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            Abstract
Physiological needs bias perception and attention to relevant sensory cues. This process is â€˜hijackedâ€™ by drug addiction, causing cue-induced cravings and relapse. Similarly, its dysregulation contributes to failed diets, obesity, and eating disorders. Neuroimaging studies in humans have implicated insular cortex in these phenomena. However, it remains unclear how â€˜cognitiveâ€™ cortical representations of motivationally relevant cues are biased by subcortical circuits that drive specific motivational states. Here we develop a microprism-based cellular imaging approach to monitor visual cue responses in the insular cortex of behaving mice across hunger states. Insular cortex neurons demonstrate food-cue-biased responses that are abolished during satiety. Unexpectedly, while multiple satiety-related visceral signals converge in insular cortex, chemogenetic activation of hypothalamic â€˜hunger neuronsâ€™ (expressing agouti-related peptide (AgRP)) bypasses these signals to restore hunger-like response patterns in insular cortex. Circuit mapping and pathway-specific manipulations uncover a pathway from AgRP neurons to insular cortex via the paraventricular thalamus and basolateral amygdala. These results reveal a neural basis for state-specific biased processing of motivationally relevant cues.
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                    Figure 1: Chronic imaging of InsCtx activity during an InsCtx-dependent behavioural task.


Figure 2: Hunger gates InsCtx responses to learned visual cues.


Figure 3: Activation of AgRP neurons during satiety mimics hunger in InsCtx.


Figure 4: A neural pathway from hypothalamic AgRP neurons to InsCtx.


Figure 5: Inhibition of BLAâ†’InsCtx neurons attenuates food cue responses in InsCtx.
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Extended data figures and tables

Extended Data Figure 1 Behaviour during hunger, satiety, and InsCtx silencing.
a, Summary of task performance across mice, during hunger and satiety. Hit rate: fraction of food cue trials with correct behavioural response (licking within the 2â€‰s response window after cue offset). False alarm rate: fraction of non-food-cue trials in which mice incorrectly licked within the 2â€‰s response window after cue offset. Each dot represents one mouse; lines connect two same-day blocks from the same mouse. *Pâ€‰=â€‰1.8â€‰Ã—â€‰10âˆ’5, NS, not significant (Pâ€‰=â€‰0.09); paired t-test, nâ€‰=â€‰6 mice. Meanâ€‰Â±â€‰s.e.m. b, Summary of task performance after InsCtx silencing in hungry mice: false alarm rate and dâ€² (sensitivity index, which combines hit rate and false alarm rate in a general measure of discrimination), combining both aversive cue and neutral cue trials. Each dot represents one mouse; lines connect two same-session blocks of trials from the same mouse (first day: block 1, saline; block 2, saline; all other days: block 1, saline; block 2, drug). Notice that pharmacological silencing of InsCtx, but not of secondary somatosensory cortex (S2), reduces performance in the visual discrimination task (dâ€²) because of reduced hit rates (Fig. 1c), without significantly affecting false alarm rates. Bars and error bars, meanâ€‰Â±â€‰s.e.m.; NS, not significant (Pâ€‰â‰¥â€‰0.2); *Pâ€‰=â€‰0.01; **Pâ€‰=â€‰0.007; paired t-test, nâ€‰=â€‰3 mice. Meanâ€‰Â±â€‰s.e.m. c, False alarm rates for aversive cues trials (left) and neutral cue trials (right). Each dot represents one mouse; lines connect two same-session blocks of trials from the same mouse (first day: block 1, saline; block 2, saline; all other days: block 1, saline; block 2, drug). Notice that pharmacological silencing of InsCtx did not significantly affect false alarm rates for aversive cue trials or for neutral cue trials. NS, not significant (Pâ€‰â‰¥â€‰0.06); paired t-test, nâ€‰=â€‰3 mice. Meanâ€‰Â±â€‰s.e.m. d, Movement velocity and total distance travelled in the home cage after saline or drug infusion into InsCtx. Note that pharmacological silencing of InsCtx did not affect general locomotion in the home cage. NS, not significant (Pâ€‰â‰¥â€‰0.34); paired t-test, nâ€‰=â€‰3 mice. Meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 2 InsCtx activity from an example field of view; most food-cue-responsive neurons also respond to licking/Ensure; localizing imaging fields of view relative to vasculature; no spatial organization of InsCtx food cue and licking/Ensure responses.
