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            Abstract
Atypical food intake is a primary cause of obesity and other eating and metabolic disorders. Insight into the neural control of feeding has previously focused mainly on signalling mechanisms associated with the hypothalamus1,2,3,4,5, the major centre in the brain that regulates body weight homeostasis6,7. However, roles of non-canonical central nervous system signalling mechanisms in regulating feeding behaviour have been largely uncharacterized. Acetylcholine has long been proposed to influence feeding8,9,10 owing in part to the functional similarity between acetylcholine and nicotine, a known appetite suppressant. Nicotine is an exogenous agonist for acetylcholine receptors, suggesting that endogenous cholinergic signalling may play a part in normal physiological regulation of feeding. However, it remains unclear how cholinergic neurons in the brain regulate food intake. Here we report that cholinergic neurons of the mouse basal forebrain potently influence food intake and body weight. Impairment of cholinergic signalling increases food intake and results in severe obesity, whereas enhanced cholinergic signalling decreases food consumption. We found that cholinergic circuits modulate appetite suppression on downstream targets in the hypothalamus. Together our data reveal the cholinergic basal forebrain as a major modulatory centre underlying feeding behaviour.
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                    Figure 1: DBB-specific cholinergic cell death results in hyperphagia and obesity.[image: ]


Figure 2: Chat conditional knockout from the DBB leads to obesity and hyperphagia.[image: ]


Figure 3: In vivo ChR2-mediated DBB stimulation decreases food intake.[image: ]


Figure 4: Stimulation of cholinergic DBB terminals in the hypothalamus suppresses food intake.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Anatomy of the diagonal band of Broca.
aâ€“c, The DBB is situated in the basal forebrain and consists of an anteriorly located vertical limb (VDB), which branches posteriorly into separate bilateral horizontal limbs (HDB). d, AAV-FLEX-tdTomato (pseudocoloured in green) injected bilaterally into the HDB to show expression throughout the full extent of the diagonal band (VDB and HDBs). eâ€“g, Bilateral viral injections into the HDB (AAV-FLEX-Syn::EGFP shown as an example) are sufficient to target the full extent of the diagonal band (VDB and HDB). Scale bars, 100â€‰Î¼m. Schematic in a was adapted from images from the Allen Brain Institute Reference Atlas30.


Extended Data Figure 2 Time-dependent changes in body content and metabolic measures between non-ablated and DBB-ablated mice.
a, Oxygen consumption, represented as VO2, at various stages post DBB-ablation. Data are represented as meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05 by two-sided, unpaired Studentâ€™s t-test. b, c, Average total lean mass (b) or body fat (c) content at various stages post DBB-ablation. Data are represented as meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05 by two-sided, unpaired Studentâ€™s t-test. dâ€“f, Blood cholesterol (d), leptin (e), insulin (f), and blood glucose concentration (g) at various stages post DBB-ablation. Data are represented as meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05 by two-sided, unpaired Studentâ€™s t-test. h, i, Representative non-ablated (h) or DBB-ablated (i) animals (nâ€‰=â€‰3 mice) dissected to show abdominal fat pads and enlarged fatty livers. j, k, Representative haematoxylin and eosin (H&E) stains showing fat deposition of the liver in non-ablated (j) or DBB-ablated (k) animals. Scale bar, 100â€‰Î¼m.


Extended Data Figure 3 Cholinergic DBB neurons are VGAT-positive.
aâ€“c, Vgat-cre+/âˆ’ mouse injected with AAV-FLEX-tdTomato into the HDB and stained with anti-ChAT antibody (green channel). Data suggest a high percentage of co-localization between VGAT-positive neurons and ChAT. Scale bar, 100â€‰Î¼m.


Extended Data Figure 4 hM4D-mediated inhibition of the cholinergic DBB increases food intake.
a, Whole-cell electrophysiological recordings from a representative cholinergic neuron expressing the hM4D inhibitory DREADD receptor before (top) and after (bottom) CNO treatment. b, Total two-hour food intake after an overnight fast (nâ€‰=â€‰11 mice). â€˜Salineâ€™ and â€˜CNOâ€™ groups represent separate trials of the same animals in the absence or presence of CNO, respectively. Data are represented as meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05 by two-sided, paired Studentâ€™s t-test.


Extended Data Figure 5 Representative cholinergic DBB-innervating projection sites in the brain.
a, b, Schematic (a) and representative image (b) showing injection site in the HDBs of a Chat-cre+/âˆ’ mouse with AAV-FLEX-Syn::EGFP. Scale bar, 1â€‰mm. câ€“e, Chat-cre+/âˆ’ mouse injected bilaterally into the HDB with AAV-FLEX-Syn::EGFP and stained with an anti-ChAT antibody. Staining shows high co-localization of ChAT-positive neurons with the Cre-dependent AAV, demonstrating the efficacy of the Chat-cre mouse line. Of the neurons infected with virus, only a small fraction do not express ChAT. Scale bars, 100â€‰Î¼m (câ€“e) and 50â€‰Î¼m (câ€²â€“eâ€²). fâ€“h, Cholinergic projections from the DBB can be validated by known projection sites including the olfactory bulb. Scale bar, 200â€‰Î¼m; GL, glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; GCL, granule cell layer. iâ€“k, Hippocampus. Scale bar, 200â€‰Î¼m. lâ€“n, Amygdala (basolateral amygdala shown here). Scale bar, 100â€‰Î¼m. oâ€“u, Also shown are areas of the ventral hypothalamus including, Median eminence (oâ€“q), and arcuate nucleus (râ€“u). Scale bars, 100â€‰Î¼m. Schematic in a was adapted from an image from the Allen Brain Institute Reference Atlas30.


