Title: Neural correlates of ‘Liking’ and ‘Wanting’ in short-term eating behaviors and long-term energy balance.

Authors:
Mary Elizabeth Baugh, Zach Hutelin, Alexandra G. DiFeliceantonio

Abstract
‘Liking’ and ‘wanting’ are two components of food reward that are separable neurobiologically and psychologically, especially in animal models. Here, we examine recent advancements in the neurobiology of ‘liking’ and ‘wanting’ in humans and animal models. Further, we identify several food properties that influence ‘liking’ and ‘wanting’ and explore whether they separably predict clinical outcomes related to obesity, weight gain, and weight loss. We conclude by discussing key aspects of translational methodologies needed to more thoroughly describe the neurobiology of ‘liking’ and ‘wanting’ and their potential effects on short-term eating behaviors and long-term energy balance.

Introduction
The theoretical constructs of ‘wanting’ and ‘liking’ have been described as two components of food reward [1] that influence eating behaviors and patterns of food intake. These constructs involve some of the same brain structures, such as the striatum, and colloquially, these two terms of wanting and liking are often used interchangeably to convey a conscious pleasure or desire for an object, for example, a donut [2]. Here, the term ‘liking’ describes the hedonic impact of a reward, and ‘wanting’ refers to incentive salience, or cue-triggered motivation. The quotation marks around the two terms serve to separate these psychological terms from their ordinary uses that imply a cognitive goal [3]. Although, ‘liking’ and ‘wanting’ generally occur in parallel, they involve different mesocorticolimbic circuitry and can be dissociated in certain circumstances, for example, in drug addiction. This potential for dissociation could be a feature and possible etiological factor in obesity. 

The goals of this review are to (1) highlight recent findings examining the neural correlates of ‘liking’ and ‘wanting’ in animal models and humans, (2) identify salient properties of food stimuli that may influence ‘liking’ and ‘wanting’, and (3) explore the clinical implications of ‘liking’ and ‘wanting’ as separable predictors of clinical outcomes. We do not aim to provide an exhaustive review of the literature on the neurobiology of ‘liking’ and ‘wanting’; rather, our focus is only on the most recent discoveries in animal models and humans and exploring how these may influence clinical outcomes related to eating behaviors, executive control, and energy balance. 
‘Liking’
Here, ‘liking’ (in quotation marks) refers to the hedonic impact of rewards, it was first described using taste reactivity tasks in rodent models. In rodents, seminal studies identified the mu-opioid receptor as a potential central mediator of ‘liking’ from experiments injecting morphine intracerebroventricularly in rodents and observing increases in hedonic reaction to sucrose [4]. These observed increases were later pinpointed to a particular portion of nucleus accumbens, a “liking hotspot” [5]. Those seminal findings have led to an extensive mapping of brain hotspots that enhance ‘liking’ (see [2] for review). Although there are some methods available (Table 1), it is more difficult to parse implicit ‘liking’ from explicit liking, as measured by self-report, in humans. While implicit ‘liking’ likely affects explicit liking, explicit liking is thought to be more influenced by cognitive factors than ‘liking’[2].	
Recent Developments in the neurobiology of ‘liking’
Recent investigations of central mediators of ‘liking’ have expanded our understanding of neural substrates involved in and connectivity mediating ‘liking’ hotspots. Castro and Berridge [6] elaborated on earlier findings [7] demonstrating mu-opioid receptor activation in the medial prefrontal cortex produced robust increases in food intake. In doing so, they found two new cortical hotspots in the insula and orbitofrontal cortex (OFC) in response to mu-opioid and orexin receptor activation; however, ‘wanting’ was not measured. This expansion of the ‘liking’ network to include cortical hotspots provides insight into fMRI studies in humans as to the potential causal nature of OFC and insula activation to pleasurable stimuli. In addition to expanding known hotspots, another recent advancement is defining the circuits involved in generating ‘liking’. Exploring the connectivity of the accumbens hotspot has led to advances in our understanding of networks as a more general organizing principle of the brain [8]. Recently, Yang and colleagues [9] targeted neurons projecting to the accumbens shell from the prefrontal cortex, paraventricular thalamus, basolateral amygdala, and ventral hippocampus. They found that only stimulation of ventral hippocampal inputs increased ‘liking’ (as measured by lick microstructure) in both food-restricted and sated conditions, providing evidence for a novel circuit mechanism influencing sucrose ‘liking’.