a, Example two-photon image (same mouse as in Fig. 1f) containing ~150 active neurons. Scale bar, 100â€‰Î¼m. Right: example activity of 20 neurons (labelled in the left panel) from the same field of view during the behavioural task (vertical bars: presentation of visual cues). Scale bars, 10â€‰s and 100% (Î”F/F). Note that GCaMP dynamics reflect the high ongoing firing rates of mouse InsCtx neurons in vivo (6â€“10â€‰Hz on average; ref. 10). b, Heatmaps of average responses of all food-cue-responsive neurons meeting the criteria for the clustering analysis (each row is the average activity of a single neuron). Neurons were clustered on the basis of their food cue and licking responses (see Methods). Different heatmaps were aligned to different events (food cue onset, licking onset, Ensure delivery), and all responses were computed relative to the pre-cue period. Notice that many food-cue-responsive neurons also responded to licking/Ensure. c, Post-mortem analysis of the location of the microprism and imaging field of view. Top left: side-view image of the brain of a mouse implanted with a microprism. Blue rectangle shows location of microprism imaging face, identified by a minor indentation of the brain. Top right: post-mortem epifluorescence image of GCaMP6f in lateral cortex. Blue rectangle shows microprism location. Bottom right: in vivo epifluorescence image of GCaMP6f through the microprism at the imaging field of view location. Bottom left: in vivo two-photon field of view, imaged through the microprism. The image was adjusted to enhance the visibility of the neuropil and vasculature. Arrows point to the same vascular landmark in different images. d, Left: schematic side view of the mouse brain. Right: anatomical location of all imaged neurons (dots) across mice, relative to the junction of caudal rhinal vein and middle cerebral artery. Magenta: food-cue-responsive neurons; green: licking and/or Ensure-responsive neurons; grey: unresponsive neurons; dashed rectangles: borders of each imaging field. Scale bar, 0.5â€‰mm. e, Fraction of food-cue-responsive neurons and of licking and/or Ensure-responsive neurons in granular (GI) versus dysgranular (DI) subregions of InsCtx. f, Example field of view from one mouse. Neuron locations are marked with coloured circles (magenta: food-cue-responsive; green: licking/Ensure-responsive only; grey: unresponsive). Scale bar, 100â€‰Î¼m. g, Left: distribution of distances between pairs of neurons in which (1) both neurons were responsive to the food cue (magenta), (2) both neurons were responsive to licking/Ensure (green), and (3) one neuron was responsive to the food cue and the other neuron is responsive to licking/Ensure (black). Note that all three distributions are similar, suggesting no spatial clustering. Right: distribution of distances between pairs of neurons having the same type of response (that is, either both responding to the food cue or both responding to licking/Ensure, blue), and between pairs of neurons with different response types (for example, one neuron responding to the food cue and the other responding to licking/Ensure, black). Note that these distributions are similar, suggesting no spatial clustering.


Extended Data Figure 3 Further analyses of InsCtx cue responses; InsCtx food cue bias emerges after learning and is not dependent on cue orientation or on overexposure to the food cue during early training.
a, Separate analysis of the fraction of cue-responsive neurons for neurons that were either excited (left) or suppressed (right) by cue presentation. Note the stronger food cue bias in neurons with cue-evoked excitation. b, Separate analysis of the response magnitude in excited and suppressed neurons, across hunger and satiety. Note the stronger food cue bias in excited neurons, but no food cue bias during satiety in both groups. Also, note that the responses to the aversive and neutral cues are significantly different only in excited neurons. Excited: *Pâ€‰=â€‰0.002 (Hungry); NS, not significant (Pâ€‰=â€‰0.3, Sated); Kruskalâ€“Wallis test. Pairwise comparisons (Hungry): food cue versus aversive cue, Pâ€‰=â€‰0.04; food cue versus neutral cue, Pâ€‰=â€‰0.003; aversive cue versus neutral cue, Pâ€‰=â€‰0.02. Pairwise comparisons (Hungry versus Sated): ***Pâ€‰â‰¤â€‰6â€‰Ã—â€‰10âˆ’4 for all three cues; Mannâ€“Whitney U-test (nâ€‰=â€‰113, 20, and 8 neurons responding to the food, aversive, and neutral cues, respectively; from six mice). Suppressed: *Pâ€‰=â€‰2.4â€‰Ã—â€‰10âˆ’5 (Hungry); NS, not significant (Pâ€‰=â€‰0.2, Sated); Kruskalâ€“Wallis test. Pairwise comparisons (Hungry): food cue versus aversive cue, Pâ€‰=â€‰8.3â€‰Ã—â€‰10âˆ’4; food cue versus neutral cue, Pâ€‰=â€‰5.6â€‰Ã—â€‰10âˆ’5; aversive cue versus neutral cue, Pâ€‰=â€‰0.3. Pairwise comparisons (Hungry versus Sated): ***Pâ€‰â‰¤â€‰7â€‰Ã—â€‰10âˆ’17 for all three cues; Mannâ€“Whitney U-test (nâ€‰=â€‰171, 75, and 77 neurons responding to the food, aversive, and neutral cues, respectively; from six mice). Meanâ€‰Â±â€‰s.e.m. c, Separate analysis of the cue response selectivity of neurons that were excited or suppressed by cue presentation. Each circle represents all excited/suppressed neurons that were responsive to a given visual cue. Note the higher selectivity in excited neurons. See b for sample sizes. d, Analysis of the response sign (excited/suppressed) of neurons that significantly responded to two cues. Fraction of neurons that significantly responded with the same sign to two different cues, out of the total neurons that responded to the two cues with the