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            Abstract
Mechanosensory feedback from the digestive tract to the brain is critical for limiting excessive food and water intake, but the underlying gutâ€“brain communication pathways and mechanisms remain poorly understood1,2,3,4,5,6,7,8,9,10,12. Here we show that, in mice, neurons in the parabrachial nucleus that express the prodynorphin gene (hereafter, PBPdyn neurons) monitor the intake of both fluids and solids, using mechanosensory signals that arise from the upper digestive tract. Most individual PBPdyn neurons are activated by ingestion as well as the stimulation of the mouth and stomach, which indicates the representation of integrated sensory signals across distinct parts of the digestive tract. PBPdyn neurons are anatomically connected to the digestive periphery via cranial and spinal pathways; we show that, among these pathways, the vagus nerve conveys stomach-distension signals to PBPdyn neurons. Upon receipt of these signals, these neurons produce aversive and sustained appetite-suppressing signals, which discourages the initiation of feeding and drinking (fully recapitulating the symptoms of gastric distension) in part via signalling to the paraventricular hypothalamus. By contrast, inhibiting the same population of PBPdyn neurons induces overconsumption only if a drive for ingestion exists, which confirms that these neurons mediate negative feedback signalling. Our findings reveal a neural mechanism that underlies the mechanosensory monitoring of ingestion and negative feedback control of intake behaviours upon distension of the digestive tract.
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                    Fig. 1: PBPdyn neurons monitor ingestion using mechanosensory signals from the upper digestive tract.


Fig. 2: Representation of integrated mechanosensory signals by individual PBPdyn neurons.


Fig. 3: The vagus nerve conveys gastricÂ distension signals to PBPdyn neurons.


Fig. 4: PBPdyn neurons transmit sustained appetite-suppressing signals to discourage the initiation of ingestion.



                


                
                    
                
            

            
                Data availability


The data that support the findings of this study are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 FOS expression pattern in the parabrachial nucleus following water intake, and overlap of Pdyn and other neuronal markers in the parabrachial nucleus.
a, We began by probing a marker for neurons of the parabrachial nucleus that signal water intake, as an index of general ingestion. Water intake in dehydrated mice produced robust expression of FOS, a neural activity marker, in the dorsal lateral subnucleus of the parabrachial nucleus (dl), where the gene Pdyn (which encodes prodynorphin) is highly expressed. FOS immunofluorescence images (top) and the expression pattern of Pdyn from Allen Brain Atlas49 (bottom) along the AP axis of the parabrachial nucleus. Brain slices were obtained after ad libitum water access following 46-h water restriction. Image credit: Allen Institute. bâ€“d, To visualize PBPdyn neurons, we bred a knock-in mouse line expressing Cre recombinase at the Pdyn locus (Pdyncre/+ mice) with Cre-dependent tdTomato reporter (Ai14) mice. Water-deprived Pdyncre/+Â Ai14 mice or Pdyncre/+ mice injected with a Cre-inducible AAV carrying mCherry were given water access (W-DÂ +Â water) or not (W-D) before the FOS analysis (b). Representative confocal images (c) and quantification (d) of the overlap between immunolabelled FOS+ and genetically labelled Pdyn+ neurons in the PBdl. The majority of tdTomato-expressing Pdyn+ neurons were FOS+ (about 72%), whereas few FOS+ neurons were observed in the PBdl of control mice that remained dehydrated (about 12% of Pdyn+ neurons). Most FOS+ PBdl neurons were also Pdyn+ (about 80%), indicating that Pdyn as a useful genetic handle for water-intake-activated neurons in the parabrachial nucleus. We also obtained consistent results in a separate set of experiments using mice in which PBPdyn neurons were fluorescently labelled using AAV vectors. There were smaller number of FOS+ neurons in the control mice (nÂ =Â 146 and 7 neurons for experiments using Ai14 mice and AAV vectors, respectively) than in the experimental group (nÂ =Â 492 and 1,002 neurons for experiments using Ai14 mice and AAV vectors, respectively). e, Representative images and quantification of multicolour fluorescence in situ hybridization experiments. Pdyn+ neurons are essentially glutamatergic (Slc17a6+) (>99%) (left), partially overlapping with fluid-intake-regulating Oxtr+ neurons16 (about 23%) (middle), but are separate from Calca+ neurons that have previously been implicated in noxious visceral signalling18 and meal termination15 (0%) (right). Scale bars, 100Â Î¼m (a), 10Â Î¼m (e), 50Â Î¼m (g, i). Data are presented as meanÂ Â±Â s.e.m. For statistics, see Supplementary Table 1. Abbreviations are defined in â€˜Abbreviationsâ€™ in Methods.


