.7554/eLife.28728 
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