same or opposite sign (for example: red, number of neurons excited by food cue and aversive cue out of all neurons excited by the food cue and either excited or suppressed by aversive cue; blue, number of neurons suppressed by food cue and aversive cue out of all neurons suppressed by the food cue and either excited or suppressed by aversive cue). Note that only a very small fraction of neurons excited by the food cue were also excited by one of the other two cues (that is, they were suppressed by the other two cues). Also, note that a substantial fraction of neurons significantly suppressed by one cue would also be suppressed by one or more other cues. e, Analysis of average responses across all neurons for each of the first 20 presentations of each cue within a session. For each neuron with a significant response to a given cue, cue responses were normalized by their mean across the session. These normalized cue responses were then averaged across neurons per trial. Note that, at the population level, cue responses did not show substantial differences between early and later trials. Meanâ€‰Â±â€‰s.e.m. f, Fano factor as a measure of trial-to-trial cue response variability across states. Note that, during hunger but not during satiety, the Fano factor was significantly higher for responses to the food cue than for responses to the other two cues. *Pâ€‰=â€‰0.01 (Hungry); NS, not significant (Pâ€‰=â€‰0.4, Sated); Kruskalâ€“Wallis test. Pairwise comparisons (Hungry): food cue versus aversive cue, Pâ€‰=â€‰0.007; food cue versus neutral cue, Pâ€‰=â€‰0.04; aversive cue versus neutral cue, Pâ€‰=â€‰0.7. Pairwise comparisons (Hungry versus Sated): Pâ€‰=â€‰2â€‰Ã—â€‰10âˆ’5 for the food cue; Pâ€‰=â€‰0.2 for the aversive and neutral cues; Mannâ€“Whitney U-test (nâ€‰=â€‰274, 95, and 85 neurons responding to the food, aversive, and neutral cues, respectively; from six mice). Meanâ€‰Â±â€‰s.e.m. g, No food cue bias before learning. Fraction of responsive neurons (left), response magnitude (middle), and response selectivity (right) in naive mice before learning the visual discrimination task. Mice were imaged while in a hungry state (85% ad libitum body weight). Note that there was no food cue bias in the fraction of responsive neurons (nâ€‰=â€‰144 neurons from three mice), nor in response magnitude, and that selectivity was relatively high. NS, not significant (Pâ€‰=â€‰0.4); Kruskalâ€“Wallis test (nâ€‰=â€‰12, 13, and 12 neurons responding to the food, aversive, and neutral cues, respectively; from three mice). Meanâ€‰Â±â€‰s.e.m. Note also the relatively low responsiveness and response magnitude compared with well-trained mice (compare, for example, k below). hâ€“m, To test whether InsCtx food cue bias was dependent on the actual cue orientation or on overexposure to the food cue during early training (see Methods), we switched cueâ€“outcome associations. First, we trained mice in the usual cueâ€“outcome associations and imaged InsCtx to verify food cue bias. We then switched the food cue and neutral cue, and exposed mice to the same number of repetitions of each cue during re-training. We then imaged InsCtx in the same mice again to test whether there was a bias to the new food cue (that is, to the visual grating orientation that now predicted food but that formerly predicted no outcome). h, Schematic of cueâ€“outcome associations in the initial training and then after the food-cue-neutral cue switch. Importantly, in all subsequent analyses, we refer to the Ensure-rewarded cue as the â€˜food cueâ€™ regardless of its actual visual grating orientation. i, Experimental protocol of switching cueâ€“outcome associations. j, Fraction of responsive neurons to each cue before and after the food-cue-neutral cue switch. Left: fraction of all imaged neurons before and after (nâ€‰=â€‰200 pre, nâ€‰=â€‰232 post; from two mice). Note that after the switch, the overall fraction of responsive neurons to all cues increased, potentially because of increased GCaMP6f expression over time. Right: fraction of all imaged neurons before and after, normalized to the fraction of food-cue-responsive neurons to demonstrate a similar relative level of food cue bias. k, Average response magnitude before and after the food-cue-neutral cue switch. Note the food cue response bias both before and after the switch. *Pâ€‰=â€‰0.01 (pre); **Pâ€‰=â€‰1.4â€‰Ã—â€‰10âˆ’5 (post); Kruskalâ€“Wallis test. Pairwise comparisons were as follows. Pre, food cue versus aversive cue, Pâ€‰=â€‰0.01; food cue versus neutral cue, Pâ€‰=â€‰0.02; aversive cue versus neutral cue, Pâ€‰=â€‰0.9; Mannâ€“Whitney U-test (nâ€‰=â€‰32, 16, and 14 neurons responding to the food, aversive, and neutral cues, respectively; from two mice). Post: food cue versus aversive cue, Pâ€‰=â€‰2.9â€‰Ã—â€‰10âˆ’4; food cue versus neutral cue, Pâ€‰=â€‰8.9â€‰Ã—â€‰10âˆ’5; aversive cue versus neutral cue, Pâ€‰=â€‰0.2; Mannâ€“Whitney U-test (nâ€‰=â€‰64, 36, and 21 neurons responding to the food, aversive, and neutral cues, respectively; from two mice). Meanâ€‰Â±â€‰s.e.m. l, Cue response selectivity of cue-responsive neurons before and after the food-cue-neutral cue switch. Circles represent number of neurons responsive to a given visual cue. Note the higher cue selectivity of food-cue-responsive neurons both before and after the food-cue-neutral cue switch. m, Behavioural performance of the visual discrimination task before and after switching cueâ€“outcome associations (nâ€‰=â€‰2 mice). Each dot is data from a single mouse, and lines connect the same mice before and after the switch.