Extended Data Fig. 2 PBPdyn neurons monitor ingestion using mechanosensory signals that arise from the upper digestive tract.
a, Fibre optic cannula targeting the parabrachial nucleus for fibre photometry were placed inside the red areas. b, c, Average calcium transients around the first (b) or the last lick (c) in every bout, showing time-locked responses of PBPdyn neurons to licking water (blue traces). The act of licking per se is not sufficient to activate PBPdyn neurons, as there was no response to empty-bottle licking (black). Inset top, average responses of all mice shown as auROC curve heat map. Inset bottom, peri-event plot of lick rate. dâ€“g, Infusion of water or oil into the mouth, pharynx, oesophagus or stomach via oral gavage (d) induced strong activity in PBPdyn neurons (e). Average calcium responses in the first 5Â s of infusion (f). The rate-controlled infusion of water or silicone oil evoked comparable responses in PBPdyn neurons, contrary to the uncontrolled voluntary consumption of water and oil (Fig. 1e), consistent with the intake-rate-dependency of the responses (Fig. 1f). Intragastric water infusion with longer intervals reveals the return of the activity to the baseline (g). h, PBPdyn neurons robustly responded to oral delivery of a small water drop (10Â Î¼l), which would not immediately flow beyond the mouth. i, j, Intragastric air infusion via oral gavage (i) or catheter (j) strongly activated PBPdyn neurons. k, Intragastric water infusion via oral gavage in anaesthetized mice also activated PBPdyn neurons. l, Local distension of the stomach wall using a blunt probe in anaesthetized mice robustly activated PBPdyn neurons. m, n, PBPdyn neurons did not significantly respond to the balloon-mediated distension of the duodenum (m) or proximal colon (n). oâ€“r, Various test solutions were delivered to the mouth of head-fixed mice (o). PBPdyn neurons exhibited comparable responses to the intake of solutions with different taste (p), osmolality (q) and temperature (r). Insets show average calcium responses in the first 15Â s of injection. Dotted lines indicate the onset and offset of infusion. Data are meanÂ Â±Â s.e.m. *PÂ <Â 0.05; **PÂ <Â 0.01, ****PÂ <Â 0.0001. n.s., not significant. For statistics, see Supplementary Table 1.


Extended Data Fig. 3 Gastric and intestinal distension following air infusion, balloon inflationÂ and ingestion.
a, b, Representative photographs of the stomach of an anaesthetized mouse before and after intragastric air infusion via oral gavage (a) or gastric catheter (b). For oral gavage, 1Â ml of air was injected over 1Â s, and then after 3Â s the gavage needle was slowly withdrawn. Mice were rapidly euthanized at the indicated time points, the stomach was exposed and the pictures were taken. For the injection via gastric catheter, 1Â ml of air was injected over 10Â s. The stomach remained visibly distended at least for 3Â min in both cases. c, d, PBPdyn neurons respond more strongly to drinking than feeding, as the intake rate is higher for fluids than solids. Although solids are generally considered to distend the stomach more potently than liquids for the slower emptying into the intestine, gastric emptying occurs on the order of tens of minutes, whereas the activity of PBPdyn neurons evoked by ingestion is on the order of seconds. In accordance with this view, we found that ad libitum intake of water in water-deprived mice for 1Â min led to larger distension of the stomach (c) than the intake of chow food in food-deprived mice for the same duration (d). e, f, Representative photographs of the balloon-implanted duodenum (e) and proximal colon (f) before and after the injection of 50Â Î¼l saline into the balloon, showing noticeable distension.