Extended Data Figure 6 Pomc expression is reduced in pair-fed DBB-ablated animals.
a, Relative Agrp and Pomc expression levels in arcuate nuclei between pair-fed non-ablated and DBB-ablated mice (nâ€‰=â€‰4 mice per group). Data are represented as meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05 by two-sided, unpaired Studentâ€™s t-test. b, Acetylcholine does not significantly alter arcuate NPY neuron firing. Data shown as mean Â±â€‰s.e.m. of spike frequency in 8 acetylcholine-treated cells (1 recorded neuron per slice, 1â€“2 slices per mouse, nâ€‰=â€‰6 mice), comparisons made versus baseline values (1â€“4â€‰min) by repeated measures ANOVA with Holmâ€“Sidak multiple comparison. c, d, Acetylcholine significantly increases arcuate POMC neuron firing. Data shown as meanâ€‰Â±â€‰s.e.m. of spike frequency in 7 acetylcholine-treated cells (1 recorded neuron per slice, 1â€“2 slices per mouse, nâ€‰=â€‰4 mice), *Pâ€‰<â€‰0.001 versus baseline values (1â€“4â€‰min) by repeated measures ANOVA with Holmâ€“Sidak multiple comparison. e, Representative voltage clamp recording from POMC-EGFP neuron after local administration of acetylcholine and after pharmacological manipulation of fast synaptic transmission, as well as nicotinic acetylcholine receptor blockade (20-s sweep with an inter-trial interval of 1â€‰min and repeated for 5 sweeps each for baseline, synaptic blockers (CNQX, 2-amino-5-phosphonopentanoic acid (APV), GABAzine and tetrodotoxin (TTX)), and nicotinic blockers (mecamylamine (MEC), methyllycaconitine (MLA) and dihydro-Î²-erythroidine hydrobromide (DBHE)).


Extended Data Figure 7 Diffuse cholinergic DBB projections into the hypothalamus.
a, Site of AAV-FLEX-Syn::mRuby2 injections in the DBB. bâ€“d, Representative images of cholinergic terminals (red) from the DBB into the hypothalamus. Scale bar, 100â€‰Î¼m. ME, median eminence. bâ€²â€“dâ€², Higher magnification images from the section shown in the dotted squares in bâ€“d. Scale bar, 50â€‰Î¼m. Closed arrowheads indicate close apposition or co-localization between cholinergic terminals and POMC (green) cell bodies, whereas open arrowheads show apposition or co-localization on or near POMC neuronal processes. Of note, cholinergic terminals also appear on non-POMC neurons. e, f, DAPI (e), anti-Î²-endorphin (f) (POMC neuron marker), g, h, AAV-FLEX-Syn::mRuby2 (injected into the DBB) (g), and merged (h) channels from f and g show innervation of the hypothalamus from cholinergic neurons in the DBB. Scale bar, 200â€‰Î¼m. Schematic in a was adapted from an image from the Allen Brain Institute Reference Atlas30.


Extended Data Figure 8 ChR2-mediated decrease in feeding is partially suppressed by nAChR blockade.
a, b, Total (a) and normalized (with respect to the mean â€˜No-stimâ€™ value; b) food intake after a two-hour re-feeding after an overnight fast under specified conditions. Comparisons between â€˜No-Stim,â€™ â€˜Stim,â€™ â€˜No-Stim + Mec,â€™ and â€˜Stim + Mecâ€™ refer to separate trials conducted on the same animals (nâ€‰=â€‰5 mice). Data are represented as meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05 by two-sided, paired Studentâ€™s t-test.


Extended Data Figure 9 Arcuate acetylcholine receptor (AChR) expression profile.
a, Region-specific transcript expression profile of nicotinic and muscarinic AChRs in the arcuate nucleus, relative to the housekeeping gene, Gapdh (nâ€‰=â€‰4 mice). Data are represented as meanâ€‰Â±â€‰s.e.m.
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        Editorial Summary
Cholinergic signalling influences feeding behaviour
In studies of the neuronal control of feeding behaviour, most work has focused on the canonical circuits in the hypothalamus; here, Benjamin Arenkiel and colleagues examine the acetylcholine signalling network for a role in the regulation of body weight homeostasis. They find that increased activity of cholinergic neurons in the basal forebrain decreases food consumption, whereas impairment of this signalling leads to enhanced food intake. This influence on feeding behaviour occurs through downstream hypothalamic targets, linking cholinergic signalling to the hypothalamic control of food intake.
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