Extended Data Figure 4 InsCtx food cue bias and hunger modulation cannot be explained by licking or other orofacial movements.
a, b, Analysis of cue responses before licking onset. All cue response analyses presented in all figures were performed by analysing data up to 100â€‰ms before the first lick on each trial (see Methods). Here we increased this period to 200â€‰ms and to 300â€‰ms, and demonstrated that food cue bias and hunger modulation persisted and were thus independent of licking. a, Analysis of the fraction of cue-responsive neurons for response epochs from cue onset to either 100â€‰ms, 200â€‰ms, or 300â€‰ms before onset of the first lick. Note a similar food cue bias across analyses. b, Average response magnitude across hunger and satiety for the response epochs described above. Note the response bias to the food cue decreased slightly for analyses restricted to 200â€‰ms and 300â€‰ms before the first lick, but was still prominent and was consistently abolished after satiation. One hundred milliseconds: **Pâ€‰=â€‰2.8â€‰Ã—â€‰10âˆ’12 (Hungry); NS, not significant (Pâ€‰=â€‰0.6, Sated); Kruskalâ€“Wallis test. Pairwise comparisons (Hungry): food cue versus aversive cue, Pâ€‰=â€‰1.7â€‰Ã—â€‰10âˆ’8; food cue versus neutral cue, Pâ€‰=â€‰7.3â€‰Ã—â€‰10âˆ’11; aversive cue versus neutral cue, Pâ€‰=â€‰0.01. Pairwise comparisons (Hungry versus Sated): ***Pâ€‰â‰¤â€‰2.7â€‰Ã—â€‰10âˆ’19 for all three cues; Mannâ€“Whitney U-test (nâ€‰=â€‰274, 95, and 85 neurons responding to the food, aversive, and neutral cues, respectively; from six mice). Two hundred milliseconds: **Pâ€‰=â€‰1.5â€‰Ã—â€‰10âˆ’8 (Hungry); NS, not significant (Pâ€‰=â€‰0.5, Sated); Kruskalâ€“Wallis test. Pairwise comparisons (Hungry): food cue versus aversive cue, Pâ€‰=â€‰1.8â€‰Ã—â€‰10âˆ’4; food cue versus neutral cue, Pâ€‰=â€‰6.7â€‰Ã—â€‰10âˆ’8; aversive cue versus neutral cue, Pâ€‰=â€‰0.04. Pairwise comparisons (Hungry versus Sated): ***Pâ€‰â‰¤â€‰1.9â€‰Ã—â€‰10âˆ’17 for all three cues; Mannâ€“Whitney U-test (nâ€‰=â€‰274, 95, and 85 neurons responding to the food, aversive, and neutral cues, respectively; from six mice). Three hundred milliseconds: **Pâ€‰=â€‰0.0003 (Hungry); *Pâ€‰=â€‰0.01 (Sated); Kruskalâ€“Wallis test. Pairwise comparisons (Hungry): food cue versus aversive cue, Pâ€‰=â€‰0.04; food cue versus neutral cue: Pâ€‰=â€‰1.7â€‰Ã—â€‰10âˆ’4; aversive cue versus neutral cue, Pâ€‰=â€‰0.03. Pairwise comparisons (Hungry versus Sated): ***Pâ€‰â‰¤â€‰1.7â€‰Ã—â€‰10âˆ’17 for all three cues; Mannâ€“Whitney U-test (nâ€‰=â€‰274, 95, and 85 neurons responding to the food, aversive, and neutral cues, respectively; from six mice). Meanâ€‰Â±â€‰s.e.m. câ€“g, Analysis of orofacial movements and their potential effect on InsCtx food cue response bias. c, Image of the face of a mouse performing the behavioural task during imaging of InsCtx. Blue rectangle marks the region of interest analysed for orofacial movements (see Methods). d, Orofacial movements in four mice. Left: average across food cue trials of all orofacial movements. Right: average across food cue trials of orofacial movements up to 100â€‰ms before the first lick in each trial (same procedure used to analyse licking-independent cue responses in InsCtx, see a and b above). Only mouse 1 and mouse 3 had significant licking-independent orofacial movements. Meanâ€‰Â±â€‰s.e.m. e, Examples of simultaneous recordings of orofacial movements (left) and activity of two neurons (middle and right) from mouse 3. Top: heatmaps of neuronal activity and orofacial movements. Note that for every trial, data were analysed up to 100â€‰ms before the first lick, and