Extended Data Fig. 4 Control recording and manipulation experiments for PBPdyn.
aâ€“c, Activity of PBPdyn neurons was recorded during the open field test (a). Activities of PBPdyn neurons did not correlate with velocity (b), and were not significantly different regardless of whether mice were in the centre zone or in the periphery (c). d, Mice were placed on an elevated plus maze, in which open arms represent an anxiogenic environment. Activities of PBPdyn neurons were not significantly different regardless of whether mice were in the open or closed arms. e, PBPdyn neurons were not activated by gentle stroking of the dorsum of mice. Peri-event plot of average calcium transients and bar plot of average normalized Î”F/F before and during stroking are shown. f, PBPdyn neurons did not respond to touching of the whisker. g, PBPdyn neurons were not responsive to sensory detection of peanut butter. h, Head-fixed, water-deprived mice received 20Â tones that co-terminated with water delivery, for 4Â days. Average responses of PBPdyn neurons across training days, showing consistent and robust responses to water delivery (dark blue shaded box) but no responses to the auditory cue (grey shaded box). i, Optogenetic stimulation of PBPdyn neurons did not affect social interaction time with a juvenile stranger mouse. j, Chemogenetic stimulation of PBPdyn neurons did not alter time spent in the centre zone, indicating no change in anxiety-like behaviours. Data are presented as meanÂ Â±Â s.e.m. n.s., not significant. For statistics, see Supplementary Table 1.


Extended Data Fig. 5 Activity of PBPdyn neurons is not modulated by the thirst state.
a, Water was directly injected into the mouth, pharynx, oesophagus or stomach of dehydrated or euhydrated mice via oral gavage. b, c, Peri-event plot of average calcium transients (b) and average normalized calcium responses in the first 5Â s of injection (c). Regardless of whether mice were dehydrated or euhydrated, PBPdyn neurons were robustly activated by water infused into any part of the upper digestive tract. d, e, The average calcium activity of PBPdyn neurons was not different before and after the thirst-inducing hypertonic saline injection (d) or 24-h water deprivation (e). Data are presented as meanÂ Â±Â s.e.m. *PÂ <Â 0.05; **PÂ <Â 0.01; ****PÂ <Â 0.0001. n.s., not significant. For statistics, see Supplementary Table 1.


Extended Data Fig. 6 Mapping inputs to PBPdyn neurons.
a, Identification of monosynaptic inputs to PBPdyn neurons using engineered rabies virus. Representative confocal images showing the input regions. bâ€“e, Engineered rabies-virus-mediated identification of monosynaptic inputs to the rostral NTS (b) and the Pr5 neurons that project to PBPdyn neurons (d). Representative images showing labelled neurons in the geniculate ganglion projecting to the rostral NTS neurons that project to PBPdyn neurons (c) and neurons in the ipsilateral trigeminal ganglion projecting to the Pr5 neurons that project to PBPdyn neurons (e). fâ€“i, Total subdiaphragmatic vagotomy (SDx) (f) abolished the response of PBPdyn neurons to intragastric water injection via oral gavage (g), but thoracic level 5 spinal transection (T5x) (h) did not (i). j, Validation of subdiaphragmatic vagotomy. Following the intraperitoneal injection of the retrograde neural tracer Fluorogold, many labelled vagal motor neurons were found in the dorsal motor complex (DMX)Â of the sham control, but not in the vagotomized, mice. k, Validation of spinal transection. Following the injection of the retrograde neural tracer Retrobeads (Red RetroBeads; Lumafluor) into the parabrachial nucleus, many labelled neurons were found in the spinal cord of sham control, but not in the spinal-cord-transected, mice. l, Both electrophysiological and calcium imaging studies have previously demonstrated that vagal afferents that respond to gastric distension can be activated by CCK, a gut hormone released after a meal19,22. If PBPdyn neurons receive gastric distension signals via mechanosensory vagal fibres, CCK treatment should also activate the PBPdyn population. Indeed, intraperitoneal CCK injection strongly activated PBPdyn neurons. Scale bars, 200Â Î¼m for (k), 100Â Î¼m (a, c, e, j). Abbreviations are defined in â€˜Abbreviationsâ€™ in Methods.