[bookmark: bookmark=id.gjdgxs][bookmark: bookmark=id.30j0zll]We have a less fine-grained anatomical understanding of ‘liking’ in the human brain. Differentiating core and shell contributions in the accumbens has been difficult due to the spatial resolution of fMRI. However, a recent study using high resolution fMRI demonstrated enhanced shell activity during a hedonic reactivity task after a 6-hour fast. Activity in this region was not correlated with performance on a Pavlovian to Instrumental Transfer (PIT) task performed in the same session [10].  While we have an abundance of evidence that opioids regulate ‘liking’ in animal models, evidence in humans tends to rely on self-reported liking or intake, which opioid drugs have been found to affect inconsistently [11,12]. Recent work by Korb et al. [13], highlights this inconsistency by demonstrating that administration of the opioid antagonist naltrexone decreased hedonic impact (implicit ‘liking’), as measured by facial electromyography, of a sweet chocolate milk ingested after a 9-hour fast, while having no effect on explicit subjective liking ratings similar to other studies [14]. Likewise, the dopamine antagonist amisulpride had no effect [13]. Translational methodologies such as facial electromyography can help connect findings in humans and animals without the complications introduced by language in self-report.

‘Wanting’
The concept of ‘wanting’, referring to the attribution of incentive salience, arose from Berridge et al. [15], where they reported 6-hydroxydopamine lesions did not produce deficits in positive taste reactivity to sucrose. This finding could not be reconciled with the current understanding of dopamine as the “pleasure neurotransmitter”. This set off a series of experiments to determine the role of dopamine in reward, ultimately leading to the current framework where ‘liking’ and ‘wanting’ are separable both neuroanatomically and psychologically [16]. ‘Wanting’ (in quotation marks) refers to the attribution of incentive salience to a stimulus. An incentive stimulus has three defining features: it (1) is approached (sign-tracking), (2) invigorates ongoing responding (Pavlovian to instrumental transfer; PIT), and (3) is itself worked for (conditioned reinforcement). Many of these same tests can be used in humans and animals to assess ‘wanting’ in addition to self-report of explicit, or cognitive wanting (Table 1) [2]. As with explicit liking, explicit wanting is modified by attentional and cognitive processes. Broadly, brain circuits that produce increases in ‘wanting’ are generally less anatomically constrained than those that produce ‘liking’ [2]. 

Recent developments in the neurobiology of ‘wanting’
Key developments in the neurobiology of ‘wanting’ expand our understanding of its encoding within the nucleus accumbens and the types of stimuli that can be ‘wanted’. Gillis et al. [17] demonstrated different firing patterns in sign- and goal-tracking rats during acquisition and expression. Sign-tracking is generally viewed as an expression of ‘wanting’, while goal-tracking is not (but see [18]). Recent studies have also expanded the types of stimuli that can be ‘wanted’. Warlow et al. [19] showed that stimulation of the central amygdala would produce ‘wanting’ to a painful stimulus, a shock prod.

Evidence for sign- and goal-tracking in humans has been found using eye tracking [20], but until recently, there was little evidence for differences in neural activity in human sign- and goal-trackers. Schad et al. [21] experimentally classified sign- and goal-tracking humans using eye gaze data and found during separate neuroimaging sessions that reward prediction error was encoded in the nucleus accumbens for sign-trackers but not goal-trackers. Further support for the role of nucleus accumbens activity in ‘wanting’ in humans is , that  different patterns of accumbens activity are associated with the degree of PIT than those that are associated with hedonic aspects of the task (described above) [10]. These studies provide key translational evidence for the role of the nucleus accumbens in ‘wanting’.