all subsequent data points (that is, not analysed for cue responses) are coloured in grey. Bottom: average across trials, meanâ€‰Â±â€‰s.e.m. f, Correlation between orofacial movements and single-trial neuronal responses for the two neurons in e. Note that responses in neuron 1 were positively correlated with orofacial movements, while responses in neuron 2 were not correlated with orofacial movements. Orofacial responses have been shown to drive some InsCtx neurons. If food cue responses were caused by orofacial responses, this would be reflected by a positive correlation between neuronal responses and orofacial movements. However, only 3% of food-cue-responsive neurons were positively correlated with orofacial movements across trials (nâ€‰=â€‰94, from four mice; different mice from those in Fig. 2). This suggests that with our analyses (that is, analysing activity up to 100â€‰ms before the first lick at each trial), orofacial movements do not contribute to food cue responses or to the food cue bias in InsCtx (see g). g, Food cue bias in InsCtx neurons from this separate cohort of four mice, most of which lacked a positive correlation between food cue responses and orofacial movements. Left: fraction of neurons responsive to each cue, from all experiments in which neurons were imaged during simultaneous tracking of orofacial movements. Note the food cue bias. Right: average response magnitude from neurons imaged while also acquiring orofacial movements. Note that the response bias to the food cue is similar to that in Fig. 2. *Pâ€‰=â€‰2.8â€‰Ã—â€‰10âˆ’5, Kruskalâ€“Wallis test. Pairwise comparisons: food cue versus aversive cue, Pâ€‰=â€‰0.003; food cue versus neutral cue: Pâ€‰=â€‰5.9â€‰Ã—â€‰10âˆ’5; aversive cue versus neutral cue, Pâ€‰=â€‰0.45; Mannâ€“Whitney U-test (nâ€‰=â€‰94, 23, and 24 neurons responding to the food, aversive, and neutral cues, respectively; from four mice). Meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 5 A subset of InsCtx neurons respond to visual cues during satiety; using pre-cue pupil diameter to match trials for similar arousal levels across states.
a, Heatmap of the average neuronal responses to the three visual cues during hunger and satiety for all neurons that were significantly cue-responsive during satiety. b, Fraction of neurons significantly responsive to each cue during satiety (out of 941 recorded neurons from six mice). c, Response magnitude across hunger and satiety in neurons with significant cue responses in the sated state. Note the absence of a significant response bias to the food cue during hunger or satiety in this set of neurons. NS, not significant; Pâ€‰=â€‰0.09 (Hungry); Pâ€‰=â€‰0.59 (Sated); Kruskalâ€“Wallis test (nâ€‰=â€‰166 neurons from six mice). Pairwise comparisons (Hungry versus Sated): **Pâ€‰â‰¤â€‰0.002 for all three cues; Mannâ€“Whitney U-test (nâ€‰=â€‰274 neurons from six mice). Meanâ€‰Â±â€‰s.e.m. d, Selectivity of cue-responsive neurons. Each circle represents all neurons responding to a specific visual cue. Note that neurons responding to any one of the three cues displayed similar response selectivity. e, Pupil diameter dynamics during the discrimination task across hunger (top) and satiety (bottom). Images: examples of a dilated (top) and constricted (bottom) pupil. Grey and purple bars: pre-cue and cue periods, respectively. Same plot shown in Fig. 2. f, Pre-cue pupil diameters across single hungry and sated trials (same mouse from e), demonstrating the procedure for matching trials for similar pre-cue pupil diameters across states (see Methods). Line of unity, dashed pink.