Extended Data Fig. 7 Activating PBPdyn neurons suppresses ingestion by reducing bout number rather than bout duration, mimicking the symptoms of gastric distension.
a, Saline control experiment for the experiment shown in Fig. 4b. b, Optogenetic stimulation of PBPdyn neurons. c, Mice were subjected to a two-bottle test. d, In dehydrated mice, optogenetic stimulation of PBPdyn neurons significantly suppressed water intake and tended to inhibit hypertonic saline intake. e, In euhydrated mice, no effect was observed. f, In salt-depleted mice, the same manipulation significantly decreased hypertonic saline intake and tended to inhibit water intake. g, h, The suppression in water intake shown in d was not driven by reduced bout duration (g) but instead by decreased bout number (h). i, Food-deprived mice were offered food without water to induce prandial thirst. Stimulating PBPdyn neurons suppressed water intake and tended to inhibit hypertonic saline intake in mice with prandial thirst. j, Ad libitum-fed, euhydrated mice were offered free access to sucrose solution (10%). Lick-paired optogenetic stimulation of PBPdyn neurons suppressed the intake of sucrose solution. k, Optogenetic stimulation of PBPdyn neurons in euhydrated mice elicited a trend for avoidance in real-time place preference test (RTPT). l, Water-deprived mice received intragastric infusion of 1Â ml of air (air) or nothing (sham) via oral gavage, and then were provided with free access to water. m, Intragastric air infusion significantly increased the latency to the first lick. nâ€“p, In the first 5Â min, The air group consumed significantly smaller amount of water compared with the sham group (n). This was driven by decreased bout number (o) and not by bout duration (p). qâ€“s, By 20Â min from the onset of water intake, the total amount of consumed water became comparable between the two groups (q). The air group exhibited a significantly smaller bout number (r) and a trend towards longer bout duration (s). Data are presented as meanÂ Â±Â s.e.m. *PÂ <Â 0.05, **PÂ <Â 0.01, ***PÂ <Â 0.001. n.s., not significant. For statistics, see Supplementary Table 1.


Extended Data Fig. 8 Projections of PBPdyn neurons and optogenetic stimulation of the projection to the paraventricular hypothalamus.
a, Anterograde tracing for visualizing target structures using synaptophysinâ€“mRuby fusion protein. Major PBPdyn-neuron projection sites are indicated. Representative confocal images showing the parabrachialÂ nucleus injection site and target structures. Green, GFP; black, synaptophysinâ€“mRuby. bâ€“g, Optogenetic stimulation of PBPdyn neuron projections to the paraventricular hypothalamus (b) activates postsynaptic paraventricular hypothalamus neurons, as indicated by increased Fos expression in the paraventricular hypothalamus (c). Yellow, Fos; blue, DAPI. This manipulation suppressed the intake of both water (d) and food (e) and induced avoidance in an RTPT (f). Pre-stimulation of the PBPdyn neuron projections to the paraventricular hypothalamus for 30Â min before providing access to water elicited sustained inhibition in drinking behaviour in dehydrated mice for at least 10Â min (g). hâ€“k, Optogenetic stimulation of PBPdyn neuron projections to the subfornical organ (h) did not affect the intake of water (i) or food (j), but induced avoidance in an RTPT (k). Data are presented as meanÂ Â±Â s.e.m. *PÂ <Â 0.05, ***PÂ <Â 0.001, n.s., not significant. For statistics, see Supplementary Table 1. Scale bars, 100Â Î¼m. Abbreviations are defined in â€˜Abbreviationsâ€™ in Methods.


Extended Data Fig. 9 Summary model.
PBPdyn neurons monitor the intake of both fluids and solids using mechanosensory distension signals from the upper digestive tract, which are transmitted via the cranial nerve pathways (with the vagus nerve conveying the gastric distension signals). The mechanosensory signals from distinct parts along the digestive tract probably converge at the parabrachial nucleus, such that individual PBPdyn neurons represent integrated mechanosensory signals from all parts of the upper digestive tract. In turn, PBPdyn neurons transmit sustained appetite-suppressing signals that deter the initiation (but not the maintenance) of ingestive behaviours to the downstream areas (including the paraventricular hypothalamus), to limit excessive feeding and drinking as a negative feedback.Â Abbreviations areÂ definedÂ in 'Abbreviations' in Methods.
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