Studies of food cue reactivity (FCR) or brain response to food cues provide additional insight into cognitive control and hormonal systems involved in implicit ‘wanting.’ For participants engaged in calorie restriction for weight loss, an increase in FCR in cognitive control regions, including the dorsolateral prefrontal cortex, inferior frontal gyrus, and dorsal anterior cingulate, was positively associated with amount of weight lost after 1 month [22]. Plasma leptin levels decreased and total ghrelin levels increased during early caloric restriction as expected, and these changes were associated with increased FCR in reward-related regions. Despite the orexigenic effects of these responses, weight loss was not hindered over 3 months, suggesting executive control may override peripheral physiological influences of appetite hormones on energy balance. Furthermore, attenuation of reductions in FCR in cognitive control brain regions after 3 months of caloric restriction (i.e., a return toward baseline levels) predicted weight regain 2 years later [22]. Attentional areas have also been implicated in FCR, as ghrelin measured in the fasted, but not sated, state was positively associated with FCR in inferior and superior occipital gyrus [23]. Directly manipulating attentional control surprisingly reveals that weight status or hedonic value of the food (palatability or caloric content) has no effect on FCR, but attentional control does [24]. 
What drives ‘liking’ and ‘wanting’? Recent findings exploring dietary factors influencing food preference and choice
Food choice and preference have a high degree of plasticity and are influenced by a variety of intrinsic and extrinsic factors, including internal state and mood, level of physiological hunger or satiety, social setting and observational conditioning, and physical and chemical properties of the foods themselves [25]. Recent evidence suggests the macronutrient composition of foods may also influence food reward. Recently, Perszyk et al. [26] demonstrated participants were willing to pay more in an auction task for combinations of fat and carbohydrates than for a single macronutrient alone. Interestingly, this effect was only observed in individuals with healthy weight and not in individuals with overweight or obesity. In this study, participants were asked to fast at least 4 hours prior to the measurement. The mechanism for this difference is unknown, but there is evidence that exposure to these macronutrient combinations alters fundamental circuitry involved in learning and motivation [27]. Ten days of a high-fat/high-sugar diet followed by 1-14 days of a standard chow diet increased calcium permeable AMPA receptor (CP-AMPAR) mediated transmission in the nucleus accumbens of obesity-prone male rats; however, no change in CP-AMPAR transmission was observed in obesity-prone females or obesity-resistant animals [27], demonstrating contributions of both genetic predisposition and sex. CP-AMPARs have previously been found to mediate ‘wanting’ [28]. Taken together, these findings highlight the potential role of dietary patterns in altering neural circuitry and functionality involved in learning and motivation. 

Beyond macronutrient composition, recent evidence suggests the speed at which a reward reaches its neural target plays an important role in facilitating ‘wanting’ and preference. Generally, rodents prefer sweet taste or sucrose over cocaine [29–31]. However, Canchy et al. [32] observed if the reward is delayed by 40-60 seconds, a shift in preference for cocaine over sucrose is elicited. These data suggest the pharmacokinetics of a reward may be an important driver influencing preference for that reward. Whether this is true of foods with differing kinetic profiles has yet to be tested. Likewise, the role of micronutrients in guiding food preference has been debated. Recently, in several food preference tasks, Brunstrom and Schatzker [33] demonstrated that micronutrients can influence food choice and preference in humans, specifically toward dietary variety. In a two-alternative forced-choice task in which participants were asked to choose between 2 pairs of food images, participants preferred pairings that offered broader micronutrient variety and greater total micronutrient amounts. These results were observed even after controlling for explicit nutrient knowledge in participants and food energy density. 

Clinical implications of ‘liking’ and ‘wanting’
Are ‘liking’ and ‘wanting’ separable predictors of clinical outcomes in humans?
In rodent models, the ability to separate ‘liking’ and ‘wanting’ has been well-demonstrated. However, evidence of ‘liking’ and ‘wanting’ as separable predictors in human studies has proven more elusive, in part because behavioral measures typically rely on cognitive processes that may confound explicit liking and wanting. In a coordinate-based meta-analysis of fMRI studies focused on assessing responses to calorically dense food cues in individuals with normal body mass index or obesity, Yang et al. [34] found no significant activations in people with obesity compared with normal BMI in contrast analyses of activations; in other words, neural substrates of reward to food images were the same across the BMI range. Similarly, a recent study assessed explicit liking and wanting of palatable, energy-dense milkshake (~100 kcal/100 ml [~27% fat, ~56-68% carbohydrate]) using subjective rating scales for liking and wanting in individuals with body mass indices ranging 19.3 to 52.1 kg/m2. Though perceived hunger after a fast of at least 1-4 hours was associated with milkshake ‘wanting’, no measures of adiposity collected, including body mass index, percent body fat, waist-to-hip ratio, and waist circumference, were associated with ratings of liking or wanting [35]. However, these were retrospective studies and therefore do not provide insight into the predictive ability of these measures. 