Extended Data Figure 6 Persistent AgRP neuron food cue responses during performance of the visual discrimination task.
a, AgRP neuron fibre photometry. Left: schematic of the fibre photometry approach. Right: image of GCaMP6s-expressing AgRP neurons in the ARC, with the fibre track above. Scale bar, 200â€‰Î¼m. b, Example photometry signal from one food-restricted mouse (same mouse in a) in response to delivery of two small food pellets (0.2â€‰g each). Note an acute decrease in AgRP activity in response to the first pellet, and a subsequent, additional acute decrease after the second pellet, demonstrating that AgRP activity was not completely inhibited after delivery of the first pellet. c, Average cue responses in the visual discrimination task during hunger and satiety, from the same mouse as in b. Note that in the hungry state, AgRP neurons responded to the food cue, but not to the other cues. During the sated state, AgRP neurons were not responsive to any cue. Values are meanâ€‰Â±â€‰s.e.m. across 50â€“55 trials per cue. Shaded region: cue duration. d, AgRP neuron responses to food cues either followed (right) or not followed (left) by another food cue (cues were presented with an interval of 8â€“10â€‰s, see Methods). Note that AgRP neuron activity returned to baseline levels after each food cue that was not followed by another food cue (but it was followed by either another cue that did not elicit a response or by a blank trial, see Methods). Furthermore, AgRP neurons responded similarly to another presentation of a food cue, spaced 8â€“10â€‰s apart. Values are meanâ€‰Â±â€‰s.e.m. across three mice. Shaded region: food cue duration. e, Heatmaps of food cue responses (same mouse in aâ€“c) across single trials, sorted chronologically (left) or by licking latency (right). Grey and white tick marks show licking onset and Ensure delivery, respectively. Note that there was substantial trial-to-trial variability in food cue responses that could not be explained by trial recency or by licking behaviour. f, Analysis of responses to each of the first 40 presentations of the food cue within a session, averaged across one session from each of three mice. Cue responses were normalized by their mean across the session. These normalized cue responses were then averaged across mice. Dashed red line, normalized response to the first cue presentation. Note that cue responses did not show substantial differences between early and later trials. Values are meanâ€‰Â±â€‰s.e.m. g, Schematic of AgRP neuron activity during satiety, the visual discrimination task, and subsequent satiation, on the basis of the experiments in aâ€“f. AgRP neuron activity remained high (relative to satiety) in food-restricted mice during the visual discrimination task, and dropped only transiently after every food cue and consumption of a very small amount of Ensure (5 Î¼l). Satiation (via consumption of either Ensure or chow) reduced the activity of AgRP neurons to lower levels and eliminated subsequent neuronal responses to food cue presentation. Black, dark grey, and light grey arrows: food cue, aversive cue, and neutral cue.


Extended Data Figure 7 Satiation by consumption of Ensure can be labile; InsCtx neuronal responses to the three visual cues during Sated-2â€‰+â€‰AgRP and Sated-2; saline injections do not mimic hunger in InsCtx; comparison of InsCtx responses in hungry mice across two daily sessions; time course of decoding accuracy and the necessity of neuronal identity for decoding accuracy.
A, Example licking raster plots from a single session, for food cue trials presented during hunger and satiety. Intermingled aversive and neutral cue presentations are omitted for clarity. Note cue-evoked licking during hunger but not during satiety. B, Examples licking raster plots from two mice, for a session in which each mouse was not fully sated and thus partly re-engaged in the task for a substantial number of trials after initial satiation. Note that in such cases we stopped the experiment, and re-sated the mice with delivery of additional Ensure until they were fully sated (operationally defined as lack of voluntary licking for Ensure, see Methods). C, Heatmap of the average response to the three visual cues during Sated-2â€‰+â€‰AgRP and Sated-2 for each neuron (one row per neuron) that was significantly responsive to at least one cue during Sated-2â€‰+â€‰AgRP. Vertical dashed lines: visual cue onset. Horizontal dashed lines: grouping of neurons by the cue that evoked the strongest response. D, Saline injections did not mimic hunger in InsCtx. Average response magnitude of InsCtx neurons across hunger, satiety, and saline injections (nâ€‰=â€‰109 neurons from two mice, different mice from those in c). *Pâ€‰=â€‰0.03 (Hungry); NS, not significant (Pâ€‰â‰¥â€‰0.5, Sated-1, Sated-2, Sated-2â€‰+â€‰saline injections); Kruskalâ€“Wallis test. Pairwise comparisons across states (Hungry-1 versus Sated-1): food cue, Pâ€‰=â€‰2.4â€‰Ã—â€‰10âˆ’5; aversive cue, Pâ€‰=â€‰0.02; neutral cue, Pâ€‰=â€‰1.7â€‰Ã—â€‰10âˆ’5. Pairwise comparisons across states (Sated-2 versus Sated-2â€‰+â€‰saline injections): Pâ€‰â‰¥â€‰0.15 for all three cues; **Pâ€‰<â€‰0.02; NS, not significant; Mannâ€“Whitney U-test. Meanâ€‰Â±â€‰s.e.m. Note the population response bias to the food cue in Hungry-1, but not in Sated-2â€‰+â€‰saline injections. Furthermore, while there was a food cue bias in the fraction of responsive neurons per cue during hunger (Hungry-1; food cue, 0.16; aversive cue, 0.10; neutral cue, 0.12), saline injections in sated mice did not induce a similar food cue bias (â€˜Sated-2â€‰+â€‰saline inj.