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Networks governing food intake and appetite are highly complex and 

redundant

Berthoud 2007 Physiol & Behav; van Ginneken 2018 J Psychol Ment Health Care

GLP-1/GIP



Noninvasive neuroimaging reveals insights into homeostatic and hedonic 

networks governing appetite in humans

Livneh et al 2017 Nature; Abizaid et al 2006 J Clin Invest

+



Obesity is associated with differential activation in homeostatic, reward, 

and cognitive control circuitry

Berthoud 2007 Physiol & Behav; Matsuda et al 1999 Diabetes; Harding et al 2018 Int J Obes; Kerem et al 2021 Physiol Rep 



Berthoud 2007 Physiol & Behav; Stoeckel et al 2008 Neuroimage

Obesity is associated with differential activation in homeostatic, reward, 

and cognitive control circuitry



Berthoud 2007 Physiol & Behav; Christensen et al 2022 Int J Obes; Brooks et al 2013 PLoS One

Obesity is associated with differential activation in homeostatic, reward, 

and cognitive control circuitry
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What drives weight regain following diet adherence? 



Ebbeling et al 2018 BMJ

Dietary variable
Test Meal/Diet

HIGH MOD LOW

Carbohydrate (% of total energy) 60 40 20

Fat (% of total energy) 20 40 60

Protein (% of total energy) 20 20 20

The (FS)2 study was designed to examine effects of 

macronutrient diets on primary and secondary outcomes



Individuals randomized to low- vs. high-carbohydrate diets 

showed lower preprandial blood flow to the hypothalamus 

and other regions

Holsen et al 2021 J Nutrition



Individuals randomized to low- vs. high-carbohydrate diets 

showed lower postprandial blood flow to the NAcc

Holsen et al 2021 J Nutrition



Pre-weight loss and end of test phase insulin secretion 

modified the relationship between diet group and 

postprandial NAcc blood flow

Pre-weight loss insulin-30 End of test phase insulin-30

Holsen et al 2021 J Nutrition
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A longitudinal study incorporating a craving regulation 

task examined brain changes and predictors of weight 

loss after sleeve gastrectomy 

Holsen et al 2018 Int J Obesity; Cerit et al 2019 Obesity



Sleeve gastrectomy reduced hedonic network activation, 

enhanced cognitive control activation, and changed 

network connectivity

Holsen et al 2018 Int J Obesity; Cerit et al 2019 Obesity



Baseline homeostatic and hedonic network 

activation/connectivity, but not hormones, predicted 12 

months post-sleeve gastrectomy weight loss 

NAcc activation NAcc-Insular cortex connectivity

Hypothalamus activation Hypothalamus-Precentral gyrus connectivity

Holsen et al 2018 Int J Obesity; Cerit et al 2019 Obesity



Translational collaborations allow for identification of novel 

appetite circuits: The case of Prader-Willi syndrome (PWS) 

and the cerebellum

Zipf & Bernston 1987 Am J Clin Nutr



Low et al 2021 Nature

An unbiased approach revealed differential activation to food cues in individuals 

with PWS, vs. BMI-matched controls, in the cerebellum



Reverse translation of findings in PWS revealed the cerebellum as a potent 

inhibitor of food intake

Low et al 2021 Nature



Follow-up to cerebellar-striatal satiety circuit work: 

Feasibility study of cerebellar TMS in PWS

Sample: 12 adults with genetically-confirmed PWS, without contraindications to 

TMS or MRI, and their caregivers



Follow-up to cerebellar-striatal satiety circuit work: Initial 

results of feasibility study of cerebellar TMS in PWS

Pre Post Pre Post Pre Post

Holsen Lab, unpublished data
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What about the GLP-1RAs?



What about the GLP-1RAs?

Baggio & Drucker, 2014



What about the GLP-1RAs?

Martin et al 2025 Nature Med



Take home messages

• Reward and homeostatic regions are sensitive to high-carbohydrate weight-loss 

maintenance diets.

• Dysfunction in reward and homeostatic regions resolves following bariatric 

surgery, and the level of function prior to surgery predicts weight loss at one year.

• Leveraging a translational collaboration identified a newly refined role for the 

cerebellum as a potent inhibitor of food intake.

• Non-invasive neuromodulation of the cerebellar-striatal circuit may reduce 

hyperphagia in a genetic form of obesity.

• Novel, highly effective GLP-1RAs may induce weight loss in part through impacts 

on brain reward regions. 
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