In a prospective study, “food reward” was measured as explicit liking and wanting and implicit ‘wanting’ using the Leeds Food Preference Questionnaire in former athletes with overweight or obesity undergoing a behavioral weight loss program with emphasis on intuitive eating. Reductions in explicit wanting for high-fat over low-fat and explicit wanting of sweet over savory foods were correlated with greater reductions in body weight. Greater reductions in fat mass were associated with greater reductions in implicit ‘wanting’ of high-fat over low-fat foods [36]. Conversely, Oustric et al. [37] observed liking but not wanting, as measured by the Leeds Food Preference Questionnaire, decreased after a  5% weight loss achieved by dietary caloric restriction. Roux en-Y Gastric Bypass (RYGB) and Vertical Sleeve Gastrectomy (VSG), the two most common metabolic/bariatric surgery types, altered taste-induced brain responses to beverages of varying levels of dairy fat and sucrose content [38]. Decreases in liking of high-fat/no-added-sugar beverages from baseline to 2 weeks post-surgery and greater preoperative liking of sugar-containing beverages predicted weight loss at 6 months in the RYGB group only; wanting, however, was not assessed in this study. In addition, lower preoperative ventral tegmental area (VTA) activity and greater pre-to postoperative change in VTA response to high-sugar and high-fat beverages was associated with greater RYGB-induced weight loss, a finding that was not observed in the VSG group. Using an unsupervised hierarchical clustering analysis Perez-Leighton et al. [39] report preoperative subjective ratings of wanting for sweet, but not liking, were predictive of differences in weight loss outcomes in RYGB and VSG procedures. In these studies, self-reported measures of liking or wanting (i.e., explicit measures) predict weight change, but not one or the other reliably. These relationships may be even more complicated in adolescents, as Yokum and Stice [40] found no relationship between rated liking and wanting for high- and low-fat and high- and low-sugar milkshakes and weight change. They do report a relationship between reduced BOLD activity in taste and reward associated brain regions to high-fat (low and high sugar) milkshakes and weight gain. Similar to Korb et al 2022 [13] and Smith et al [38] described above, subjective ratings diverge from an objective physiological response. 

Conclusions
We have focused our review on some of the most recent literature describing newly discovered neural involvements in implicit ‘liking’ and ‘wanting’, explicit liking and wanting, and dietary influences on these aspects of reward. 

One salient finding is the difficulty in separating ‘liking’ and ‘wanting’ in human studies and interpreting their individual influences on clinical outcomes; indeed, a limited number of studies examining food reward, preference, and choice have attempted to distinguish between the two constructs. One hypothesized explanation of the difficulty in disentangling the two proposed by Dayan [41] suggests ‘liking’ as a first-pass assessment of novel foods useful for estimating energy content. Over time, the post-ingestive signals provide additional information on nutritive value, which, ultimately through Pavlovian-style conditioning, determines the degree of ‘wanting’.  Emphasis on this distinction may be an important step in understanding the mechanistic effects of these systems on clinical outcomes, which may improve implementation of obesity prevention and treatment strategies. For example, cognitive strategies, such as Reduction of Craving Training, have been used to regulate implicit ‘wanting’ of “unhealthy” foods and could be a promising therapeutic tool for behavioral obesity treatment [42].

In addition, little is understood about the interactions between dietary patterns and physiological phenotype on food reward and eating behavior. Most retrospective and cross-sectional studies investigating the relationship between obesity and food reward use body mass index as the only clinical biomarker of obesity. However, body mass index as a proxy for adiposity and cardiometabolic health does not provide adequate characterization of a phenotype, as obesity is a complex, heterogeneous disease with multiple etiologies and contributing factors. Rather, collaborative work involving more comprehensive clinical biomarkers, validated behavioral measures, and objective neurobiological observations will substantially improve the rigor of human studies investigating the relationship between obesity, related comorbidities, and reward. 

Translational methodologies aimed at integrating physical properties of foods with acute and chronic physiological states and psychological constructs are needed to gain a fuller understanding of the neurobiology involved in acute eating behaviors and long-term energy balance.  
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