â€™; food cue, 0.05; aversive cue, 0.07; neutral cue, 0.05; nâ€‰=â€‰109 neurons from two mice). E, Heatmap of all food-cue-responsive neurons during two consecutive imaging sessions, both performed while the mice (nâ€‰=â€‰4) were hungry. Note that some neurons were similarly responsive on both days, while others were not. F, Average decoding accuracy. The decoder was trained on data from entire populations of neurons recorded during the first â€˜Hungryâ€™ session, and tested on other â€˜Hungryâ€™ data from the same neurons on the same day, or from the same neurons recorded on the following day (â€˜Hungry-next-dayâ€™ data; nâ€‰=â€‰4 mice). Note that decoding accuracy was similar. G, Average time course of accuracy of population decoding of whether a food cue was presented versus other cues (see text for details). *All time points that were significantly different from chance (33%) for â€˜Sated-2â€‰+â€‰AgRP stim.â€™ (Pâ€‰â‰¤â€‰0.03, paired t-test, Holmâ€“Bonferroni correction for multiple comparisons, nâ€‰=â€‰4 mice). Decoding was performed on single-trial responses of simultaneously imaged ensembles (90â€“98 neurons per mouse, nâ€‰=â€‰4 mice). H, a, Overall food cue decoding accuracy after shuffling of neuronal identity. Data are averages of 100 shuffles for each mouse separately (nâ€‰=â€‰4 mice). Note that shuffling neuronal identity decreased overall decoding accuracy to chance levels. All values are meanâ€‰Â±â€‰s.e.m. across mice. H, b, Average time course of accuracy of decoding the food cue versus other cues, after shuffling of neuronal identity (see text for details). Data are averages of 100 shuffles, performed separately for each mouse (nâ€‰=â€‰4 mice). Note that shuffling neuronal identity decreased decoding accuracy to chance levels, and that decoding accuracy did not increase with time. Thus, decoding accuracy stemmed from the specific pattern of responses across the population and not from global biases in response strength or response type.


Extended Data Figure 8 Further interrogation of the pathway from AgRP neurons to InsCtx.
a, BLAâ†’InsCtx neurons send axon collaterals to several other BLA targets. Top middle: rabies-based axon collateral mapping approach. Top left: image of the BLA (AAV-FLEX-TVAâ€“mCherry injection site in Emx1-ires-Cre mice), containing neurons labelled with TVAâ€“mCherry (red) and rabies (green). Top right: image of InsCtx (rabies injection site) containing axons labelled with rabies (green). Bottom: images of additional sites that also contained axons labelled with rabies after rabies injection into InsCtx. Scale bars, 200â€‰Î¼m. mPFC, medial prefrontal cortex. bâ€“d, Additional inputs to BLAâ†’InsCtx. b, Schematic of rabies-based, projection-specific monosynaptic tracing of inputs to BLAâ†’InsCtx neurons. c, Images of visual areas containing rabies-labelled neurons (green). Scale bars, 200â€‰Î¼m. d, Images of additional sites containing rabies-labelled neurons (green) that anatomically co-localized with AgRP axons (magenta). vlPAG, ventrolateral periaqueductal grey; aBNST and pBNST, anterior and posterior bed nucleus of the stria terminalis, respectively. e, PVT neurons provide input to BLAâ†’InsCtx neurons and to BLA inhibitory interneurons. Left: schematic of CRACM from PVT neurons to BLAâ†’InsCtx neurons (labelled by CTB injection in InsCtx) or to BLA inhibitory interneurons (labelled by AAV-FLEXâ€“mCherry injection into BLA of Vgat-ires-Cre mice). Note that all recorded neurons received input from PVT (ten out of ten BLAâ†’InsCtx neurons, eight out of eight BLA inhibitory interneurons). Top right: light-evoked excitatory postsynaptic currents (âˆ’70â€‰mV holding potential) and inhibitory postsynaptic currents (0â€‰mV holding potential) in a BLAâ†’InsCtx neuron. Note the longer latency and higher temporal jitter of the inhibitory postsynaptic currents, suggesting that they were di/polysynaptic. Bottom right: light-evoked excitatory postsynaptic currents in a BLA interneuron. Note that light-evoked currents had two peaks (monosynaptic and di/polysynaptic), and that the second peak was eliminated by bath application of tetrodotoxin (TTX) and 4-aminopyridine (4-AP), demonstrating that it was di/polysynaptic. Scale bars, 100 pA, 50â€‰ms. f, BNSTâ†’BLA neurons did not receive monosynaptic input from AgRP neurons. Top: schematic of CRACM from AgRP neurons to BNSTâ†’BLA neurons. Bottom: example recording of AgRP inputs to a BNSTâ†’BLA neuron. Black lines are individual sweeps; red line is the average of 15 sweeps. No recorded BNSTâ†’BLA neuron received input from AgRP neurons (0 out of 12 connected).


Extended Data Figure 9 PVTâ†’BLA and PVTâ†’NAc/BNST collateral mapping; further behavioural analyses of PVTâ†’BLA excitation.
Aâ€“C, PVTâ†’BLA and PVTâ†’NAc/BNST collateral mapping. A, a, Summary of the proposed pathway from AgRP neurons to InsCtx, raising the question of whether PVTâ†’BLA neurons also project to other sites. Scale bars, 200â€‰Î¼m. A, b, PVTâ†’BLA neurons also project to NAc/BNST, but not to any other sites. Top right: rabies-based axon collateral mapping approach. Top left: image of the PVT (TVAâ€“mCherry injection site) containing neurons labelled with TVAâ€“mCherry (red) and rabies (green). Bottom: images of sites examined for the presence of labelled axons. Note that labelled axons were found in BLA (rabies injection site) and NAc/BNST, but not in CeA or dorsomedial hypothalamus (DMH). Scale bars, 200â€‰Î¼m. B, PVTâ†’NAc/BNST neurons sent collaterals to all PVT projection sites examined. Top right: rabies-based axon collateral mapping approach. Top left: image of the PVT (TVAâ€“mCherry injection site) containing neurons labelled with TVAâ€“mCherry (red) and rabies (green). Bottom: images of sites examined for the presence of labelled axons. Note that labelled axons were found in all sites examined. C, Summary of experiments in A and B. PVTâ†’NAc/BNST projected to all PVT projection sites examined, while PVTâ†’BLA only projected to BLA and NAc/BNST, but not to other sites. AStr, amygdalo-striatal transition area; VMH, ventromedial hypothalamus; SCN: suprachiasmatic nucleus. D, Further behavioural analyses of PVTâ†’BLA activation. Fraction of false alarms (left), lick rate (middle), and lick latency (right). Each dot represents one mouse; lines connect two same-day blocks from the same mouse (two saline blocks on day 1: Saline-1.1, Saline-1.2; and a saline block followed by a CNO block on day 2: Saline-2.1, CNO-2.2). Notice no significant changes on either day. Diamonds and error bars, meanâ€‰Â±â€‰s.e.m.; NS, not significant (Pâ€‰â‰¥â€‰0.2); nâ€‰=â€‰6 mice.


Extended Data Figure 10 Further analyses of BLAâ†’InsCtx inhibition.
a, InsCtx food cue modulation index (in the absence versus presence of BLAâ†’InsCtx inhibition) for mice with ipsilateral (left) and bilateral (right) BLA hits. Note overall stability on day 1 (saline versus saline) but attenuation of cue responses (resulting in a negative food cue modulation index) after CNO injection on day 2 in both groups. Values are medianâ€‰Â±â€‰s.e. median. *Pâ€‰<â€‰0.01; **Pâ€‰<â€‰0.001; Mannâ€“Whitney U-test (ipsilateral: nâ€‰=â€‰32 neurons from two mice; bilateral: nâ€‰=â€‰66 neurons from two other mice). b, Behavioural responses to the food cue (left) and to the other cues (right) during BLAâ†’InsCtx inhibition. Each dot represents one mouse; lines connect two same-day blocks from the same mouse (two saline blocks on day 1: Saline-1.1, Saline-1.2; and a saline block followed by a CNO block on day 2: Saline-2.1, CNO-2.2). Dark dots: mice with ipsilateral (to InsCtx imaging hemisphere) hits; light dots: mice with bilateral hits. Note that behavioural responses to the food cue were reduced after BLAâ†’InsCtx inhibition only in the two mice with bilateral hits, but that false alarm rates were reduced in all mice. *Pâ€‰<â€‰0.01; NS, not significant (Pâ€‰>â€‰0.2); paired t-test (nâ€‰=â€‰4 mice). c, InsCtx food cue modulation index calculated using only those trials with correct behavioural responses. Note overall stability on day 1 but attenuation of cue responses after CNO injection on day 2. Values are medianâ€‰Â±â€‰s.e. median. *Pâ€‰<â€‰0.03, Mannâ€“Whitney U-test (nâ€‰=â€‰98 neurons from four mice). d, Lick rate (left) and lick latency (right) during BLAâ†’InsCtx inhibition. Each dot represents one mouse; lines connect two same-day blocks from the same mouse (two saline blocks on day 1: Saline-1.1, Saline-1.2; and a saline block followed by a CNO block on day 2: Saline-2.1, CNO-2.2). Note that lick rates exhibited a small but significant decrease between Saline-1.1 and Saline-1.2 (*Pâ€‰=â€‰0.04), but no significant change between Saline-2.1 and CNO-2.2 (Pâ€‰=â€‰0.3). There was no significant change in lick latency (Pâ€‰>â€‰0.3). NS, not significant; paired t-test (nâ€‰=â€‰4 mice).
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